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Abstract

The goal of the present study was to obtain an in vivo relevant prioritization method for the endocrine potencies of different
polycarbonate monomers, by combining in vitro bioassay data with physiologically based kinetic (PBK) modelling. PBK
models were developed for a selection of monomers, including bisphenol A (BPA), two bisphenol F (BPF) isomers and four
different bisphenol A diglycidyl ethers (BADGEs), using in vitro input data. With these models, the plasma concentrations
of the compounds were simulated, providing means to estimate the dose levels at which the in vitro endocrine effect concen-
trations are reached. The results revealed that, whereas the in vitro relative potencies of different BADGEs (predominantly
anti-androgenic effects) can be up to fourfold higher than BPA, the estimated in vivo potencies based on the oral equivalent
doses are one to two orders of magnitude lower than BPA because of fast detoxification of the BADGEs. In contrast, the
relative potencies of 2,2-BPF and 4,4-BPF increase when accounting for the in vivo availability. 4,4-BPF is estimated to be
fivefold more potent than BPA in humans in vivo in inducing estrogenic effects and both 2,2-BPF and 4,4-BPF are estimated
to be, respectively, 7 and 11-fold more potent in inducing anti-androgenic effects. These relative potencies were considered
to be first-tier estimates, particularly given that the potential influence of intestinal metabolism on the in vivo availability
was not accounted for. Overall, it can be concluded that both 2,2-BPF and 4,4-BPF are priority compounds.
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Introduction

Bisphenol A (BPA) is a well-known monomer that is used
in the production of polycarbonate plastics as well as epoxy
resins that are applied as protective linings in, for example,
cans or fruit juice packages. The use as monomer leads to
ubiquitous exposure to BPA, with the average daily intake in
Europe ranging from 0.4 to 1.4 ug kg bw™! per day (EFSA
2015). Since this exposure is about fourfold lower than the
tolerable daily intake (TDI) of 4 ug kg bw™! per day, it is
not considered a human health risk (EFSA 2015). However,
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the overall public acceptance of BPA is declining because
of its estrogenic and anti-androgenic properties. To this end,
alternatives to BPA are being sought. Substitution of BPA
can either be done using other polymers (e.g. polypropylene
or polyether instead of polycarbonate) or by the replace-
ment with chemicals that have similar chemical functional-
ity (so-called ‘drop-in’ replacement) (Bakker et al. 2016).
Particularly, the latter may not be a desirable approach, as
analogues that are structurally and functionally close to BPA
can be expected to express comparable biological activities
(Rosenmai et al. 2014).

In a recent study, van Leeuwen et al. (2019) determined
the estrogenic, anti-estrogenic, androgenic, and anti-andro-
genic potencies of 30 bisphenols (BPs) and bisphenol digly-
cidyl ethers (BDGEs) using yeast-based bioassays. In addi-
tion, the presence of these analogues in different canned
foods and beverages was shown. BPA was most frequently
detected, occurring in seven out of the ten analysed food and
beverage samples, ranging from 0.03 to 68 pg kg~ or L™!
product. Other BPs that were found included 2,2-BPF and
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4,4-BPF, present in a soft drink sample at concentrations of
0.007 and 0.64 ug L', respectively. Finally, several bisphe-
nol A diglycidyl ethers (BADGEs) were found, including
BADGE, BADGE-H,0, BADGE-2H,0 and BADGE-HCI,
occurring in a range of 0.08-3.3 ug kg~! or L™! in different
products such as soft drink and tomato soup. The structures
of these different BPs and BADGEs are given in Fig. 1.
Among the detected analogues, 4,4-BPF was observed to
be equally potent as BPA in inducing estrogenic and anti-
androgenic effects in vitro. Other analogues (2,2-BPF,
BADGE, BADGE-H,0, and BADGE-HCI) mainly exhib-
ited anti-androgenic activity with potencies that are com-
parable to BPA or up to fourfold higher (in case of 2,2-BPF
and BADGE-HCI). BADGE-2H,0 did not induce any (anti)
estrogenic or (anti)androgenic effects.

The presence of 2,2-BPF, 4,4-BPF and different BADGEs
in food products and the observed in vitro endocrine activi-
ties provide arguments for prioritization of these compounds
for further testing as the in vitro biological activities, as
such, are not indicative for potential adverse effects in vivo
(OECD 2018). The ultimate biological activity will also
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depend on the systemic availability of the chemical. Given
that follow-up in vivo animal experiments pose animal wel-
fare issues and raise questions with respect to relevance to
humans, there is a clear need for alternative approaches to
assess in vivo relevant endocrine potencies. A significant
way forward is the use of physiologically based kinetic
(PBK) modelling-based reverse dosimetry for the quantita-
tive in vitro-to-in vivo extrapolation (QIVIVE) of in vitro
EC;y/1Cs, values to equivalent oral doses (Yoon et al. 2012;
Dancik et al. 2015; Wetmore et al. 2015; Louisse et al. 2017;
Strikwold et al. 2017; Fabian et al. 2019).

The goal of the current study was to obtain an in vivo
relevant prioritization method of the BPs and BADGEs by
extrapolating the in vitro potency data to equivalent oral
doses with PBK-based reverse dosimetry. As starting point
the in vitro endocrine potencies of the compounds as previ-
ously determined with yeast bioassays were used. These bio-
assays are based on a clone of a Saccharomyces cerevisiae
expressing either the human estrogen receptor o (hERa) or
the human androgen receptor (hAR) and when specifically
activated drive the expression of a yeast-enhanced green

4,4-BPF

H
H © TR
Oj) o])
o 0

>
k

BPA (3-chloro-2-
hydroxypropyl) glycidyl ether
(BADGE.HCI)

5

HO
BPA bis(2,3-

Fig. 1 Molecular structure of the BPs and BADGEs previously observed in different products by van Leeuwen et al. (2019) and included in the

present study
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fluorescent protein (yEGFP) (Bovee et al. 2004, 2007).
For the development of the PBK models, in vitro human
hepatic metabolic clearance of the bisphenol analogues was
determined with HepaRG cells in suspension, while absorp-
tion of the analogues was measured with Caco-2 cells in a
transwell system. Integration of these data with a generic
PBK model allowed to simulate the peak concentrations of
the chemicals in plasma at different oral doses. In this way,
for each chemical, the dose that results in a peak plasma
concentration that is equal to the EC5y/ICs, value could be
estimated. The outcomes were used to define the expected
in vivo human relative potencies of the different BPs and
BADGESs compared to BPA.

Materials and methods
Chemical compounds

BPA (CAS 80-05-7), 4,4-BPF (CAS 620-92-8), BADGE
(CAS 1675-54-3), BADGE-H,O0 (CAS 76002-91-0),
BADGE-2H,0 (CAS 5581-32-8), BADGE-HCI (CAS
13836-48-1), and BADGE-HCI-H,0 (CAS 227947-06-0)
were purchased from Sigma-Aldrich (Steinheim, Germany).
2,2-BPF (CAS 2467-02-9) was purchased from TCI America
(Portland, USA) and BPA glucuronide (CAS 267244-08-
6) was purchased from Santa Cruz Biotechnology (Santa
Cruz, USA). Dimethyl sulfoxide (DMSO) was purchased
from Merck (Darmstadt, Germany) and used for preparing
stock solutions of the compounds. BPA glucuronide was dis-
solved in UPLC-MS grade methanol, purchased from Actu-
All (Oss, the Netherlands).

Caco-2: in vitro intestinal transport study

Caco-2 cells (passage 21-27) were cultured in DMEM
(Gibco, Life technologies; New York, USA) containing
4.5 g L7! p-glucose, L-glutamine, and 25 mM HEPES,
supplemented with 10% (v/v) FBS (Gibco, Life technolo-
gies, New York, USA), 1% (v/v) minimal essential medium
non-essential amino acids (Gibco, Life technologies; New
York, USA), and 10,000 U mL™! penicillin and 10 mg mL"~!
streptomycin (Sigma-Aldrich, Steinheim, Germany). The
treatment and exposure of the Caco-2 cells are based on
the procedure as described in Strikwold et al. (2017).
Cells were seeded at a concentration of approximately
22.4x 10* cells mL~" onto 12-well transwell plates contain-
ing a polycarbonate membrane (12 mm inserts, 0.4 um pore
size, Corning Incorporated, New York, USA). No signifi-
cant contribution of BPs or BADGEs from the polycarbonate
membrane was observed given that the mass balance during
the experiment did not exceed 100% (see Table 2 of the
“Results”). The seeded cells were maintained for 21-22 days

in a 5% CO,-humidified atmosphere at 37 °C during which
the medium in the apical and basolateral compartments (0.5
and 1.5 mL, respectively) was changed every 2 or 3 days and
always 1 day before exposure.

Prior to the start of the transport experiment, the cell cul-
ture medium was removed, and the cells were equilibrated
in HBSS (Gibco) for 30—45 min. The BPs and BADGEs,
described under “Chemical compounds”, were diluted to a
final concentration of 100 uM in HBSS medium (without
phenol red) supplemented with 10 mM HEPES, pH 6.5. The
final DMSO level in this apical transport medium was 0.2%.
The basolateral transport medium consisted of pre-warmed
(37 °C) HBSS supplemented with 30 mg mL~! bovine serum
albumin (Sigma-Aldrich, Steinheim, Germany) to reduce
non-specific binding at pH 7.4. The 1.5 mL basolateral trans-
port medium was first added to the basolateral compartment,
followed by 0.5 mL apical transport medium to the apical
compartment. The transwells were incubated under the same
circumstances as for culturing the cells. For the time lapse
experiment, 75 uL of the basolateral compartment was taken
after 15, 30, 60, 90, and 120 min of incubation, and added to
150 pL of ice-cold methanol. This 75 pLL was replaced by the
same amount of pre-warmed basolateral transport medium
to keep the compartment volume constant.

Given that each BP and BADGE analogue tested in the
Caco-2 transport experiment showed linear absorption over
120 min (data not shown), the final permeability coefficients
were determined at an incubation time of 30 min based on
three independent replicates. For one replicate, the mass bal-
ance was determined by also taking a sample of the apical
compartment and the membrane. For the latter, the mem-
branes from the inserts were cut, added to 250 uL of ice-
cold 65% methanol in water and sonicated for 15 min with a
Branson 5510 water bath sonicator (Emerson, USA).

HepaRG: in vitro liver metabolism study

HepaRG cryopreserved cells (HPRGC10) and Williams’
medium E (WME) were purchased from ThermoFisher
Scientific (Waltham, USA). HepaRG cells were thawed
from a liquid nitrogen stock according to the protocol of
the manufacturer and re-suspended in WME (serum- and
phenol-free) to a final concentration of 0.5 x 10° cells mL~".
The test compounds were diluted from the stock solution
to a concentration of 10 mM in DMSO. Subsequently, this
solution was diluted to 2 mM in methanol-water (1:1) and
further diluted to 2 pM in WME.

The treatment and exposure procedure of the HepaRG
cells was based on the protocol as described in Zanelli et al.
(2011). Each incubation was prepared by mixing an equal
amount of cell suspension and compound dilution in a V
shaped 96-well plate (Greiner Bio-one) to obtain the final
conditions of 0.05% of total organic solvent (DMSO and
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methanol), 1 uM compound and 0.25 x 10° cells mL~!. The
incubations were carried out in an incubator at 37 °C, 5%
CO,, 19% O, on top of a shaker running at 50 rpm. The
reactions were stopped by transferring 100 uL of the incuba-
tion volume to an equal volume of ice-cold methanol after
0, 10, 20, 40, and 80 min of incubation in a new 96-well
plate. Control incubations were performed in the presence
of boiled HepaRG cells (obtained by heating in a microwave
oven). After the incubations, the plates were centrifuged for
5 min, 300 rcf, at 4 °C and the supernatant was transferred
to a new 96 well-plate with inserts, suitable for LC-MS/
MS injection (Waters, Milford, USA). Four replicates were
performed on 2 independent days.

Sample analysis

Samples from the metabolic clearance experiments with
HepaRG cells and intestinal absorption studies with
Caco-2 transwell system were analysed as described by
Leeuwen et al. (2019). In short, samples were analysed
on a Waters Acquity I-Class UPLC (Milford, USA) sys-
tem that was equipped with a Waters Acquity UPLC BEH
C,5 (100x2.1 mm, 1.7 pm) column. The column heater
was kept at 50 °C. The vial compartment of the autosam-
pler was kept at 10 °C and a 10 pL injection volume was
used. Mobile phase A was water and B was acetonitrile/
water (90:10 v/v %), both containing 6.7 mM ammonium
hydroxide (pH=11) at a flow rate of 0.6 mL min~!. The
gradient started at 0% B, was kept at 0% for 1 min and was
then increased linearly to 40% B in 1 min and then linearly
increased to 100% B in 5 min This mobile phase composi-
tion was kept for 1 min and subsequently returned to 0% B
in 0.2 min. An equilibration time of 1.8 min was allowed
before the next injection.

Mass spectrometric detection was performed with a
Waters Xevo TQS tandem mass spectrometer (Waters,
Wilmslow, UK) equipped with an electrospray ionization
interface (ESI). Two separated injections were done with
the MS operating separately in ESI™ (BPs) and in ESI*
(BADGES). A capillary voltage of 2.2 kV (ESI") or 3.0 kV
(ESI™), a desolvation gas temperature of 600 °C at a N,
flow of 800 L h™!, a source temperature of 150 °C and a
cone gas (N,) flow of 150 L h™! were used. Argon was used
as collision-induced dissociation (CID) gas. The cone volt-
age and collision energy were optimized by direct infusion
experiments under alkaline conditions.

Two product ions were selected for each BP and BADGE,
to allow quantification as well as identification of the specific
BP and BADGE compounds. Parent ions of the expected
metabolites were monitored as well. These include the glu-
curonide and sulphate conjugates of BPA and BPF isomers
and the hydrolysis products of the different BADGEs. Given
that BADGE converts to BADGE-H,0 and BADGE-2H,0,
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which are also included as model compounds in the pre-
sent study, the conversion of BADGE to these metabolites
could be quantified based on the included standard curves
for BADGE-H,0 and BADGE-2H,0. The same is true for
BADGE-H,0, which converts directly to BADGE-2H,0. For
comparison, a calibration curve of BADGE-HCI-H,0O was
included as well. No standard curves of the glucuronide and
sulphate conjugates of BPA and BPF isomers were included
and the formation of these metabolites could, therefore, not
be quantified. Further details on the quantification and iden-
tification of the BPs and BADGESs can be found elsewhere
(van Leeuwen et al. 2019).

Estimation of the oral equivalent doses
from the EC;/IC;, values using QIVIVE

The in vitro ECsy/ICs, values for estrogenic and anti-
androgenic activity of the selected BPs and BADGEs were
extrapolated to equivalent in vivo human oral doses by PBK
model-based reverse dosimetry to derive the in vivo relevant
potency ranking.

A generic PBK model defined by Jones and Rowland-Yeo
(2013) was used to estimate the free peak plasma concentra-
tions of the different BPs and BADGEs in human plasma at
different oral doses. The model equations were coded and
numerically integrated in Berkeley Madonna 8.3.18 (Macey
and Oster, UC Berkeley, CA, USA), using the Rosenbrock’s
algorithm for stiff systems. The model code of the generic
model, containing the input data for BPA, is provided as
supporting information 1. The generic PBK model simulates
plasma and tissue concentrations in humans based on: (1)
the intrinsic hepatic metabolic clearance, (2) tissue partition
coefficients and binding data (fraction unbound in plasma
and tissue, blood plasma ratio, fraction unbound in hepato-
cytes), (3) renal clearance (L h™!) and (4) the absorption rate
k, (h™ 1) and fraction absorbed (unitless). These chemical-
specific input data were obtained in the following way:

(Ad 1) The in vitro intrinsic hepatic metabolic clear-
ance of the different BP and BADGE compounds
was determined by measuring substrate depletion
of the chemicals in incubations with HepaRG cells
as described above. The in vitro intrinsic clearances
data (expressed as uL min~! per 10° hepatocytes) were
converted in the model to in vivo intrinsic clearances

(CL;,, L hr~! kg bw™!) based on a hepatocyte per
gram liver yield (HPGL) of 117.5x 10® hepatocytes
per gram liver (Simcyp 2016) and a liver weight of
1.47 kg (2.1% of a BW of 70 kg, Jones and Rowland-
Yeo, 2013).

(Ad 2) Tissue partition coefficients and binding data were
estimated based on the physicochemical properties
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of the different BP and BADGE compounds using
available calculators. First, the log P, log D and pKa
values for the BPs and BADGESs were estimated with
Chemicalize (www.chemicalize.com, ChemAxon).
Based on these data, the fraction unbound in plasma
(f4p) and the blood/plasma (B/P) ratio of these com-
pounds were estimated with Simcyp toolbox (Simcyp
2016) and PK-SIM (Version 6.3.2, Bayer Technology
Services), respectively. From the fraction unbound in
plasma, the fraction unbound in tissue (f,) was cal-
culated according to the method of Poulin and Theil
(2002) to simulate the free concentration in the liver
that is available for metabolic clearance. The partition
coefficients were calculated according to Rodgers and
Rowland (2006) with PK-SIM (Version 6.3.2, Bayer
Technology Services). The fraction unbound in the
hepatocyte incubation (f,,.,) was calculated applying
a method described by Kilford et al. (2008) and using
log D as input parameter. The final tissue partition
coefficients and binding data are provided in Table 1.

(Ad 3) Renal clearance was assumed to be equal to the glo-
melular filtration rate (6.7 L h™!) times the unbound
venous plasma concentration (Yoon et al. 2012).

(Ad 4) The in vivo absorption rate constants (k,) of the
compounds were derived from the in vitro appar-
ent permeability (P, cqco-2) Values that were scaled
to in vivo log P, values according to the follow-
ing formula: log P, iy yiv, (€M s71)=0.6836 x log
Popp_caco2— 05579 (Sun et al. 2002). The P, in vivo

values are related to k, as follows: k, =P, i1 vivo
Xintestinal surface area/intestinal volume =P, iy yiy,
X (2XpixrxD/(pixr?)= P oo in vivo X 2/r, Where r
and [ are the radius and length of the intestinal sec-
tion, respectively. The radius of the human intestine
is set at 1 cm (Peters 2008, 2012). Based on the above
equation, the length of the intestine is not a required
input. BPA and the two isomers of BPF were assumed
to be fully absorbed (F,=1), whereas the fractions
absorbed of the different BADGEs were assumed to
be equal to the observed recovery rates at 30 min to
account for the metabolic conversion of these com-
pounds as observed in the Caco-2 experiment.

Results

In vitro Caco-2 absorption

Table 2 provides the P,,, values obtained for the differ-
ent BPs and BADGEs in the Caco-2 transwell absorption
experiments. In case of BPA, 2,2-BPF and 4,4-BPFa rapid

absorption was observed with little differences in P, val-

PP
ues between these compounds. The observed P, caco-2

values ranged from 28 to 72x 107® cm s~!. No metabolic
conversion of BPs by Caco-2 cells occurred, with the
recoveries ranging between 82 and 98% (i.e. levels of the
parent compound that were found back in the apical com-
partment, filter, cells, and basolateral compartment, see
Table 2).

In case of BADGE, BADGE-H,0 and BADGE-HCI,
the Py, caco-> Values ranged from 1.4 to 8.2 X 10" %cms™!,
which seems lower than that for the BPs. However, apart
from transport, extensive metabolism of these BADGEs
by Caco-2 cells was observed, resulting in low recover-
ies (Table 2). The metabolites could be identified and
quantified by LC-MS based on the included standard
curves (see “Materials and methods”). BADGE first
converts to BADGE-H,O and then to BADGE-2H,0,
whereas BADGE-H,0 and BADGE-HCI directly convert
to BADGE-2H,0 and BADGE-HCI-H,0, respectively
(similar to that observed in incubations with HepaRG
cells). By accounting for these metabolites, the recoveries
increase (Table 2). Also, BADGE-2H,0 was assumed to
be metabolically converted given its low recovery of 19%
(Table 2); however, the metabolite(s) that were formed
could not be detected with the targeted LC-MS/MS
method. The low recovery of BADGE-2H,0 was not due
to matrix suppression as the standard curve is prepared
and analysed in the same matrix (HBSS) as the samples
from the Caco-2 experiment. Correcting P, caco-2 Of
the different BADGESs for the recoveries (assuming the
starting concentrations of the parent compound are not
100 puM, but proportionally lower because of metabolism)
allows to obtain an indication of the permeability of the
parent compounds. These results show that the apparent
permeability of the BADGESs, when there would be no
metabolism, is comparable with the BPs, with P, ;0.0
values, ranging from 49 to 78 x 107 cm s™!. These latter
values were used in the PBK model for the rate of absorp-
tion (k,) of the parent chemicals, whereas the recovery
rates were used in the model as a measure of the fraction
that is absorbed (F,).

In vitro metabolic clearance with HepaRG cells

Figure 2 shows the observed substrate depletion of BPA,
2,2-BPF, and 4,4-BPF. The conversion of these three BPs
primarily resulted in the formation of glucuronide and sul-
phate conjugates (supporting information 2). These conju-
gates were not further quantified. The determined half-life
of the three BPs was similar (Table 3), though 4,4-BPF was
observed to be slightly slower metabolized, resulting in a
somewhat longer half-life. No conversion of the BPs was
observed in the control incubations with boiled HepaRG
cells (data not shown).
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Table 2 Mean apparent C a —1yb
o ompound Recovery® (%) P, Caco P, Caco-2 TECOVETY COI- k,(h™)

permeability (P,,,+ SD) values (1381’_6 zcl;)l s reag{)édag(iO‘ﬁ emsh !

and recovery rates obtained

with the Caco-2 transport assay BPA 82 72422 NA 2.9
2,2-BPF 98 28+11 NA 1.5
4,4-BPF 87 46+11 NA 2.2
BADGE 5 39+2.0 78 +£40 3.1
BADGE-H,0 14 8.2+3.0 59+22 2.6
BADGE2H,0 19 1.4+0.8 73+42 3.0
BADGE-HCI 29 1.4+0.8 49+28 2.3

NA not applicable as the recoveries were considered sufficient

Total percentage of the parent compound that is found back in the apical compartment, filter + cells, and
basolateral compartment. The low recoveries of BADGE, BADGE-H,0O and BADGE-HCI were due to
the metabolic conversion of these compounds as the respective dihydrodiols were observed to be formed
and could be quantified based on included standard curves. In case of BADGE-2H,0, the low recovery
of 19% was also assumed to be due to metabolic conversion. When accounting for the respective dihy-

drodiol metabolites that are formed, recoveries are 27% for BADGE, 24% for BADGE-H,0 and 76% for
BADGE-HCI

Estimated in vivo absorption rate constant based on the Popp_caco-2 (see “Materials and methods”). For the

different BADGE:s, the recovery corrected P,

rates of the parent compounds
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Fig.2 Substrate depletion of BPA (a), 2,2-BPF (b), and 4,4-BPF (c¢) in incubations with HepaRG cells

app_Caco-2 Was taken as starting point as these represent uptake
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Table 3 Kinetic parameters (half-life and in vitro clearance) of the
metabolic conversion of BPs and BADGEs by HepaRG cells

Compound t,, (min) In vitro CL;,,,
uL min~! per
10° cells®

BPA 20.5 135.2

2,2-BPF 243 114.1

4,4-BPF 36.1 76.8

BADGE < 1 min >2773

BADGE-H,0 < 1 min >2773

BADGE-2H,0 >80 min ND

BADGE-HCl < 1 min >2773

ND not determined

“In vitro CL;,,=In(2)/t,,,*4 (for conversion from 25x10° cells per
mL in the incubation to 1x 10° cells ml~")*1000 (for conversion from
mL to uL)

-~ BADGE

A 1.5 -e- BADGE.H,O
—_ -~ BADGE.2H,0O
=
2
c 1.0
2
<
c S °
0.5 - —
c
o
(8]

o.o-&-es 2oy < T
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Time (min)

C 15- -e- BADGE.2H,0O
s
=
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e
©
s
c
3 0.5+
c
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The conversion of the different BADGEs into their
corresponding dihydrodiols occurred almost instantane-
ously (Fig. 3). With the exception of BADGE-2H,0, 90%
conversion is already achieved at incubation time zero,
where the reaction is stopped directly after mixing the
compounds with HepaRG. No conversion of BADGE,
BADGE-H,0 and BADGE-HCI was observed in the
control incubations with boiled HepaRG cells (data not
shown). The exact half-life could not be determined but
can be expected to be less than 1 min (Table 3). Further
metabolic conversion of BADGE-2H,0 did not take place.

Estimation of the oral equivalent doses using
QIVIVE

Using the generic PBK model defined by Jones and Row-
land-Yeo (2013) to integrate the in vitro metabolic clearance
data and Caco-2 absorption data of the present study, the
expected plasma concentrations in humans of each of the dif-
ferent analogues were simulated. In case of BPA, this simu-
lation of the plasma concentration could be evaluated against

1.5 -e- BADGE.H,O
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=
2
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]
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Fig.3 Substrate depletion and metabolite formation of BADGE (a), BADGE-H,O (b), BADGE-2H,O (c¢), and BADGE-HCl and

BADGE-HCI-H,O (d) in incubations with HepaRG cells
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Plasma concentration (nM) >

10 15 20
Time (h)

Fig.4 PBK-model simulated total BPA plasma concentrations com-
pared with the literature reported data from a Thayer et al. (2015)
obtained at an oral BPA dose of 0.1 mg kg bw™! and b Teeguarden

available human literature data, i.e. from Thayer et al. 2015
and Teeguarden et al. 2015. Figure 4 shows that the peak
plasma concentration (C,,,,) of BPA predicted by the PBK
model is in line with the observed in vivo human peak con-
centrations as reported by Thayer et al. (2015). The model
overestimates the in vivo peak concentrations as reported by
Teeguarden et al. (2015) by 3- to 6-fold. However, previous
findings from Yang et al. (2015) suggest that the absorption
efficiency in the latter study was limited to 25%. Such a
reduced absorption efficiency from food was not accounted

(L]

Plasma concentration (nM) @
N

10 15 20
Time (h)

et al. (2015) obtained at an oral dose of 0.03 mg kg bw™!. The line
presents the simulated plasma concentration and the data points the
observed levels in the different individuals of the two studies

for in the model of BPA to obtain worst-case estimates of
the plasma concentrations.

In the previous study by van Leeuwen et al. (2019), BPA
and 4,4-BPF showed estrogenic activity with both an EC50
value of 20 pM. All compounds, except BADGE-2H,0,
showed anti-androgenic activity with IC50 values of, respec-
tively, 30, 10, 20, 20, 50 and 8 uM for BPA, 2,2-BPF, 4,4-
BPF, BADGE, BADGE,H20 and BADGE-HCI.

Based on the developed PBK models for the different
analogues, the peak free plasma concentrations (C,

max, free)
of each compound were first estimated for an arbitrary

Table 4 Estimated human oral equivalent dose levels of the in vitro effective endocrine concentrations

Compound Cruax. free (MM)  Yeast estrogen bioassay” Yeast androgen bioassay®
Ifl:;nsgagw_l ECsy (uM) Oral eq. do_s:la » Estimated 1C5y (uM)  Oral eq. do_s;e » Estimated
day™! (mgkgbw™ day™') in vivo human (mgkgbw™ day™') in vivo human
relative potency relative potency
BPA 0.004 205000 1 30 7500 1
2,2-BPF 0.014 NA (but anti NA NA 10 714 11
ER IC; at
70 uM)®
4,4-BPF 0.018 201111 5 20 1111 7
BADGE 0.00001 NA (but anti NA NA 20 2x10° 0.004
ER IC; at
50 uM)®
BADGE-H,0 0.0001 NA NA NA 50 5x10° 0.015
BADGE-2H,0 ND NA NA NA NA NA NA
BADGE-HCI  0.00002 NA (but anti NA NA 8 4x10° 0.019
ER ICj at
20 uM)°

NA not active, ND not determined; C,., r.. peak free plasma concentration, EC5, 50% effective (agonist) concentration; /Cs, 50% inhibitory

concentration (antagonist)

#Data derived from van Leeuwen et al. (2019)

® Anti-estrogenic potencies were not converted to in vivo equivalent doses as these are less critical than the anti-androgenic effects (i.e. anti-
estrogenic effects occur at higher concentrations than anti-androgenic effects)
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Fig.5 Potency of the BPs and BADGEs relative to BPA as a
observed in vitro by Leeuwen et al. (2019) with yeast-based bioas-
says; and b after conversion of the in vitro ECsy/ICs, to equivalent

selected reference dose of 1 mg kg bw™!. From these data,
the doses that are needed to achieve the in vitro ECs,/IC,
values in plasma could be calculated by linear extrapola-
tion. Given that the in vitro potency data were derived with
yeast-based bioassays that do not include foetal bovine
serum, being a source for protein binding (Bovee et al.
2004, 2007), the EC5(/IC5, were assumed to best be com-
pared with the unbound (free) effective concentrations.
Table 4 provides the overview of the estimated free peak
plasma concentrations and the absolute in vivo equivalent
doses and estimated in vivo relative potencies. The esti-
mated in vivo potencies of the compounds relative to BPA
are depicted in Fig. 5.

The predictions of the relative potencies reveal that the
fast conversion of BADGE, BADGE-H,0 and BADGE-HC1
will reduce the endocrine activity of these compounds
in vivo. Though the exact half-life for liver metabolism
could not be determined, an estimated in vitro half-life of
1 min for hepatic metabolic conversion resulted in estimated
peak blood concentrations of BADGE, BADGE-H,0 and
BADGE-HCI (at a dose of 1 mg kg bw™!) that are one to two
orders of magnitude lower than for the different BPs. As a
result of the fast-metabolic conversion of these BADGEs
to metabolites that do not have anti-estrogenic or anti-
androgenic activity (i.e. BADGE-2H,0) or lower potencies
than the parent (i.e. BADGE-HCI-H,0), the relative in vivo
potencies are expected to be low (Table 4, and Fig. 5).

In contrast to the different BADGES, the in vivo relative
potencies of 2,2-BPF and 4,4-BPF increase when account-
ing for the in vivo availability of the compounds. Though
4,4-BPF is equally potent as BPA in inducing estrogenic
effects in vitro, the in vivo potency is estimated to be five-
fold higher than BPA. In addition, whereas in vitro 2,2-BPF
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oral doses by PBK-based reverse dosimetry (the predicted in vivo
relative potencies are also provided in Table 4)

was threefold more potent and 4,4-BPF 1.5-fold more potent
than BPA in the yeast anti-androgen bioassay, these com-
pounds become 7- and 11-fold more potent in vivo than BPA
after conversion of the in vitro potencies to oral equivalent
doses using the developed PBK models. Given that meta-
bolic clearance and Caco-2 absorption of 2,2-BPF and 4,4-
BPF were similar to BPA (Tables 2 and 3), this increase in
relative potency can only be explained by the differences
in lipophilicity of these compounds compared to BPA and
resulting partition coefficients that were used in the PBK
model (Table 1). The lower partition coefficients of both
2,2-BPF and 4,4-BPF compared to BPA result in a higher
plasma concentration compared to BPA.

Discussion

The goal of the current study was to obtain an in vivo
relevant prioritization method for BPs and BADGEs by
converting their in vitro endocrine effect concentrations,
i.e. ECy, values for estrogenicity and ICy, values for anti-
androgenicity, into human equivalent doses using in vitro-
based PBK models. Some of the compounds (i.e. 2,2-BPF,
BADGE, and BADGE-HCI) have also been reported to
induce anti-estrogenic effects (van Leeuwen et al. 2019).
However, as these anti-estrogenic effects occur at higher
concentrations than the anti-androgenic effects by these
compounds, they were considered to be less relevant and
were not accounted for in the current study.

For the development of the PBK models, the meta-
bolic conversion of the compounds was determined with
HepaRaG cells in suspension. In contrast to other liver cell
lines, this hepatoma cell line has a metabolic capacity that
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resembles primary hepatocytes, although this still needs
to be fully elucidated (Guillouzo et al. 2007; Zanelli et al.
2011). The observed metabolic clearance of BPA in the
present study of 135 uL min~! per 10° hepatocytes is
slightly higher than literature reported hepatic clearances
obtained with primary human hepatocytes, ranging from
22 pL min~! per 10° hepatocytes to 93 uL min~! per 10°
hepatocytes (Kuester and Sipes 2007; Kurebayashi et al.
2010). After scaling and integration of the in vitro meta-
bolic clearance data into the generic PBK model, predic-
tions could be made of the plasma concentrations of BPA.
Comparison of the outcome with in vivo measured plasma
concentrations supports the adequacy of the PBK approach
and the usefulness of the HepaRG cell line in measuring
the clearance of BPs.

The rapid conversion of BADGE, BADGE-H,0 and
BADGE-HCl into their corresponding diols (BADGE-2H,0
and BADGE-HCI-H,0) also confirms the proficiency of
these human liver cells in epoxide hydrolases, which cata-
lyse this hydrolysis reaction (Bentley et al. 1989). Interest-
ingly, this conversion of the epoxides was also observed in
the absorption experiments with the human intestinal Caco-2
cells. Indeed, it has been reported that Caco-2 cells are pro-
ficient in epoxide hydrolases (Borlak and Zwadlo 2003).
Although conversion of both BADGE and BADGE-H,0
into BADGE-2H,0O was observed in HepaRG cells, the fur-
ther metabolic conversion of BADGE-2H,0 did not take
place in these cells. This may indicate an insufficiency of
the HepaRG cells but may also suggest that metabolism of
BADGE-2H,0 does not occur in the liver. The poor recov-
ery of BADGE-2H,0 in the Caco-2 cell experiment of 19%
suggests that an intestinal metabolic conversion of this com-
pound might occur. However, given the targeted screening
by LC-MS/MS analysis, no metabolite(s) of BADGE-2H,0
could be identified in the absorption experiments with
Caco-2 cells. Because BADGE-2H,0 does not express any
endocrine activity (Fic et al. 2014; van Leeuwen et al. 2019),
the metabolic conversion of this compound was not further
explored.

The in vitro effective concentrations (EC5y/IC5,) of BPA
translate into equivalent oral doses in humans of 5000
(estrogenic activity) and 7500 mg kg bw™! (anti-androgenic
activity). These dose levels are many orders of magni-
tude higher than the estimated daily intake (EDI) of BPA
of 0.4-1.4 ug kg bw™! per day (EFSA 2015) and this sug-
gests that the endocrine active activity of BPA is not likely
to occur in vivo at the EDI. Nonetheless, questions can be
raised with respect to the predictive value of the absolute
estimated oral equivalent doses. Starting point in the extrap-
olation are the EC5,/ICs, values obtained with yeast-based
bioassays. Recently, Zhang et al. (2018) and Fabian et al.
(2019) revealed that results obtained with a yeast estro-
gen screen (YES) provide a good prediction of the in vivo

potency of BPA, after conversion of the in vitro effective
concentration of this compound to equivalent oral doses in
rats using PBK-based reverse dosimetry. Zhang et al. (2018)
even reported a better predictive value using data from the
yeast bioassay than using the MCF-7/BOS proliferation or
the U20S ER-CALUX bioassays. Though these results sug-
gest that relevant absolute potency estimates can be made
with in vitro assays like the yeast-based bioassay used in
the present study, the goal of the present work was mainly
to determine the in vivo relative potencies of different bis-
phenol analogues compared to BPA.

The results revealed that despite the comparable in vitro
endocrine activities (mainly anti-androgenic) of BPA, 2,2-
BPF, 4,4-BPF, BADGE, BADGE-H,0, and BADGE-HCI,
the estimated in vivo potency ranking is quite different. Par-
ticularly as a result of the fast-metabolic conversion of the
different BADGEs, the in vivo anti-androgenic potencies
for these types of compounds are estimated to be one to
two orders of magnitude lower than BPA. Both BADGE
and BADGE-H,0 convert to BADG-2H,0, which does
not display (anti)estrogenic or (anti)androgenic activ-
ity (van Leeuwen et al. 2019). BADGE-HCI converts to
BADGE-HCI-H,0. This metabolite does not display any
estrogenic or androgenic activity and is fivefold less potent
then its precursor BADGE-HCI in inducing anti-estrogenic
and anti-androgenic effects (van Leeuwen et al. 2019). The
fast-metabolic conversion of the BADGE:S is, therefore, con-
sidered to lead to detoxification of the compounds.

In contrast to the different BADGEs, the relative poten-
cies of 2,2-BPF and 4,4-BPF compared to BPA are higher
when accounting for the in vivo availability of the com-
pounds. For example, 4,4-BPF is equally potent as BPA in
inducing estrogenic effects in vitro but is estimated to be
5-fold more potent in vivo. In case of the anti-androgenic
effects, 2,2-BPF and 4,4-BPF are 3 and 1.5-fold more potent
in vitro than BPA but become 7 and 11-fold more potent
than BPA in vivo. This higher in vivo relative potencies of
the BPF isomers were primarily due to lower partitioning
into tissue and lower plasma binding of these compounds.
Both the hepatic clearance and apparent permeability in the
Caco-2 absorption were observed to be similar to BPA and
did not significantly contribute to the difference between
in vitro and in vivo relative potencies of the BPF isomers.
It should be noted that intestinal metabolic clearance of
2,2-BPF, 4,4-BPF, and BPA was not accounted for in the
reverse dosimetry approach. Compared with BPA, 4,4-BPF
has been reported to being more prone to intestinal conver-
sion based on in vitro experiments with human intestine and
liver microsomes and recombinant UGT enzymes (Gramec
Skledar et al. 2015). Given that Caco-2 cells do not express
sufficient glucuronosyltransferase and sulfotransferase
enzymes to catalyse the metabolism of the BPs (Meinl et al.
2008), these differences in intestinal metabolism could not
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be observed in the present study. The estimated in vivo rela-
tive potencies are, therefore, likely to provide a worst-case
estimate with respect to the relative potencies of the two
BPF isomers compared to BPA.

Comparison of the results of the present study with avail-
able in vivo data is not straight forward. Apart from BPA,
there are few in vivo data available on the estrogenic or anti-
androgenic potencies of the BPF isomers and BADGE:s.
To this end, the relative potencies of BPA analogues have
mainly been based on in vitro data (Rochester and Bolden
2015; van Leeuwen et al. 2019). Moreover, data obtained
with rodent studies cannot be directly compared with the
results of the present study which presents estimates of
human relative potencies. Nonetheless, some support for
the estimated lower potency of the BADGEs comes from
the EFSA evaluation on BADGE and its hydrolysis products
(i.e. BADGE-H,0 and BADGE-2H,0), reporting no repro-
ductive effects in rats, or teratogenic or adverse effects on
embryonal and foetal development in studies with rats and
rabbits (EFSA 2004).

Overall, the results of the study show the importance of
accounting for the toxicokinetics of chemicals when extrapo-
lating relative potencies based on in vitro data to in vivo.
By including information on metabolism, absorption and
partitioning in the body, it could be shown that both 2,2-BPF
and 4,4-BPF are priority compounds with potential higher
in vivo endocrine (particularly anti-androgenic) activity than
BPA.
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