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the reproductive health of exposed populations. For the first time, we show that FSHR binds halogenated BPA
derivatives, at 10 nM, a concentration lower than those requires to modulate the activity of nuclear receptors
and/or steroidogenesis enzymes. Indeed, bioluminescence assays show that FSHR response is lowered up to
42.36 % in the presence of BPA, up to 32.79 % by chlorinated BPA derivatives and up to 27.04 % by brominated
BPA derivatives, at non-cytotoxic concentrations and without modification of basal receptor activity. Moreover,
molecular docking, molecular dynamics simulations, and site-directed mutagenesis experiments demonstrate
that the halogenated BPA derivatives bind the FSHR transmembrane domain reducing the signal transduction
efficiency which lowers the cellular cAMP production and in fine disrupts the physiological effect of FSH. The
potential reproductive health risk of exposed individuals was estimated by comparing urinary concentrations
(through a collection of human biomonitoring data) with the lowest effective concentrations derived from in
vitro cell assays. Our results suggest a potentially high concern for the risk of inhibition of the FSHR pathway.
This global approach based on FSHR activity could enable the rapid characterization of the toxicity of haloge-
nated BPA derivatives (or other compounds) and assess the associated risk of exposure to these halogenated BPA

derivatives.

1. Introduction

Bisphenol A (BPA) is the most produced organic compound with over
6 million tons manufactured annually worldwide [1]. Its chemical
structure consists of two phenol rings and two methyl groups connected
by a methylene bridge [2] (Fig. 1). BPA is well known as an
endocrine-disrupting chemical altering the reproductive function [3]. It
is mainly used as a stabilizer or antioxidant in polycarbonate plastics or
epoxy resins, from which it can migrate into water [4]. Microplastics
also contribute to the accumulation of BPA in drinking water distribu-
tion systems [5].

In water, BPA can react with various substances such as hypochlorite
ions, stemming from sodium hypochlorite which is added to tap water as
a disinfectant in some places in the world [6]. This results in chlorine
substitution in the phenolic aromatic rings leading to mono-, bi-, tri- and
tetrachlorinated BPA derivatives (ClLBPA) [7] (Fig. 1). Similarly,
bromine is produced by oxidation of bromide during the chlorination
stage, or by complexation with bromide ions (Br °) present in wastewater
treatment plants [8,9], leading to mono-, bi-, tri- and tetrabrominated
BPA derivatives (BryBPA) [10,11] (Fig. 1). Disinfection, the ultimate
drinking water treatment process, plays an essential role in preventing
the spread of diseases. Chlorine technologies, with Ultraviolet (UV) and
ozone, are commonly used for this process because of their high
oxidizing power and low economic cost. There are methods of dis-
infecting water that do not generate halogenated by-products (such as
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chlorine dioxide), but they are very expensive. To remove halogenated
by-products from drinking water, different purification procedures are
being developed, such as microporous organic networks [12], Cu/Fe
bimetallic nanoparticles [13], or electrocatalytic processes [14]. Pro-
cesses for decontaminating water from BPA, without producing halo-
genated by-products, e.g., by enzymatic degradation [15] or by using
biological treatment [16] are currently being developed. Less costly
approaches are necessary for controlling the generation of toxic
by-products in wastewater containing halogen ions.

Halogenated BPA analogues, such as tetrabromobisphenol A (TBBPA
or Br4BPA) and tetrachlorobisphenol A (TCBPA or Cl4BPA), mainly used
as flame retardants [17], are partially dehalogenated in the environment
under anaerobic conditions [18-21], or by pyrolysis [22] that results in
complete dehalogenation into the BPA product. Br4BPA and Cl4BPA are
persistent, lipophilic, and bioaccumulative, leading to biomagnification
within the food chain.

In the environment, there are various sources of exposure to halo-
genated BPA derivatives, such as wastewater treatment plants and
sewage sludge [23]. The main route of exposure to these emerging
compounds is drinking water. Among halogenated BPA derivatives
quantified in the drinking water of a French cohort of pregnant women,
CIBPA had the highest detection rate (51%) and Cl2BPA the highest
concentration (maximum: 100 ng/L), while Brg and BrsBPA were
detected at very low levels (1%) and concentrations (<limit of quanti-
fication) [24]. Cl4BPA have also been detected in food contact papers:
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Fig. 1. Structure of investigated compounds. Modified from Doumas et al., Chemosphere, 2018.
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CIBPA is the compound detected most frequently (41%) and in the
highest concentration (0.016 ng/g) compared with other CIyBPA [25].
CI,BPA can migrate from food packaging to food. Halogenated BPA
derivatives are also detected in human samples [23,26], demonstrating
that humans are exposed to these compounds. Because these compounds
are more lipophilic than BPA, their absorption and storage in organisms
is more efficient [27]. Currently, there are no regulations regarding the
tolerable threshold for halogenated BPA derivatives in drinking water in
either Europe, the US or in Canada. Despite that, halogenated BPA de-
rivatives could be considered as an emerging group of
endocrine-disrupting chemicals that may contribute to adverse effects
on human health, depending on the level of exposure of the population.
However, the endocrine disruption potency of these compounds remains
unknown.

Previously, we showed that non cytotoxic BPA concentrations reduce
the response of the follicle-stimulating hormone receptor (FSHR) to FSH
[28], a gonadotropin hormone involved in the regulation of gonadal
function and fertility [29,30]. FSHR belongs to the G protein-coupled
receptor (GPCR) or 7TM superfamily [31]. It consists of 7 trans-
membrane (TM) helices, 3 extracellular loops (ECL) and 3 intracellular
loops (ICL). This receptor possesses a large extracellular domain that
binds FSH. Hormone binding leads to a conformational change in the
receptor, inducing an interaction between the TM helices of the FSHR
and the Gs protein. Activation of the Gs protein leads to an activation of
a signaling cascade resulting in an increased production of cyclic AMP
(cAMP) in the cell. Currently, the effect of halogenated BPA derivatives
on FSH receptor signaling is unknown. Determining the direct interac-
tion mechanisms between BPA and halogenated BPA derivatives is
crucial for understanding the mode of action of the chemicals.

To better understand the potential effect of halogenated BPA de-
rivatives on FSHR activity, we studied the impact of 10 halogenated BPA
derivatives on FSHR and compared with BPA. Real-time biolumines-
cence assays of FSHR activity make it possible to directly quantify the
effect of halogenated BPA derivatives on receptor signaling and to
determine their efficacy and potency. Molecular docking identified po-
tential binding sites and the preferred orientation of the bound com-
pounds. Molecular dynamics simulations were used to estimate the most
stable conformation of the ligand-receptor complex, and to elaborate on
the movements of the FSHR in the presence of the compounds. Site-
directed mutagenesis was used to experimentally validate potential
binding sites and to understand the binding mechanisms and the FSHR
residues involved in this binding. This combined approach provides a
comprehensive and detailed understanding of how halogenated BPA
derivatives modulate FSHR activity (from theoretical predictions to
experimental validation). Finally, the potential health risks of haloge-
nated BPA derivatives were assessed by comparing the bioactive con-
centrations derived from the in vitro assay with the exposure levels
established from biomonitoring data. The novelty of this study is its
multi-dimensional approach, from the molecular interactions between
chemical compounds and the receptor, to the assessment of the danger
for exposed populations.

2. Materials and methods
2.1. Reagents

BPA was purchased from Sigma-Aldrich (# 239658) and halogenated
BPA derivatives were synthetized as previously described [10]. All
compounds were dissolved as stock solution at 1 M in dimethyl sulfoxide
(DMSO, #P60-36720100, Pan Biotech) and stored at —20 °C in glass
vials. Final DMSO concentration in each cell culture well was 0.1%. The
human hFSH was purchased from Merck-Serono (Gonal-f), and stored at
4 °C. The low molecular weight agonist of FSHR 16a was kindly pro-
vided by J. Wrobel (Chemical and Screening Sciences, Wyeth research,
Collegeville, PA) [32], and stored at room temperature. Forskolin was
purchased from VWR (# CAYM11018).
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2.2. Creation of the CHO-GLO and CHO-FSHR-GLO cell lines

To monitor the cAMP response of the FSHR in living cells, we
generated clones of CHO-FSHR stably expressing a chimeric protein
joining firefly luciferase (Photinus pyralis) to the cAMP-binding domain
of protein kinase A, which upon cAMP binding emits light in the pres-
ence of substrate (D-luciferin) [33]. Two cell types, namely Chinese
Hamster Ovary (CHO) cell line (RRID:CVCL_0214) native and CHO cell
line stably transfected with the human FSHR (named CHO-FSHR) [28],
were transfected with a plasmid encoding to an engineered cAMP sen-
sitive luciferase (pGLO sensor™-22 F cAMP plasmid, GenBank® acces-
sion number is GU174434 - Promega) by the Lipofectamine LTX method
(#10573013 - Fisher Scientific). The cells were seeded in 10-mm petri
dishes 1 day before transfection. 2.5 pg of pGLO sensor™-22 F cAMP
plasmid, containing the hygromycin B resistance gene, was transfected
with 5 pL Lipofectamine LTX reagent. 24 h after transfection, selection
was initiated with 400 pg/mL hygromycin B (# 30-240-CR, Corning).
12 hygromycin B-resistant clones for CHO-FSHR-GLO and 9 hygromycin
B-resistant clones for CHO-GLO were isolated after 7 days and expanded
using the same medium. Then, the 21 clones were selected based on
their response to 107° M of forskolin (# CAYM11018, VWR) as a mea-
sure of expression of the reporter, and to 30 Ul/mL FSH (for
CHO-FSHR-GLO clones) in order to verify that the activity of the FSHR is
maintained. All experiments were done using the clone #11. As ex-
pected, this cell line displayed the strongest luminescence response to
forskolin and to FSH (Fig. S1). The cells were maintained in Dulbecco’s
modified Eagle’s Medium (DMEM, #P04-03500, PAN Biotech) con-
taining 10% heat-inactivated fetal calf serum (FCS, #S1810, Biowest),
2mM glutamine (#BE17-605F, Lonza), 100 U/mL penicillin,
100 pg/mL streptomycin (#17-602E, Lonza), 400 pg/mL geneticin (#
30-234-CR, Corning) and 400 pg/mL hygromycin B (# 30-240-CR,
Corning), at 37 °C in a humidified incubator gassed with 5% CO5. The
cell lines were free of mycoplasma (Mycoplasma detection by PCR,
Venro GeM OneStep, #11-8250, Minerva Biolabs).

2.3. GloSensor assay

Cells were seeded (100,000 cells/well) in white 96-well clear-bottom
microplates (Greiner BioOne) with a medium containing DMEM, 10%
heat-inactivated charcoal-stripped FCS (# 12676029, Life Technolo-
gies), 2 mM glutamine, 100 U/mL penicillin and 100 pg/mL strepto-
mycin. The charcoal-stripped FCS ensured that the experiments were not
influenced by steroid hormones. The following day, the cells media was
replaced by 40 pL of DMEM with 6% v/v GloSensor cAMP reagent (#
E1291 - Promega) and 10% heat-inactivated charcoal-stripped FCS and
incubated for 2 h at room temperature. Firefly luciferase activity was
measured at room temperature using FlexStation III multimode micro-
plate reader (# FV05794, Molecular Devices) and real-time chemilu-
minescent signal was quantified for 1 h (2 min intervals and 1000 ms
integration). The area under curve (AUC) for cAMP production was
calculated for each condition. For data normalization, the AUC from
hormone alone was set as 100%. For each analysis, at least three inde-
pendent experiments were performed in triplicate.

2.4. MTT assay

Cell viability was determined using a 3-(four, 5-dimethylthiazol-2-
yD-two, 5-diphenyltetrazolium (MTT) (# M2128, Sigma-Aldrich)
colorimetric assay. Cells were incubated with MTT solution (0.5 mg/
mL) for 3 h at 37 °C, 5% CO». The absorbance of blue formazan crystals
was measured at 570 nm using FlexStation® 3 Multimode Plate Reader.
The results were expressed as a percentage of viability compared to the
cells in absence of halogenated BPA derivatives (mean + SEM of three
independent experiments performed in triplicate).
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2.5. Alanine-scanning mutagenesis

FSHR mutants were generated by GeneCust (Dudelange,
Luxembourg), from the pSVL Plasmid (U138668) containing the human
FSHR sequence (NM_000145.4) and transient transfected in CHO cell
lines using Metafectene PRO (T040-1.0, Biontex) following the manu-
facturer’s instructions. All the mutated plasmids were sequenced for
control.

2.6. Docking and molecular dynamics simulations

Details about molecular docking and molecular dynamics simula-
tions are provided in Supplementary Section S1. Briefly, using MOD-
ELLER 9.20 [34], the transmembrane domain of FSHR (from I1.29 to
$7.69) was modelled in an inactive (FSHRjpacy) and active (FSHRgt)
conformation using homology modelling with luteinizing hormo-
ne/choriogonadotropin receptor (LHCGR) as a template (Fig. S2) [35].
The structures of 3-((5methyl)—2-(4-benzyloxyphenyl)—
5-{[2-[3-ethoxy-4-methoxy-phenyl)-ethylcarbamoyl]-methyl} —4-oxo--
thiazolidin-3-yl)-benzamide (16a), BPA, p,p-DDT and their derivatives
were built in Maestro 2020-1 in the Schrodinger 2020 suite. Induced fit
dockings (IFDs) were built in Schrodinger Suite 2020 [36,37]. The
molecular dynamics simulations were performed using GROMACS
version 2019.4 simulation suite [38] and CHARMM36m force field [39].
The simulations were performed on eight different systems in a different
combination of FSHR conformations and allosteric modulators BPA, p,
p-DDT, and 16a (Table S1). Root mean square deviation (RMSD) cal-
culations were based on all heavy atoms in a ligand and were performed
using MDAnalysis software package. Clustering of ligand conformations
produced in molecular dynamic simulations was based on gromos algo-
rithm [40] implemented in the Gromacs package.

2.7. Literature search on biomonitoring data

Full text articles in English were searched in PubMed (up to 8 April
2022). Studies were examined following searches ‘“chlorinated de-
rivatives of bisphenol A or chlorobisphenol A” or “brominated de-
rivatives of bisphenol A or bromobisphenol A” and “serum or plasma or
blood or urine” and “human” in the title and/or abstract were included.
77 articles were identified. The first selection was conducted on the title
and abstract, and two independent reviewers based the second one on
full-text analysis. The following exclusion criteria were used: “pathol-

9 e LIS

ogy”, “in vitro or in vivo studies”, “and non-halogenated derivatives of

BPA”; “sample environment”; “non-human”. 13 articles were included
(Table 2 and S2).

2.8. Health risk assessment

The hazard quotient (HQ) model was used for preliminary human
health risk assessment by comparing the measured urinary concentra-
tion of halogenated BPA derivatives with the lowest effective concen-
tration (LOEC), which corresponds to the first tested concentration that
induces a statistically significant effect compared to the control on the
activity of the FSHR.

_ Measured urinary level(nM) xUF
N LOEC(nM)

HQ

Measured urinary level was estimated from biomonitoring data.
Uncertainty Factor (UF, reflects the scientific uncertainty) = 1000 was
used (10x individual human variability; 10x for LOEC to no-observed-
effect concentration (NOEC) extrapolation; 10x for insufficient data
and the use of urine concentrations instead of blood concentrations). HQ
<1 indicated an absence of risk for the endpoint considered, whereas
HQ >1 indicated that the exposure may be regarded as being of
concern.
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2.9. Statistical analyses

Data were analyzed in GraphPad Prism 8 (GraphPad Software Inc, La
Jolla, CA). The difference between exposed and unexposed cells was
evaluated using non-parametric Kruskal-Walli’s test or one-way Dunn’s
multiple comparisons test. The comparisons between BPA and haloge-
nated BPA derivatives were made using Welch’s-test.

3. Results and discussion

3.1. Effects of halogenated BPA derivatives on FSH-dependent cAMP
production

Guided by the previous study addressing the dose-response curve for
FSH on hFSHR [28], we examined the effects of BPA and halogenated
BPA derivatives on the response to two concentrations of FSH: 0.03
IU/mL and 3 IU/mL, corresponding to the ECsp and the Cpayx, respec-
tively. Each compound was tested at five concentrations, including the
ones reported in drinking water (i.e, from 107 t0 108 M for BPA [1 0],
from 10~ 12 to 101 M for CIxBPA [24,10,41] and from 10t 107 1M
for BryBPA [24]), in human blood (i.e., from 10~° to 10~7 M for BPA [42,
43], from 10712 to 1071% M for CIBPA [42,43], and from 10" % to 1078
M for BryBPA [44-47,43], or in human urine (i.e., from 10 %t0 1078 M
for BPA [48,27,49-51], from 10! to 107'° M for CL,BPA [48,27,49],
and from 1071° to 10™° M for Br,BPA [47,50,51]. In CHO-FSHR-GLO
cells, BPA reduced the ECsg or Cpax FSH-induced cAMP accumulation
up to 42.36 + 4.41% (for 107°M BPA) or 29.82 + 5.54% (for 10°°M
BPA), respectively, without effect on receptor basal activity (i.e., inde-
pendent of FSH) (Fig. 2A, B, C). The 3-((5methyl)—
2-(4-benzyloxy-phenyl)—
5-{[2-[3-ethoxy-4-methoxyphenyl)-ethylcarbamoyl]-methyl}—4-oxo--
thiazolidin-3-yl)-benzamide (16a) (a low molecular weight agonist of
FSHR) can stimulate the FSHR with the same efficiency as FSH through
binding to transmembrane domain [52]. 10~® M BPA decreased by
14.78 +£ 3.19% the low molecular weight agonist (16a)-induced
maximal response (Fig. 3). None of the halogenated BPA derivatives had
any impact on FSHR basal activity (Fig. 2D, G). In contrast, ClyBPA
decreased cAMP production stimulated by both FSH concentrations. The
0.03 IU/mL FSH (ECsp) and 3 IU/mL FSH (Cpax) induced responses were
lowered up to 32.79 + 4.62% (for 10~/ M 2,2-Cl,BPA, Figs. 2E) and
27.95 & 6.97% (for 10~° M CI4BPA, Fig. 2F), respectively. 2,6-Cl,BPA
had no effect on Cpax induced response. In the same way, BryBPA
reduced FSH induced cAMP production at both FSH concentrations,
except for Br4sBPA which had no effect. Indeed, 0.03 IU/mL FSH (ECsg)
and 3 IU/mL FSH (Cpay) induced responses are lowered up to 27.04
+ 5.68% (for 1071 M 2,2-Br,BPA, Figs. 2H) and up to 19.83 + 4.90%,
(for 107% M BrBPA, Fig. 2I), respectively. It is worth noting that no
cytotoxicity was observed at active concentrations of BPA and haloge-
nated BPA derivatives (Fig. 4). We have previously shown that BPA had
no direct impact on adenylate cyclase (cAMP producing enzyme) nor on
phosphodiesterases (cAMP degrading enzymes) [53]. These results
suggest that the halogenated BPA derivatives act as negative allosteric
modulators on FSHR signalling.

At 3 IU/mL FSH (Cyax) induced cAMP response, there was no sta-
tistically significant difference between the inhibitory effects of BPA and
those of halogenated derivatives (p-value > 0.05; Table 1). In opposite,
BPA was the most effective negative allosteric modulator, causing a
reduction up to 42.36 + 4.41% in 0.03 IU/mL FSH (ECs) induced cAMP
production at a concentration of 10~° M. However, the effects of 2,2-
CI,BPA and 2,6-Cl,BPA were statistically comparable to the effect
induced by BPA (p-value > 0.05), but with concentrations 100-times
higher than those used for BPA (10~ M vs. 10~° M). Other haloge-
nated BPA derivatives induced a significant reduction in FSH response,
but in a lesser extent than what was observed for BPA (Table 1).
Moreover, the negative allosteric modulator activity of CIlyBPA on FSHR
was apparently stronger than of BryBPA. This disparity might be due to
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Fig. 3. Effect of halogenated-derivatives BPA on 16a-stimulated cAMP production. CHO-FSHR-GLO cells were incubated with increasing concentrations of 16a in the
presence of increasing concentrations of BPA. The maximum response to 16a was arbitrarily set at 100%. Data represented means + SEM of three independent
experiments performed in triplicate. Table represents efficacy (Enmax) and potency (ECsp) of 16a on FSHR measured in different cAMP assay with different con-
centrations of BPA. Statistical analyses were performed with one-way Dunn’s multiple comparisons test for the response in BPA-exposed compared with unexposed
cells. p> 0.05 =n.s; p < 0.05=*;p < 0.01 =**; p<0.001 =***; p <0.0001 = ** **,

different halogen substitution patterns, or to size, number of halogen
atoms, volume, and/or the degree of hydrophobicity of the compounds
(Table S3). Indeed, based on their structural characteristics and physi-
cochemical properties, several studies suggest that the effect of halo-
genated BPA derivatives on their molecular target dependent on the size,
number and position of halogen atoms, and molecule’s hydrophobicity
[54-56]. Increased halogenation of the phenolic rings of BPA reduces the
hormonal activity of halogenated derivatives towards ERa. The opposite
is observed for PPARy [57,58]. Molecular weight, volume and hydro-
phobicity of BryBPA compounds are correlated with increasing TR af-
finity [59]. On the other hand, the ERRy transcriptional activity in the
presence of halogenated BPA derivatives decreases with the increasing
compound size and number of halogen atoms [56], and the presence of a

halogen atom in the 2 or 2’ position increases cytotoxic effects of the
compounds (Marques Dos Santos et al., 2024). Very recently, it has been
shown that the hydrophobicity of halogenated BPA derivatives de-
termines the degree of inhibition of aromatase activity [60]. Whatever
the conditions tested, we did not observe any effect of Br4BPA on the
FSHR activity. It is possible that Br4BPA, being the heaviest and most
hydrophobic molecule within the tested group, was unable to
adequately bind to the FSHR. In our study, the number of halogen atoms,
molecular weight, volume and hydrophobicity did not seem to correlate
with the inhibitory effect of the compound on the response to FSH. We
suggest that it is the binding pose and the nature of the interactions
(hydrogen or halogen bonds) between BPA or halogenated BPA de-
rivatives and the receptor that determine the degree of inhibition of the
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hormonal response. Previous studies have also shown that Cl,BPA
compounds at low concentrations are agonists of the membrane estro-
gen receptor GPER1 [61,62]. No data on the interaction site of ClyBPA
within GPER1 have been collected, whereas BPA and 2,2-bis(4-hydrox-
yphenyl)-dichloroethylene (BPC) have been shown to bind to the
orthosteric site in the GPER transmembrane domain [63,64]. FSH in-
teracts with the large extracellular N-terminal domain of its receptor,
but low molecular weight ligands have been designed to bind to the
FSHR transmembrane domain [65,66]. Moreover, we showed that the
organochlorine  pesticide,  1-chloro-4-[2,2,2-trichloro-1-(4-chloro-
phenyDethyl]benzene (p,p’DDT) binds in transmembrane domain of
FSHR and positively modulates the FSH response [28]. We therefore
hypothesize that the interaction site of halogenated BPA derivatives is in
the receptor transmembrane domain, making FSHR a molecular target
of BPA and its halogenated analogues.

3.2. Structural analysis of the chlorinated BPA derivatives and the FSHR
transmembrane domain complexes

We focused on BPA as the group representative and addressed p,p’-
DDT binding. The p,p’DDT consists of two phenyl rings associated with

five chlorine atoms (Fig. 1). Both structures of BPA and p,p’DDT share
the two phenyl rings but contain different halogen atoms and methyl
and hydroxyl groups. FSH interacts with the large extracellular N-ter-
minal domain of its receptor, at its transmembrane domain, FSHR has
while the two allosteric sites (named major site and minor site) are
located within its transmembrane domain. The major site is mainly
formed by TM3-TM4-TM5-TM6-TM7, and the minor site by TM1-TM2-
TM7 [67]. Previously, p,p’DDT was observed to bind between TM2,
TM3 and TM7, in the vicinity of T449™2 and H615™" [28]. The
then-used FSHR model was built upon a rhodopsin template (PDB ID:
3CI9L) which exhibits a widened minor site due to a kink in TM2 [68].
However, our updated homology model was based upon the LHCGR
template [35] with a higher sequence identity to FSHR (70% in the
transmembrane domain as compared to 21% for rhodopsin), and it did
not feature the TM2 kink. Furthermore, ECL2, which obstructs the part
of the site, was anchored to TM3 by a disulphide bridge in the new
model and was thus limits the loop flexibility. The p,p’-DDT binding site
was therefore re-evaluated in this study and the resulting docking poses
showed that the cavity between the TM2, TM3 and TM7 was inaccessible
for compounds of interest.

BPA and p,p’DDT were docked into FSHR minor site between TM1,
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Table 1

Maximum effect observed for each compound tested with the associated concentration (Cgmax) on the FSHR activity.

FSH 0.03 IU/mL

FSH 3 IU/mL
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Table 1 lists the maximum effect (expressed as a percentage of the inhibition of response to FSH) observed for each compound tested with the associated concentration (Cgmay), the percentage of confidence interval (CI)

and the statistical results for maximum effect comparison with BPA. Statistical analyses were performed with Welch’s test for the difference between BPA effects compared to halogenated BPA derivatives. CV

of variation; n.a

Coefficient

not applicable
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TM2, and TM7 and assessed for stability by monitoring their RMSD
values and interactions with the pocket residues (Fig. 5). Generally, BPA
exhibited stable binding in the FSHR;,,., Whereas it tended to leave the
binding site if the receptor was in the active conformation. On the other
hand, p,p’-DDT exhibited more stable binding in FSHR,, with a better
overall pose agreement across repeats. As the docking poses were built
from the ground up for each FHSR conformation, we cannot exclude the
possibility that the observed higher stability was a consequence of a
better ligand pose that was discovered during the docking protocol,
rather than the effect of FSHR conformation. Molecular dynamics sim-
ulations also showed that the FSHR conformation remained for the most
part unchanged regardless of the identity of the ligand. This was in line
with the experimental observation that BPA, halogenated BPA de-
rivatives, and p,p’-DDT did not change the basal activity of FSHR.
Jointly, these data suggest that the compounds do not directly modify
the energy landscape nor the conformational population ratios of FSHR.
Instead, BPA and its halogen derivatives affect the FSHR response to FSH
specifically by hindering signal transduction.

An interesting observation was the difference between the binding
mode of BPA in FSHRj,,c¢ and p,p’DDT in FSHR,¢, For BPA in FSHRpact,
one phenol pointed towards the extracellular medium, while the other
pointed towards TM2. For p,p’DDT in FSHR,, one of the p-chlor-
ophenyl groups was oriented towards the intracellular milieu and was
located between TM1 and TM7, while the other p-chlorophenyl group
was pointing towards the extracellular medium. The interaction of BPA
with GPER at the site constituting the TM2-TM6-TM7 helices also
occurred via hydrogen bonds. BPA is a GPER agonist (and not an allo-
steric modulator, as is the case for FSHR) [64]. The difference in BPA
activity with regards to the receptor can be explained by the ligand
being positioned at different binding sites and consequently having a
different impact on signal transduction.

The protein-ligand interaction analysis identified 10 main interac-
tion partners of BPA and p,p’DDT in FSHR, sharing 9 of them. (Fig. 6).
BPA was stabilised in the binding site with both hydrogen bonds
(1418™2 D422FM k60853 and S605™7) and hydrophobic in-
teractions (v362™!, L365™!, R366™", 1369™!, k60853, 1609™7,
and V612™). Conversely, the stability of p,p’DDT primarily depended
on hydrophobic interactions (Y362™!, L365™1, R366™!, 1369™!,
1418™2, D422 K608™ and V612™) with the receptor. Recently
published cryo-EM structures of FSHR in active and inactive confor-
mation [69] offered structural details of the mechanism of FHSR signal
transduction. Based on the structures, FSH binding to the FSHR extra-
cellular domain induces an almost 50° rotation within the domain,
bringing the hinge loop into the interacting distance from the trans-
membrane domain. This motion also sandwiches the conserved P10
region (residues 353-362), which functions as a tethered intermolecular
agonist [70], between the extracellular domain and the transmembrane
domain. In this active conformation, P10 forms hydrogen bonds with
R366 on TM1, S605 and K608 on TM7, and Q437 on ECL1 [69]. Addi-
tionally, the contact surface is stabilised with hydrophobic interactions
with L365, V421, 1418, W436 ECL1, and V612 on TM7. Y362 is a part of
P10 and presumably forms a hydrogen bond with K606. It is notable that
almost all P10 interacting partners also featured as residues involved in
the binding of investigated allosteric modulators. We hypothesise that
BPA and halogenated derivatives disrupt P10 interactions with the
transmembrane domain by occupying the minor site of FHSR, thus
preventing stable P10 interaction with transmembrane domain, and
consequently hindering signal transduction from extracellular domain
to transmembrane domain. The FSHR models used for docking and
simulations excluded extracellular domain and the hinge region, as our
focus was on the allosteric sites located in transmembrane domain.
However, in the active state of FHSR, the top part of the minor site is
bordered by P10 [69], which forms an upper surface of the pocket.
Presumably, inclusion of the whole extracellular domain would have
helped identify P10 residues interacting with the ligands. However, the
interface between extracellular domain and transmembrane domain was



V. Suteau et al.

Journal of Hazardous Materials 479 (2024) 135619

FSHRinact

+ BPA

FSHRact + BPA

w ] ¥ i /“ﬁ 9 ks
. / g ‘

oL
Ry
a
(%))
E 2.54 — rep1 |
: — rep2
rep 3
0.0 , T ; ; — T , T v —
0 100 200 300 400 500 0.51.0 0 100 200 300 400 500 0.51.0
Time / ns Density Time / ns Density
. 1
FSHRjnact + p.p'-DDT FSHRact + p,p'-DDT
A — N \\\ /|| ==
/& ~\ ~ N v362 P\ .\J
KGOS{F N/ (X )] v3e2
) &)
)
/'Cc—\ V612 ¢
¢ < \—-=
Nz > < (
10.0
oL
)
[%2]
=
o
0.0 T T T T — : . v : o
0 100 200 300 400 500 0.51.0 0 100 200 300 400 500 0.51.0
Time / ns Density Time / ns Density
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each repeat and with the starting docked poses as references.

bound to be disrupted or modified by the addition of allosteric modu-
lators, and the identification of the correct docking poses would there-
fore be less likely if we would have considered the full static structures
for the docking study.

To analyse putative interactions between the ligands and the trans-
membrane domain, we produced several FSHR mutants in TM1 and TM7
(R366A, Y362A and S605A). These residues were chosen based on the
criteria of i) conservation among the other different glycoprotein hor-
mone receptors (LHCGR and TSHR), ii) high interaction ratio between
the ligands and the receptor in molecular dynamics simulations, iii)
interaction contributions to the binding energy, obtained from molec-
ular dynamics simulations (Fig. S3), and iv) their ability to maintain a

response to FSH when mutated in alanine (Fig. 54). As the 3.10~2 IU/mL
FSH induced-cAMP production was very low for FSHR mutants, only 3
IU/mL FSH induced-responses were studied on mutated FSHR for each
key residue. Even though the alanine substitution of Y362™! main-
tained the BPA inhibiting activity on FSH signalling, the alanine sub-
stitution of R366™! or $S605™ abolished this BPA effect (Fig. 7). These
results therefore demonstrated that BPA binds the FSHR minor site, and
that R366™! and S605™ are crucial for stabilising the ligand in the
binding site. Interestingly, even though simulations suggested that
Y362™! stabilised the ligand binding through -t stacking interactions
(Fig. S3), mutagenesis experiments showed that the aromatic ring was
not crucial for maintaining the ligand binding to FHSR. The two highest
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binding energy contribution residues, D422E°! and K608ECL? (Fig. $3),
could not be mutated into alanine, as these mutants cannot appropri-
ately respond to the FSH stimulus [71,72]. The Y362A, R366A and
S605A FSHR mutants did not display any sensitivity to p,p-DDT in the
presence of 3 IU/mL FSH (Fig. 7). This result clearly endorses the hy-
pothesis that p,p-DDT binds the FSHR minor site through Y362™!
R366 ™!, and $605™ interactions. In silico data showed a halogen bond
between a chlorine atom of p,p-DDT and R366™! of FSHR, hydro-
phobic bonds between the ligand trichloroethane group and $605™7,
Y362™! and R366™", and a r-r interaction between the phenyl group
of p,p-DDT and the aromatic ring of y362™! (Fig. S3). While the Y362A
and R366A mutants did not alter the CI4BPA effect, the S605A mutation
abolished the CI4BPA inhibitory effect on the FSH response (Fig. 7).
Alanine substitution of Y362™! maintained the CIBPA inhibiting ac-
tivity on FSH signalling, while the alanine substitution of R366 or S605
abolished it (Fig. 7). The FSH induced responses of FSHR mutant in the
presence of halogenated BPA showed that both tested compounds bind
to the minor site, but the main stabilising interactions differ regarding
the position of the chloride atoms. Indeed, mutant response data showed
that both BPA and CIBPA are stabilised by R366™! and S605™, but
not by Y362™!, suggesting a similar binding mode. On the other hand,
Cl4BPA binding was disrupted only by alanine substitution of S605A,
which implies different compounds orientation within the binding site.

FSHR/BPA or FSHR/p,p-DDT molecular dynamics simulations were
analyzed by monitoring multiple conserved crucial motifs for receptor
activation. During activation, the ionic lock between R467™3 and
D567™6 is broken, which allows for TM6 to kink outwards on the
intracellular side of the receptor. BPA binding did not change the re-
ceptor dynamics, whereas p,p-DDT binding stabilized the active
conformation as measured by monitoring the conserved motifs impor-
tant for receptor activation (Fig. 8). Thus, the p,p'DDT binding to FSHR
would increase the receptor affinity for 16a or FSH, resulting in
increased potency. In contrast, BPA binding to FSHR may lower the
receptor affinity for 16a or FSH, leading to magnitude reduction of the
FSHR response. Furthermore, FSHR basal activity was not modified by
BPA, suggesting that it does not inhibit FSHR activation but more spe-
cifically signal transduction. Therefore, halogenated BPA derivatives
had negative allosteric modulator activity toward FSHR signalling and
could be considered as an emerging group of endocrine-disrupting
chemicals.

3.3. Concentrations and detection rate of halogenated BPA derivatives in
human biological fluids: health risk assessment

The quantitative in vitro to in vivo extrapolation model is recom-
mended as a new approach to evaluate the human health risk [73]. The
Hazard Quotient (HQ) model is a simple model based on a direct com-
parison between a concentration measured in human biological matrices
(reflecting actual exposure) and a lowest effective concentration (LOEC)
established in vitro. The HQ model makes it possible to establish a clear
relationship between current exposure and concentration levels associ-
ated with known adverse effects. To compare the halogenated
derivatives-concentrations which have significant in vitro effect on FSH
signalling with those measured in human biological matrices (blood and
urine), a literature review was performed. Only one study assessed the
CI4BPA concentration in 181 pregnant women serum (0.14 pg/L or
0.38 nM) [43] while five studies assessed the Br4BPA concentration in
the serum of healthy individuals (mean = 2.44 pg/L or 6.7 nM) [44-47,
43] (Table S2). As there are no data on blood concentrations of CIBPA
found in the blood of healthy adults, we therefore focused on urine
concentrations measured in healthy adults (Table 2). All compounds
were detected at an equivalent detection rate of 35 to 59%, and the
mean urinary concentrations of BPA and Br4BPA are equivalent (in the
nanomolar range) and 10-fold higher than those of other halogenated
derivatives. As it is being used as a flame retardant produced in massive
quantities, Br4BPA is frequently detected in human tissues with similar
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concentrations to BPA [74].

Halogenated BPA derivatives are detected in drinking water [24,10,
41]. The concentrations of BPA are 10 to 10 000-fold higher than those
of the halogenated derivatives. In vitro, we show that for a concentration
of 1071% M, the halogenated BPA derivatives significantly reduce the
response to FSH, except for BryBPA (which exhibits no effect). In
drinking water, the maximum concentration found for CIBPA is
26.7 ng/L (i.e., 1071° M) [41], for CI,BPA is 100 ng/L (i.e., 3.4 x1071°
M), for BrBPA is 43.2 ng/L (i.e., 10710 M) and for BryBPA is 83.2 ng/L (i.
e, 2 x10710 M) [24] Thus, in some drinking water samples, the con-
centrations for these four compounds can have a significant effect on
FSH signalling, suggesting that the environmental levels of halogenated
BPA derivatives may be of concern, and that their potential health risks
cannot be overlooked. The maximum concentrations for the other
halogenated BPA derivatives are lower than the experimentally defined
LOEC (Table 54).

According to our in vitro data, 10~'° M halogenated BPA derivatives
significantly reduced the response to FSH. Based on the reported human
exposure level and LOEC on FSHR activity obtained in our study, the
potential health risk of CIyBPA was evaluated (Table 2). Hazard quotient
values are higher than 1 and therefore suggest that the current exposure
levels may be of concern. However, our study model has limitations.
First, in human health risk assessments, the human exposure concen-
tration must be similar to the in vitro adverse effect concentration [75].
It is therefore inaccurate to compare the in vitro effect concentration to
the urinary concentration, as the latter ones are not equal to the con-
centration in the target tissue (in this case, the gonads). For this reason,
the in vivo concentration in the gonads should have been predicted
using Physiologically Based Pharmacokinetic (PBPK) modelling: this
bioinformatics approach is based on the mechanisms that drive the ab-
sorption, distribution, metabolism and excretion (ADME) of chemicals
in the body as a function of the inter-relationships between the main
physiological, biochemical and physicochemical determinants [76].
However, there is currently no toxicokinetic data on halogenated BPA
derivatives [23]. Our results offer a preliminary risk assessment of a
potential health risk, but do not allow in vitro effects to be extrapolated
to in vivo effects. Secondly, BPA is rapidly metabolized to the biologi-
cally inactive glucuronated or sulfated conjugates [77]. Glucur-
onoconjugation and sulfoconjugation of CI4BPA and Br4sBPA have been
demonstrated as well [78]. We can therefore hypothesize that their
excretion is similar to BPA [23], while few non-conjugated compounds
are excreted in urine, which is therefore not a good indicator of exposure
[47].

The approximative comparison of ClyBPA blood levels from bio-
monitoring data with those reducing FSH signalling may be essential in
human health risk assessment. The most in vitro inhibitory Cl,BPA
concentrations ranged from 10~ to 1077 M, although a significant effect
was observed already at 1071° M. Only two studies have quantified
CI,BPA in blood: one from 10 patients suffering from end-stage renal
disease [42], and one focused only on CI4BPA [43], and the reported
1071 M urinary concentration is in the same range than ClBPA
inhibitory concentrations. Regarding Br4BPA, which did not disrupt in
vitro FSH signalling in this work, two studies have measured total
BryBPA in breast milk [79,80], and Br4BPA concentrations were esti-
mated in blood (2.44 + 2.80 ug/L [44-47,43] and wurine (0.62
+ 0.81 pg/L [47,50,51].

Halogenated BPA derivatives also target nuclear receptors: peroxi-
some proliferator-activated receptors (PPARs, with a LOEC of 10~° to
107° M) [55,78], or estrogen receptors (ERs, with a LOEC of 1078 to
1077 M) [78], and steroidogenesis enzymes such as 11p-hydroxysteroid
dehydrogenase 1 (11pHSD1, with a LOEC of 10°® M) [81] or
3p-hydroxysteroid dehydrogenase (3pHSD, with a LOEC of 107% M)
[82].

In addition, after a 24 h exposure, halogenated BPA derivatives are
cytotoxic in concentrations greater than 107 M [8,83]. When
comparing the halogenated BPA derivatives LOECs for these targets with
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Table 2
Exposure levels of halogenated derivatives-BPA in human urine and health risk
assessment evaluation.

Molecule  Detection Urinary LOEC Hazard References
rates (%) - concentration (nM) Quotient
Mean (ug/L) - Mean
detection urinary
rates concentration
+ SD (%) + SD (ng/L)
[nm] *
BPA 25% 24 0.62% 0.076 0.1 49 600 Xuetal,
60 100%  0.51% 3.75% [511%
97¢ 0.70° [501%
59 + 33 1.13 + 1.48 [48]%;
[4.96] 2714
CL,BPA 70¢; 90% 0.032% 0.083% 0.1 2200 [4915[471f
16° 0.055°¢
59 + 31 0.06 + 0.03
[0.22]
Cl,BPA 70% 19¢ 0.017% 0.048°¢ 0.1 1100
45 + 36 0.03 + 0.02
[0.11]
CI3BPA 70% 19¢ 0.035% 0.047¢ 0.1 1200
43 + 25 0.04 + 0.01
[0.12]
CL,BPA 36%; 24% 0.073% 0.03"% 0.1 1200
40°¢ 0.03¢
35+8 0.04 + 0.02
[0.12]
BrBPA n.a n.a 0.1 n.a
Br,BPA n.a n.a 0.1 n.a
BrzBPA n.a n.a 0.1 n.a
BryBPA 16%; 4% 1.56% 0.12% n.e n.a
87t 0.19°
35+ 45 0.62 + 0.81
[1.15]

HQ < 1 indicates an absence of risk for the endpoint considered, whereas HQ
> 1 indicates exposure may be regarded as being of concern.

LOEC = the lowest effective concentration; SD = standard deviation; n.d = no
data; n.a = not applicable; n.e = no effect

# Mean urinary concentrations based on a literature review and converted to nM
in brackets

current exposure levels, we conclude that FSHR is preferentially inac-
tivated. At the urinary concentrations described (between 1071° and
10~° M), we hypothesise that exposure to halogenated BPA derivatives
modifies the activity of steroidogenesis enzymes and hormone receptors,
rather than induce a cytotoxic effect. The reduction in FSH/FSHR sig-
nalling results in adverse effects on reproductive function leading to
infertility [84], the in vitro FSH response decrease in the presence of
BPA or its halogenated derivatives may have deleterious in vivo effects.
Our results provide mechanistic evidence for the negative effect of BPA
on follicular recruitment as supported by human [85] and animal data
[86-88]. Moreover, the reverse association between BPA levels in serum
or follicular fluid and exogenous FSH-ovarian response has been shown
in women undergoing medically assisted reproduction [89,90].

4. Conclusion

Thanks to the interdisciplinary strategy, we demonstrate, for the first
time, that peptide hormone receptor FSHR as a new potential target of
halogenated BPA derivatives which are part of the human exposome via
drinking water disinfection. At low concentrations (100pM), the com-
pounds show negative allosteric modulation of FSHR which is based on
signal interruption between the FSH-bound extracellular domain and
the transmembrane domain, resulting in a reduced cAMP response up to
42.36% by BPA, up to 32.79% by chlorinated BPA derivatives and up to
27.04% by brominated BPA derivatives. This mode of action differs from
previous study showing disruptions of FSH receptors expression or FSH
secretion [91]. The comparison of the LOEC (0.1 nM) established by in
vitro approaches with concentrations found in human fluids and
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representing the exposure of individuals suggests that the potential
health risk of halogenated BPA derivatives cannot be overlooked. Our
study provides new evidence suggesting that halogenated BPA de-
rivatives are potential endocrine disruptors. Halogenated BPA de-
rivatives have been detected in human biological samples, but above all
in drinking water (a vital resource for humans), which means that the
general population may be affected by these compounds. It is therefore
urgent to perform a complete risk analysis, including a study of their
toxicokinetics (ADME), and to study their effects on other elements of
the endocrine system to complete the lack of knowledge about their
endocrine disrupting effect. Comparison of the LOEC of halogenated
BPA derivatives toward the different identified targets with known
exposure levels show that the GPCR (FSHR or GPER) are preferentially
activated. In order to characterise the toxicological and/or endocrine
disrupting profile of halogenated BPA derivatives, future studies should
include analysis of their effects on GPCR signalling, in addition to their
effects on nuclear receptor signalling and the activity of steroidogenesis
enzymes. Given the lack of in vivo data regarding the consequences of
their exposure on reproductive function, the multidisciplinary approach
used here represents an alternative and a preliminary step in the
assessment of halogenated BPA derivatives. This experimental approach
could be used to assess toxicological changes after the drinking water
disinfection stage and to estimate a range of concentrations of haloge-
nated BPA derivatives that are safe for human health. This would
guarantee the safety of disinfected drinking water. To conclude, our
study revealed a novel molecular mechanism for better understanding
the mode of action of halogenated BPA derivatives, providing new in-
sights into their exposure risk.

Environmental implication

BPA is a plastic additive that is ubiquitous in the environment.
Halogenated BPA derivatives are formed during disinfection treatment
of drinking water or are synthetized to be used as flame retardants. This
study shows that halogenated derivatives, like BPA, inhibit the FSH
response by interacting with the transmembrane domain of the FSH
receptor, and do so in concentrations that are relevant to humans. The
FSH hormone plays a critical role in reproductive function (gameto-
genesis and steroidogenesis) and fertility. Halogenated derivatives of
BPA act as endocrine disruptors. Comparison of in vitro effects with
human biomonitoring data suggests that current levels of exposure may
give cause for concern, and that the potential health risk cannot not be
neglected.
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