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ABSTRACT

Bisphenol-S (BPS) and Bisphenol-F (BPF) are curBisphenol-A (BPA) substitutes. Here we
used pancreatip-cells from wild type (WT) and estrogen recepdofERB) knockout (BERKO)
mice to investigate the effects of BPS and BPF rmulin secretion, and the expression and
activity of ion channels involved iprcell function. BPS or BPF rapidly increased insuklease
and diminished ATP-sensitive'KKatp) channel activity. Similarly, 48 h treatment wBPS or
BPF enhanced insulin release and decreased thessiqom of several ion channel subunit$-in
cells from WT mice, yet no effects were observedalis from BERKO mice. PaPE-1, a ligand
designed to preferentially trigger extranucleatidtéd ER pathways, mimicked the effects of
bisphenols, suggesting the involvement of extragareinitiated ER pathways. Molecular
dynamics simulations indicated differences inpERand-binding domain dimer stabilization
and solvation free energy among different bisphe@old PaPE-1. Our data suggest a mode of
action involving ER whose activation alters three key cellular event$-cell, namely ion
channel expression and activity, and insulin rededhese results may help to improve the

hazard identification of bisphenols.
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1. INTRODUCTION

The relationship between BPA exposure and hormetaed diseases (Gore et al., 2015) has
raised consumers concern. Consequently, BPA has pemgressively substituted by other
bisphenol analogs. Among the nearly 15 bisphenalogis, BPS and BPF are widely consumed
and commercialized (Rochester and Bolden, 2015hgbe major bisphenol contaminants in
indoor dust along with BPA (Liao et al., 2012b)m8ar to BPA, the detection frequencies of
BPS and BPF were approximately 80% in urine samguélscted from the general United States
population and several Asian countries (Liao et2012a; Ye et al., 2015). In the United States
population, the detection frequency of BPS in uhas increased between 2000 and 2014 while
that of BPA trends to decrease since 2010. BPA &aftequency and geometric mean
concentrations of 74-99% and 0.36—-2,@yL, followed by BPF 42-88%, 0.15-0.34)/L and
BPS, 19-74%, < 0.1-0.2hg/L (Ye et al.,, 2015). BPA has a tolerable dailyake (TDI)
determined by the European Food Safety Authorit@0a5 of 4 pg/kg-day and in 2017 it was
identified by the European Chemical Agency as astaudze of very high concern due to its
endocrine disrupting properties (Beausoleil et2018). Of note, TDIs for other bisphenols do
not yet exist.

BPA has been considered a risk factor in the aiplof type 2 diabetes (T2D) (Alonso-
Magdalena et al., 2006; Ropero et al., 2008; Naztalal., 2009; Batista et al., 2012).
Epidemiological and prospective studies associ8@d exposure with alterations in glucose
homeostasis or T2D incidence, independently of ibpes other traditional factors (Lang et al.,
2008; Shankar and Teppala, 2011; Beydoun et all4;2®Ranciere et al., 2019). Recent
epidemiological data associated BPS urine levels 2D development in a case-cohort study

(Ranciere et al., 2019) and a case-control studyafDet al., 2018). BPF has been recently



39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

associated with abdominal obesity in children (Baon et al., 2019), but association with T2D
is still unclear.

T2D occurs due to a progressive loss of sufficigmell insulin secretion frequently on the
background of insulin resistance (American Diahe18). The use of animal and cellular
models indicated a link between BPA exposure aathetes development (Nadal et al., 2009;
Alonso-Magdalena et al., 2011; Le Magueresse-Batti®t al., 2018). Adult male mice exposed
to environmentally relevant doses of BPA presemtedlin resistance and hyperinsulinemia in
fed state (Alonso-Magdalena et al., 2006; Batidtaale 2012). Furthermore, BPA directly
affectedp-cell function (Quesada et al., 2002; Alonso-Magdal et al., 2008; Soriano et al.,
2012; Martinez-Pinna et al., 2019). Pancrefiticells are excitable cells and, therefore, their
electrical activity rules stimulus-secretion cougli A primary event in the mechanism of insulin
release is the inhibition of the ATP-sensitivé @Karp) channels, which contrg-cell resting
membrane potential. This inhibition leads to a ¢@bielectrical activity pattern consisting of
bursts of action potentials produced by the opebingpltage-gated, G4 Na" and K channels,
as well as a rise in intracellular €awhich culminates in insulin exocytosis (Rorsmam a
Ashcroft, 2018). Changes in the expression andioctfon of these ion channels result in altered
insulin secretion and constitute a serious riskoiator T2D (Hiriart et al., 2014; Jacobson and
Shyng, 2020).

Even though BPA may act through different modesaifon, it is considered a xenoestrogen
able to bind to ER and ER: (Wetherill et al.,, 2007). Both ERs exert theiriags through
nuclear- and extranuclear-initiated pathways. Tidear-initiated pathway consists of the direct
binding of the ligand bound-ERs to estrogen respoelements, which are located in the

regulatory regions of ER target genes (Smith anmlaléy, 2004; Heldring et al., 2007).
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Transcriptional regulation also occurs through edtig of ERs to DNA-bound transcription
factors AP-1 and Sp-1 (Ascenzi et al., 2006). Coselg, extranuclear-initiated pathways
involve the activation of intracellular signalingascades that will lead to different effects,
including transcriptional regulation (Levin and Haes, 2016). Although the role of
extranuclear-initiated events triggered by envirental estrogens remains poorly understood,
rodent models and human studies indicate thatptisway may be important to initiate effects
at low doses (Alonso-Magdalena et al., 2008; Viaad Watson, 2013; Acconcia et al., 2015;
Nadal et al., 2018).

In B-cells, nanomolar (1-10nM) concentrations op-Eétradiol (E2) and BPA rapidly (within 10
minutes) inhibit Kirp channels and enhance glucose-stimulated insutiretsen (GSIS) in an
ERB-dependent mechanism (Soriano et al., 2009; Sogaab, 2012). Longer exposures to BPA
(48 h) regulate gene expression of C&la” and K channels, altering electrical activity, Ca
signaling, and insulin release (Villar-Pazos et2017; Martinez-Pinna et al., 2019). In addition,
BPA exposure for 48 h also increagesell division in vivo as well as in primary cell§hese
effects are mimicked by BRagonists and abolished in cells from fERnockout mice
(BERKO), which do not express BRn B-cells, suggesting that BRactivation is necessary for
BPA effects in pancreatig-cells (Boronat-Belda et al., 2020).

Here we studied BPS and BPF effects on insulirasgeand ion channel expression and activity
in B-cells from wild type (WT) and BERKO mice. Becawsadence suggested an important role
of ERB via an extranuclear-initiated pathway, we compagfdcts elicited by bisphenols with
those induced by Pathway Preferential EstrogenaPEP1), a compound that binds to ERs and
acts preferentially through extranuclear-initiatpdthways (Madak-Erdogan et al., 2016).

Additionally, we performed molecular docking andhdynic simulations of bisphenols, PaPE-1
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and E2 bound to the BRligand-binding domain (LDB) to evaluate the cotemgies and

variances among these ligands at the moleculat. leve

2. Materials and methods

2.1 Chemical substances

Bisphenol-A was obtained from MP Biomedicals (Cat N65118; Santa Ana, CA, USA). BPS
(Cat No 103039), BPF (Cat No 51453), PaPE-1 (CatSN.1876), and collagenase (Cat No
C9263) were obtained from Sigma-Aldrich (BarceloBpain). Bisphenols and PaPE-1 were

weekly prepared by dissolution in DMSO (used asoleh

2.2 Animals, islet culture and dispersed islet cells

All adult male mice were kept under standard haysonditions (12 h light/dark cycle, foed
libitum). BERKO mice were generated as described prewidi#skge et al., 1998) and supplied
by Jan-Ake Gustafsson's laboratory. Both WT littat@s and BERKO mice were acquired from
the same supplier and colony. Mice were sacrifieed islets were isolated as previously
described (Nadal and Soria, 1997). For patch-claxyperiments, islets were dispersed into
single cells and plated on glass coverslips asritbestbefore (Valdeolmillos et al., 1992). Cells
were kept at 37 °C in a humidified atmosphere ¢35, and 5% CQ and used within 48 h of
culture. Experimental procedures were performedoraicg to the Spanish Royal Decree
1201/2005 and the European Community Council dire2010/63/EU. The ethical committee
of Miguel Hernandez University reviewed and apptbtiee methods used herein (approvals ID:

UMH-IB-AN-01-14 and UMH-IB-AN-02-14).
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2.3 Glucose-stimulated insulin secretion (G S)

GSIS was performed in islets as previously desdrif@antin et al., 2016) with slight changes.

Briefly, islets were preincubated for 1 h in gluedsee Krebs-Ringer solution. Afterward, islets

were sequentially stimulated with 2.8, 8.3, and’16M glucose for 1 h either in the presence or
absence of treatments (as described in Figure nkulih release and insulin content were
measured in islet-free supernatants and acid eltlexiracted islets lysates, respectively, using a

mouse insulin ELISA kit (Mercodia, Uppsala, Sweden)

2.3 Patch-clamp recordings

Karp channel activity was recorded using standard petmmp recording procedures from
isolated B-cells as described previously (Valdeolmillos et 40992; Vettorazzi et al., 2016).
Around 80-90% of the single cells were identifiesifacells. Currents were recorded using an
Axopatch 200B patch-clamp amplifier (Axon InstruteeCo. CA, USA). Patch pipettes were
pulled from borosilicate capillaries (Sutter Instrents Co. CA, USA) using a flaming/brown
micropipette puller P-97 (Sutter Instruments Co., @/SA) with resistance between 3-50M
when filled with the pipette solutions as specifiselow. Bath solution contained (in mM): 5
KCI, 135 NaCl, 2.5 CaCl2, 10 Hepes and 1.1 Mg@H 7.4) and supplemented with glucose as
indicated. The pipette solution contained (in mM¥0 KCI, 1 MgC}, 10 Hepes and 1 EGTA
(pH 7.2). The pipette potential was held at 0 mxbtighout recording. ke channel activity
was quantified by digitizing 60 s sections of therent record, filtered at 1 kHz, sampled at 10
kHz by a Digidata 1322A (Axon Instruments Co. CASA), and calculating the mean open

probability of the channeNP,) during the sweep. Channel activity was definethagproduct of
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N, the number of functional channels, dl the open-state probabilitifo was determined by
dividing the total time channels spent in the opette by the total sample time.

For the patch-clamp recordings of voltage-gated® Garrents, the whole-cell patch-clamp
configuration was used as described previouslylgkPazos et al., 2017). Pancrediicells
were identified by size (>5 pF) and the correspogditeady-state inactivation properties of the
tetrodotoxin (TTX)-sensitive Nacurrent. Data were obtained using an Axopatch 2pa&h-
clamp amplifier (Axon Instruments Co. CA, USA). &tapipettes were pulled from borosilicate
capillaries (Sutter Instruments Co. CA, USA) usadlaming/brown micropipette puller P-97
(Sutter Instruments Co. CA, USA) and heat polishedhe tip using an MF-830 microforge
(Narishige, Japan). The bath solution contained M NaCl, 20 mM TEA-CI, 5.6 mM KCl,
2.6 mM CaCl2, 1.2 mM MgCI2, 5 mM HEPES and 5 mMaglse (pH 7.4 with NaOH). The
pipette solution consisted of 130 mM CsCl, 1 mM @a@ mM MgCI2, 10 mM EGTA, 3 mM
MgATP and 10 mM HEPES (pH 7.2 with CsOH). Aftedifiy the pipette with the pipette
solution, the pipette resistance was 3-G.M tight seal (>1 @) was established between fhe
cell membrane and the tip of the pipette by gestietion. The series resistance of the pipette
usually increased to 6—-15Mafter moving to whole-cell. Series resistance cemsation was
used (up to 70%) for keeping the voltage error welomV during current flow. Voltage-gated
Cc&* currents were compensated for capacitive trarsiand linear leak using a -P/4 protocol.
Data were filtered (2 kHz) and digitized (10 kHxjing a Digidata 1322 A (Axon Instruments
Co. CA, USA) and stored in a computer for subsetjamalysis using commercial software

(pClamp9, Axon Instruments Co. CA, USA). Experinsawere carried out at 32—-34 °C.

2.4 Quantitative real-time PCR
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Total RNA was isolated using the RNeasy Micro Kdiggen) and reverse-transcribed using the
High Capacity cDNA Reverse Transcription Kit (Apgi Biosystems). Quantitative PCR was
performed using the CFX96 Real Time System (Bio;R&&tcules, CA) as described previously
(Villar-Pazos et al., 2017Hprt was used as housekeeping gene. The CFX ManagsioNdr.6
(Bio-Rad) was used to analyse the values, whicte e&pressed as relative expressioff'td.

The primers used herein have been previously dest{Martinez-Pinna et al., 2019).

2.5 Molecular docking and dynamics simulations

Because ER LBD and ER LBD have not been crystallized in mice while thegve been
resolved in rats, the latter was used for dockixeements. Crystallographic structure of the rat
ERB LBD in complex with pure antiestrogen IC|I 164,3BERB-AH12-LBD; UniProt code:
Q62986, Protein Data Bank (PDB) code: 1HJ1] wasl dise molecular docking and long-time
dynamic (1 ps) simulation purposes. The missingloes in the 1HJ1 structure (364-377) and
the missing side chains (M242, K255, K269, E32663%3378, R379, K380 and K435) were
reconstructed after generating a homology mod#ieaSwiss-Model server (Biasini et al., 2014;
Galiano et al., 2016). Structure of estradiol-boustdER3 LBD in complex with LXXLL motif
from NCOAS (rERB-LBD; UniProt code: Q62986, PDB code: 2J7X) wasduga molecular
docking and short-time dynamic (100 ns) simulapomnposes. The missing residues in the 2J7X
structure (239-241 and 369-374) and the missing sldhins (V237, M242, K255, E376, R374,
K398, and K426) were reconstructed after generaihgmology model at Swiss-Model server
(Biasini et al., 2014; Galiano et al., 2016) usthg 2J7X structure as a template. Molecular
docking and dynamics simulations were carried ainglYASARA structure v19.9.17 software

as previously described (Encinar et al., 2015; &aliet al., 2016; Ruiz-Torres et al., 2018). The
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ligand-protein interactions have been detected Wi Protein—Ligand Interaction Profiler
(FLIP) algorithm (Salentin et al., 2015). Foldx &#lculated (Delgado et al., 2019) was used for
frequency distributions of intermolecular protemeraction energy for the subunits of the pER

AH12-LBD dimer in the presence of different ligamd®ach LBD cavity (Figure S5).

2.6 Data analysis

The GraphPad Prisri.0 software (GraphPad Software, La Jolla, CA, US¥s used for
statistical analyses. Data are presented as tha tn&&EM. Statistical analyses were performed
using Student's t-test or one-way ANOVA. p values0.05 were considered statistically

significant.

3. Results

3.1 BPSand BPF affect insulin release

Previous data indicate that treatment with 1 nM BBgidly enhances insulin secretion in islets
from mice and humans (Alonso-Magdalena et al., 2@¥giano et al., 2012). To investigate
whether BPS and BPF would have similar effects, treated islets during 1 h with two
concentrations of BPS and BPF (1 nM and 1 uM), wadneasured insulin release in response
to different glucose concentrations (2.8, 8.3 a6d InM). Exposure to 1 nM and 1 uM BPS
enhanced GSIS at stimulatory glucose concentratioainly at 16.7 mM Kigure 1A).
Regarding BPF, we observed a slight increase afl that was significant only in the presence
of 16.7 mM glucose. BPF 1 uM, however, increasedSG8 both 8.3 and 16.7 mM glucose

(Figure 1B). We used BPA as a positive control and 1 nM BRéeased GSIS, as expected
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(Figure S1A). Of note, insulin content remained unchanged upsstment with BPS, BPF, and
BPA (Figure S1C-B).

Longer BPA treatment (48 h) induced insulin hypersgon in response to stimulatory glucose
concentrations (Alonso-Magdalena et al., 2008;avifPazos et al., 2017). We then investigated
whether treatment with BPS or BPF during 48 h walkb change GSIS. BPS at 1 nM and 1
MM enhanced insulin secretion in response to 8.3 gidose. However, when glucose
concentration was increased to 16.7 mM, BPS wactfe at 1 nM but ineffective at 1 uM
(Figure 1C). When the same experiment in Figure 1C was pmaddr with BPF, we only
observed a potentiation of insulin release at 1atidtimulatory glucose concentratiomsgure
1D), which indicated a more potent action of BPS carag to BPF. Treatment with BPA, BPS

or BPF did not modify insulin conterfigure S1F-H).

3.2 BPSand BPF diminish Karp channd activity via ERS

We have previously demonstrated that acute BPAnre@t potentiated GSIS after decreasing
Kate channel activity (Soriano et al., 2012). Moreo\BPA effects, which were not observed in
cells from BERKO mice, were reproduced by the ertogs ligand, 1Festradiol (E2), as well

as the ER agonist diarylpropionitrile (DPN) (Soriano et &009; Soriano et al., 2012). Acute
treatment with BPS induced a rapid increase inthraée in response to catecholamines (Gao et
al., 2015). BPS also rapidly depressed left vemiaic contraction and myocyte contractility
(Ferguson et al., 2019). In both cases, thgl ERtagonist PHTPP abolished BPS actions,
suggesting the involvement of BRGao et al., 2015; Ferguson et al., 2019).

To assess whether acute exposure to BPS or BPFdwoodlulate Krp channel activity, we

performed patch-clamp recordings in the cell-agacmode in dispersefgicells from WT and

10
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BERKO mice Figure 2). Treatment with 1 nM BPS during 10 minutes wasugh to decrease
Katp channel activity by 35%Hgure 2A,B), whereas no effects were observed in cells from
BERKO mice Figure 2A,C). A similar experiment was performed using 1 n\M 40 nM BPF.
While 1 nM BPF did not modify ke channel activity i3-cells from WT and BERKO (data not
shown), 10 nM BPF decreasedK channel activity in cells from WTF{gure 2D) but not in
cells from BERKO miceRigure 2E). These findings indicate that the rapid GSIS esbaent
observed irFigure 1A may be a consequence of bisphenol-inducgg Bhannels closure.

The fact that this is a rapid action, occurring ut@s upon treatment, indicates that low
concentrations of bisphenols trigger a non-genautmon via an extranuclear-initiated pathway,
likely by binding to ER. To test this hypothesis we used PaPE-1, a new & ER ligand
that acts preferentially through extranuclear-#éd pathways (Madak-Erdogan et al., 2016).
Treatment with 1 pM PaPE-1 decreasegdchannel activity in cells from WT micé-igure

2F) but had no effect in cells from BERKO midéidure 2G). Of note, 1 nM PaPE-1 did not
change Krp channel activity (data not shown). These resultpleasize that PaPE-1 triggers a

rapid extranuclear-initiated pathway via [ER B-cells.

3.3 Bisphenols downregulate ion channel subunits gene expression

Stimulus-secretion coupling ifi-cells depends on the electrical activity generabgdion
channels. BPA treatment for 48 h decreased the mRKi#xession of genes encoding*Ca
(Cacnale), K" (Kenmal andKcnipl) and N& (Scn9a) channel subunits, which might explain, at
least in part, the BPA-induced alteration in GSVdl4r-Pazos et al., 2017; Martinez-Pinna et
al., 2019). In Figure 3 AJE,l) we used BPA as atmunto probe that in this preparation it

decreasedCacnle, Kcnmal, Kenip and Scn9 as already described (Villar-Pazos et al., 2017,

11
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Martinez-Pinna et al., 2019). We found that BPS uohaéd Cacnale mRNA expression in a
non-monotonic dose response (NMDR)-dependent marmaxgosure to 1 nM BPS reduced
Cacnale mRNA expression by 50%, while exposure to 100 mid & puM did not significantly
changeCacnale expressionKigure 3B). This BPS-induced decreaseGacnale expression at 1
nM was associated to a reduction irf Ceurrents in cells from WTHgure 4A,C,E), but not in
cells from BERKO Figure 4B,D,F) mice. Of note, 100 nM and 1 pM BPS did not moditg*
currents in cells from WT or BERKO micEigure S2. It is very likely that the decrease in‘Ca
currents induced by 1 nM BPS is a consequendgaohale gene downregulation because both
follow the same dose pattern. Regarding BE&nale mRNA expression was not changed by
treatment with 1 nM BPF for 48 h, but it was deseghupon exposure to 100 nM and 1 uM BPF
(Figure 3C). Measurement of G& currents showed that only exposure to 1 pM BPF
significantly decreased &acurrents in cells from WT miceFigure 4G,1,K and Figure S3,
while no effects were observed in cells from BERKxe Figure 4H,J,L and Figure S3.
Once again, we used PaPE-1 to study the possibtdvament of an extranuclear-initiated
pathway in the regulation ofacnale expression. Treatment with 1 uM PaPE-1 decreased
Cacnale expressionKigure 3D), which indicates that this gene can be regulated signaling
pathway initiated outside the nucleus.

Like what we observed faZacnale expressionKcnmal (Figure 3E-H), Kecnipl (Figure 3I-L),
andScn9a (Figure 3M-P) mRNA expression was downregulated by BPA, BPS; BRd PaPE-

1. BPS decreasddcnmal, Kcnipl, andScn9a at 1 nM in an NMDR manner, while BPF and
PaPE-1 were effective at 1 pMigure 3).

As a negative control, we used 4,4'-(9-fluorenytieleliphenol, BPFL (also named BHPF),

which acts as an antiestrogen via ERs (Zhang,&2@l.7; Keminer et al., 2019) but can also bind

12
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to the androgen receptor (Zhang et al., 2017; Kenenhal., 2019). As expected, BPFL treatment
at different concentrations did not change ion dehigene expression or €aurrents Figure
S4).

Overall, these results demonstrate that BPS desulghe transcription of ion channel subunits at
concentrations as low as 1 nM, while BPF needebldnigoncentrations (100 nM and 1 uM) to
decrease the expression of the same genes. Téa eiis mimicked by PaPE-1, suggesting that
bisphenols may regulate gene expression via extteauERSs.

We previously usef-cells from BERKO mice as well as the ERgand DPN to study the role
of ERB on the regulation of ion channel subunit gene esgion induced by BPA (Villar-Pazos
et al., 2017; Martinez-Pinna et al., 2019). To satd whether ERwould also play a role in
BPS- and BPF-induced regulation of ion channel esgion, we incubated islets from WT and
BERKO mice with 1 nM BPS or 1 uM BPF for 48 h. Samly, to the results depicted Fgure

3, both 1 nM BPS and 1 pM BPF decreaSadnale, Kcnmal andScn9a mRNA expression in
islets from WT mice Kigure 5 A-C). This decrease, however, was not observed itsiflem
BERKO mice Figure 5 D-F). Notably, 1 uM BPF increasddacnale expression in BERKO

mice, suggesting a role for receptors other thafl iBRhe regulation of this gene.

3.4 Molecular dynamics ssimulations of bisphenols bound to the rat ERS LBD cavity.

To investigate potential modifications in bisphenahd PaPE-1 binding to BRigand binding
domain (LBD) that might help to, at least partialgxplain the different biological activity of
bisphenols observed herein, we performed compudtianalyses of molecular docking and

dynamics simulations.
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Despite the numerous studies using humai EfRuictures on molecular dynamics simulations
(Celik et al., 2007; Fratev, 2015; Chen et al.,@Qkreva et al., 2017; Li et al., 2018; Shtaiwi et
al., 2018), the ERisoform has not yet been analyzed. Furthermorey HBD and ER3 LBD
have not been crystallized in mice, even thoughrékelved rat structure is well known. Because
rat and mouse HRLBD sequences differ by only 3 amino acids, ingchgdtwo conservative
mutations Figure S5A,B), we chose to use rat structures in our analyseecent study using
E2, BPA, BPS and BPAF indicated that the root megnare deviation (RMSD) values
calculated from the heavy atoms of the ligands inlgh an important parameter to analyze
ligand dynamics particularly implicated in nucleaitiated events (Li et al., 2018). Therefore, to
evaluate if our results fixed with a classic nucleatiated event, we first studied molecular
dynamics simulation of the transactivation heliXL@)i closed rER-LBD. The natural ligand E2
showed no deviations from the starting configuratfior over 100 nsKigure S6), whereas
deviations reached 2 A in the presence of the 8activator peptideRigure S6. Meanwhile,
rearrangements in conformations are evident froenlitland heavy atom RMSDs in all three
bisphenols. In addition, we observed that BPA affF Bhowed rapid variations due to faster
ring-flipping dynamics Figure S6A-C), similarly to what has been previously shown éLial.,
2018). The repositioning of H12 in the "mouse trgphformation decisively influences the
MM/PBSA solvation binding energy (Celik et al., Z00We observed that the solvation binding
energy for E2 and BPA was higher than that for BIR8 BPF Figure S7). Interestingly, BPS
presented the lowest solvation binding energy valugs, BPS should bind with lower affinity
than BPF and BPA to this configuration, as expenitay demonstrated for the nuclear-initiated
pathway (Molina-Molina et al., 2013). These resuatiatrast with the order in biological activity

described herein, where we find regulation of ibarmel gene expression with at least 100-fold
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lower concentrations of BPS than BPF. Therefordiffarent mechanism to the classic nuclear-
initiated event involved in the regulation of iohamnel activity and gene expressiorBicells
might be implicated in BPS and BPF effects.

We then sought to study differences and similaiaenong E2, BPA, BPS, BPF, and PaPE-1,
using what we named riBRAH12-LBD (PDB code: 1HJ1; (Pike et al., 2001)) dincemplex,
and performing long-time (1 ps) molecular dynansasulations(Figure 6A). In the rER-
AH12-LBD complex, binding of the antiestrogen ICKU1884 abrogates the association between
H12 and the remainder of the LBD, and inhibits botiER'’s transactivation functions (AF1 and
AF2) (Pike et al., 2001). BPA does not stabilizeoER a conformation that initiates nuclear
events because BPA does not stabilize H12 (Delfessé, 2012). Then, simulating binding to
rERB-AH12-LBD dimer complex should be convenient to stagyranuclear-initiated events.
Dimerization has been demonstrated to be nece$saifyRs-mediated extranuclear responses
(Razandi et al., 2004; Levin and Hammes, 2016)oun model, BPA, BPS and E2 showed
similar frequency distributions of intermolecularofein interaction for both subunits of the
dimers, whereas BPF and PaPE-1 presented loweueiney distribution Kigure 6B). This
suggests a higher stability of the dimers with BB®S and E2. Trajectories of the ligands
docked in the LBD cavities (RMSD, A) are similarcept for PaPE-1Rjgure 6C), which left
the open cavity of the LBD in both subunits afteé0hs Figure 6C) and 840 nsKigure 6D).

For E2 and bisphenols, rearrangements rarely exgéekdindicating that the movement of the
ligands into the cavity is limited, even when HX2not closing the cavity. Notably, PaPE-1
MM/PBSA solvation binding free energy values, 6Glkmol (Figure 6E) and 65 kcal/mol
(Figure 6F), indicate that this compound binds to the prostmongly than bisphenols and E2.

On the other hand, bisphenols and E2 remain ingidecavity throughout the entire 1 us
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molecular dynamics simulation. We found very simN8VI/PBSA solvation binding free energy
values for E2 and BPA (around 55 kcal/mol), whef®BS and BPF presented lower values (45
and 38 kcal/mol, respectivelyfrigure 6E,F). The solvation binding energies correlated wité t
number of hydrogen bonds between the protein amdalvent Figure 6G). BPF presented the
lowest solvation binding energ¥ifure 6E,F) as well as the lowest number of hydrogen bonds
(around 680 H-bonddgrigure 6G). These results indicate that BPF and PaPE-1ligelihe
ERB-LBD dimer to a lesser extent than E2, BPA and BWBich correlates with the lower
biological activity observed for BPF and PaPE-1ha present study. Therefore, we hypothesize
that binding of bisphenols to the ERs induces afaramational change that favors an

extranuclear-initiated action after dimerization=p.

4. Discussion

In the present study we found that acute and leng-exposure of primary male moyseells

to BPS and BPF led to alterations fircell physiology across different levels of biolog
complexity, including Krp channel activity, Ng K* and C&" channel subunits expression, and
glucose-stimulated insulin release.

Although BPS and BPF have been used as alterndatvBBA, these chemicals may share some
of the effects induced by BPA due to their simdaucture (Malaise et al., 2020; Mustieles et al.,
2020) or induce different effects to BPA (Kolla at, 2018). We observed that, similarly to
BPA, BPS and BPF enhanced GSIS either after aredtntent (1 h) or upon exposure for 48 h.
The acute effect occurs at the two doses testedMland 1 pM, and showed glucose
dependence. Bisphenols had no effects at a homdstiony glucose concentration (3 mM), had a

moderate effect at intermediate glucose conceatrg8.3 mM), and had a stronger effect at high
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glucose (16.7 mM). This potentiation was likely ansequence of the inhibition of ake
channels demonstrated using patch-clamp experinretite cell-attached mode. Bacells, Katp
channels control the resting membrane potentiala Assult of glucose metabolism, the rise in
the ratio ATP/ADP blocks Jp channels and depolarizes the plasma membranejnitiating

the electrical activity in burst of action poteffgidhat culminates in insulin release. Here we
show that BPS- and BPF-induced inhibition gfrfik channels seems to potentiate the effect of
glucose on insulin secretion, which leads to imshijpersecretion.

The rapid BPA-induced potentiation of GSIS has bdemonstrated in primary mouse and
humanp-cells (Soriano et al., 2012). In addition, oralB&ministration rapidly altered insulin
and C-peptide levels in blood of adult individué®ahlhut et al., 2018; Hagobian et al., 2019).
As in the present work BPS and BPF act akin to B®A-cells, an analogous effect on human
cells might be expected. It is difficult to prediaw this rapid action relates to the development
of metabolic disorders. Pancreaflecells acutely exposed to bisphenols secrete muselin
than untreated cells, which may result in supraghygical insulin signaling in some target
tissues, such as adipose tissue.

Although human evidence are still scarce, BPS le& hnked to T2D (Ranciere et al., 2019),
while BPS and BPF urine levels have been assocvatedthe prevalence of obesity in children
(Jacobson et al., 2019; Liu et al., 2019). In aage; bisphenol-induced insulin hypersecretion
may be one of the altered processes contributinggwolin resistance, which represents a risk
factor for both T2D and obesity (Alonso-Magdalertaak, 2006; Corkey, 2012; Erion and
Corkey, 2017).

BPS and BPF trigger their rapid actions at conegiotns as low as 1 nM. In the presence of 16.7

mM glucose, both 1 nM BPS and BPF increased ingdoretion. However, in the presence of
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8.3 mM glucose 1 nM BPS potentiated GSIS, whileM BPF did not affect insulin release.
These findings indicate that BPF has a slightlydowotency than BPS, which is manifested by
the lack of BPF effect at 1 nM onak channel activity. The difference in potency se¢mbe
small since 10 nM BPF inhibited A channel activity to a similar extent as 1 nM BPS.
Remarkably, bisphenol-induced inhibition of#& channels was abolished in cells from BERKO
mice. BERKO micep-cells do not express BR(Boronat-Belda et al., 2020). Our previous
studies demonstrated that 1 nM of E2, DPN, or BifAilarly affected Ksrp channel activity
(Soriano et al., 2009; Soriano et al., 2012). Triega suggest that BRactivation inhibits Krp
channels and that binding to EfRvay mediate the acute action of bisphenols. dinigkely that
this fast response, reached in only 10 minutesem#p on transcriptional regulation; on the
contrary, it most likely relies on extranucleartimied pathways involving BR Our findings
with PaPE-1 and molecular dynamics as well as thstemce of a pool of ERoutside the
nucleus of mousg@-cells (Alonso-Magdalena et al., 2008) support sisement. Designed to
selectively trigger extranuclear-initiated pathwayBaPE-1 was obtained after chemical
rearrangement of key elements of the original sdestructure of E2 so that its ER binding
affinity was considerably reduced (Madak-Erdoganakt 2016). These modifications were
performed by substituting the B-ring of the steraitl methylating the positions 2 and 6 of the
A-ring, which prevents the formation of key hydrageonds within the ligand binding domain
(Madak-Erdogan et al., 2016). Similar methylatians observed in tetramethyl BPF (TMBPF),
which had no estrogenic effect as assayed by E-&BR&nd it has been proposed as a safer
substitute of BPA (Soto et al., 2017). Here, PaRRhibited Karp channels in islet cells from
WT but not from BERKO mice, which indicates thatPFal and bisphenols activate a similar

pathway.
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How can bisphenols trigger a rapid effect at loworaolar concentrations when their affinity for
ERB is within the micromolar range? It is importantiear in mind that the maximum response
to a ligand does not depend exclusively on the pteceaffinity. The efficacy of the
conformational change needed to initiate the siggatascade as well as the coupling to other
signaling proteins also play key roles in the ligmaceptor response (Colquhoun, 1998). Even
though the details of the whole pathway frompEativation to Kp closure is not completely
known, it has been shown that 1 nM E2 closgg-Khannels through an extranuclear-initiated
pathway that involved ElR membrane guanylate cyclase, cGMP formation aatéjr kinase G
activation (Ropero et al., 1999; Soriano et alQ@0The efficacy of this pathway is extremely
high as explained below.

In addition to the control of thg-cell resting membrane potentiala# channels determine the
electrical resistance of tifecell membrane (Ashcroft, 2005). WhenK channels are open, the
electrical resistance is low, whereas the resistandigh when these channels are closed. The
membrane potential follows Ohm’s law, being thedua of the electrical resistance of the
membrane by the current running across it. Thisnsi¢hat, when extracellular glucose is high,
Katp channels are mostly closed and membrane resistantigh. Hence, a small change in
current will elicit membrane depolarization, potetibn of electrical activity, and insulin
secretion (Ashcroft, 2005). Our results suggest tisphenol-induced kp channel inhibition
may lead to enough change in current that will ¢oéite with increased insulin secretion at high
glucose. A similar phenomenon is observed withiticeetin GLP-1, which acts as an effective
secretagogue only when glucose concentrations tmaulatory and a high percentage of
Katp channels are already closed (Holz et al., 1998¢rdfore, low doses of bisphenols will

be mainly effective under conditions of decreasegrpli€hannel activity, as seen in the
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postprandial state. Accordingly, we show that bespiis are effective insulin secretagogues only
when glucose levels are high. Considering that ehleisphenols are used in food-contact
materials, the likelihood that they will trigger giprandial insulin release in humans could be
high.

Besides their acute effects, longer treatment isphenols elicited changes in gene expression
and GSIS. As already mentioned, insulin releasa ¢®nsequence of the electrical activity of
pancreaticp-cells, which is determined by the expression of @hannels as well as their
biophysical characteristics. Both BPS and BPF demé the expression Ghcnale, Kcnmal
and Sn9a, which encode essential subunits of (3, Kgl.1, and Ngl.7 channels. BPS
decreased the expression of all channel subunatiyzed at 1 nM, while its effect was lower at
100 nM and 1 pM, which suggests an NMDR relationsBPF, however, needed higher doses
(at least 100 nM) to change channel subunits egjmes Therefore, BPS effects on gene
expression were 100- and 1000-fold stronger thalf. BP

Changes in ion channel expression by 1 nM BPA dudi& h enhanced GSIS (Villar-Pazos et
al., 2017; Martinez-Pinna et al., 2019). Here, Bfe&tment for 48 h increased GSIS at 1 nM and
1 pM in the presence of 8.3 mM glucose, but onlyM. BPS was effective in the presence of
16.7 mM glucose. This was surprising and it mayicae the existence of a BPS-triggered
mechanism that depends on glucose concentratiosimlar effect was described for BPA
(Villar-Pazos et al., 2017), in which BPA expostoe48 h decreased exocytosis at low glucose
(5.6 mM) but increased exocytosis at high glucaseentrations (11 mM). While these findings
suggest the existence of a crosstalk between BRAjcose signaling effects on the exocytotic
machinery, the existence of such crosstalk is ydiet elucidated. In addition, it remains to be

determined whether &p channels play a role in the long-term effects ispbenols on GSIS.
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Exposure to BPF enhanced GSIS only at 1 pM, theesaimcentration at which gene expression
occurred. These results emphasize the differeinocs observed between BPS and BPF.

Our results in BERKO mice indicate that both BPS &PF effects on gene expression are
mediated by ER BPF acts within the micromolar range, which isnpatible with its ER
affinity (see below). On the other hand, our dds& guggest that 1 nM BPS acts througBER
which is surprising if we consider that BPS bindsBR3 and activates the classic nuclear-
initiated pathway at higher concentrations. Inovitioassays using the stably transfected HELN-
hERB cell line, which contains a luciferase gene dribgnan ERE under the control of hER
have clearly demonstrated that BPA, BPS and BPBRuJ&ehas full hER agonists with potencies
in the following order: BPA>BPF>BPS (Molina-Moliret al., 2013). Additionally, whole-cell
competitive binding assays using the same cell simewed 1G, values of 0.21+0.01 nM (E2),
401+126 nM (BPA), 1452+261 nM (BPF), and 3452+878 (BPS) (Molina-Molina et al.,
2013). Although our findings with BPF are compatiblith this classic model, this does not
seem to be the case for BPA and BPS.

We pointed out in the first part of the Discussibat low doses of bisphenols can signal through
extranuclear-initiated pathways fircells. We showed that, like bisphenols, PaPEdhiagonist
that uses this extranuclear pathway to decreage Bhannel activity in an ERdependent
manner. Then, it is possible that an extranucleitiated pathway may be implied in bisphenols
action to explain their effects at nanomolar comieions.

As already discussed, the efficacy of bisphenopaorse would depend on the interaction
between ER and other proteins involved in extranuclear signgal Molecular dynamics
indicated that dimerization may be important andy/regplain, at least in part, why BPA and

BPS are more potent than BPF. Dimerization is auiséig for ER extranuclear signaling
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(Razandi et al., 2004; Levin and Hammes, 2016)itsnble deserves further research in the case
of bisphenols and other xenoestrogens. Extranuslgagaling by nuclear receptors is a complex
phenomenon and there are very few data showingdtieation of such extranuclear pathways
by endocrine-disrupting chemicals, including bispdle (Marino et al., 2012; Vinas and Watson,
2013; Nadal et al.,, 2018). ERs acting through trathway do not directly engage DNA to
regulate transcription but induce non-nuclear diggacascades that may lead to transcriptional
regulation. Extranuclear ERs interact with a pleghof signaling proteins associated to the
plasma membrane or present in the cytosol, su¢h poteins and other receptors and kinases
involved in extranuclear-initiated signaling triggd by estrogens (Levin and Hammes, 2016).
These interactions may amplify bisphenol responaeextranuclear ER as it has been shown
for adrenergic and cholinergic receptors, whichpoesl to ultralow concentrations of ligand
within the femtomolar range (Civciristov et al.,18). Thus, it is necessary to further study
bisphenol-activated extranuclear-initiated ER sligiga pathways to better understand the
efficacy of the response. This information is utfemeeded to develop improved testing
methods for extranuclear-initiated effects as \aslto fully explain how low doses of estrogenic
endocrine-disrupting chemicals affect several lgmal processes. Nonetheless, as untangling
the detailed molecular mechanisms underlying EO€ces may be a long process, elucidation of
such mechanisms should not be a requirement ttegoeidlic health policies on an urgent matter

(e.g. the impact of EDCs on metabolic disorders).

5. Conclusions

Both short- and long-term exposure to BPS and BRFease glucose-induced insulin release,

which is a risk factor for T2D. The short-term et is likely due to the inhibition of Xp
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channels, while the long-term effect seems to beersomplex and may include the regulation
of voltage-gated G4, Na" and K channels. As K channel activity, gene expression of ion
channel, and insulin release are endpoints relgteasy to be measured, we propose they should
be considered key characteristics (La Merrill et @aD20) to assess the potential hazards of
bisphenols.

In line with previous work with ER agonists and BPA, our findings with BERKO mice and
PaPE-1 suggest that bisphenols act a$ BBonists and activate an extranuclear-initiated
pathway.

ERp affinity for BPA and BPS cannot easily explain thielogical effects described in the
present work and in previous reports. Our data aftilhite exposure indicate that efficacy may be
more important than affinity to explain bisphenffeets at low doses. More experimental data
on dimerization and interaction of BRvith other signaling molecules in its vicinity aneeded

to fully understand effects at low doses of bisgit®nespecially on gene transcription. In any

case, our data support that these bisphenols aeesade alternative to BPA.
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Figure Legends

Figure 1. BPS and BPF increase glucose-stimulatedsiulin secretion in mouse islet§A-D)
Insulin secretion was measured at 2.8, 8.3 and h®47glucose in islets from C57BL/6J mice
treatedex vivo with vehicle (control; black circles and white §arl nM BPS (green circles and
light grey bars) or BPF (yellow circles and darkygbars), or 1 uM BPS (green circles and dark
grey bars) or BPF (yellow circles and dark greyshafA and B) After 2 h of recovery,
treatments (vehicle, BPS or BPF) were added to ghatose solution so that the islets remained
under treatment during the whole experimé@tand D) Islets were treateek vivo with vehicle
BPS or BPF for 48 h, and then, glucose-stimulatesiilin secretion was performed in the
absence of treatments. Insulin release was meabyredISA. Data are shown as means + SEM
of six independent islet preparations isolated bred different days: *#0.05, **p<0.01,
*xn <0.001 vs 2.8 mM¥p<0.05,p<0.01,"*p<0.001 comparisons indicated by bars (one-way
ANOVA); 4p<0.05 (Student’s t-test).

Figure 2. BPS, BPF and PaPE-1 inhibit Krp channel activity in mouse pancreatig-cells

(A) Representative recordings ofi#k channel activity ir3-cells isolated from wild-type (WT)
(black traces) or BERKO (red traces) mice in cdntmndition (O mM glucose; vehicle; left
column), in 1 nM BPS (middle column) and in 11 mMapse (right). Channel openings are
represented by downward deflections, reflectingardvcurrents due to the high’ i€ontent of
the pipette. The abolition of A& activity and generation of action currents at 1M glucose
was used as a positive control of pancregdaell identity (right column)(B-G) Quantification

of the Karp channel activity irB-cells isolated from wild-type (WT(B, D and F) or BERKO
(C, E and G) mice treatedn vitro with vehicle (black or white circles and white §arl nM
BPS @8 and C; green circles and light grey bars), 10 nM BBFRafid E; yellow circles and dark
grey bars) or uM PaPE-1 F and G; blue circles and dark grey bars). The effectloté
bisphenols was measured after 71 min of acuteicgtipin. Data are represented as a
percentage of activity with respect to resting e¢bods (0 mM Glucose). Experiments were
carried out at 32-34°C. Data are shown as mearisM & the number of cells recorded in WT
(n=7-9 cells) and BERKO (n=7-9 cells) mice. Thesksowere isolated from three mice on three
different days. *g0.05 vs control (Student’s paired t-test).

Figure 3. BPA, BPS, BPF and PaPE-1 reduc€acnale, Kcnmal, Kcnip and Scn9a
expression in mouse isletanRNA expression o€acnale (A-D), Kcnmal (E-H), Kenip (I-L)
and &n9a (M-P) was measured in islets from C57BL/6J mice treaedivo with vehicle
(control; black circles and white bars), BRA E, | and M; red circles and light grey bar8PS
(B, F, J and N green circles and light grey barer BPF(C, G, K and O; yellow circles and
light grey bar¥ or PaPE-1D, H, L and P; blue circles and light grey barat 1, 100 and 1000
nM for 48 h. mRNA expression was measured by gqRRREd normalized to the housekeeping
geneHprtl, and is shown as fold vs. mean of the controlsal@a¢ shown as means + SEM of
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four to twenty-nine independent samples from upMenty-nine islets preparations isolated on at
least three different days: #09.05, **p<0.01, **p<0.001 (ANOVA one way).

Figure 4. Doses of 1 nM BPS and 1 pM BPF reduce wleecell C&* currents via ERB in g-
cells. (A, B, G, H) Representative recordings of whole-cell?Caurrents in response to
depolarizing voltage pulses (-60 to +70 mv fromo&ing potential of -70 mV, 50 ms duration)
in isolatedp-cells from wild type (WT,A and G) or BERKO B and H) mice upon treatment
with vehicle (left black traces), 1 nM BP& @nd B) and 1 uM BPFG and H) (right red
traces).(C-D and I-J) Average relationship between Caurrent density (G4 currents in pA
normalized to the cell capacitance in pF) and thieage of the pulses in wild-type (WE, and

I) andBERKO (D and J) control cells (black circles) and cells treatedhwit nM BPS (green
circles) and 1 uM BPF (yellow circleE-F and K-L) Average normalized values of current
density evoked at @V obtained from the |-V relationship shown in Wice(E and K) and
the BERKO littermategF and L) at three different concentrations of each compound (1 nM,
100 nM and 1 uM). The effect of BPS and BPF were measured aftér dfdncubation. Data are
shown as means + SEM of the number of cells recomd@NT (n=10-21 cells) and BERKO
(n=7-23cells) mice. These cells were isolated ftamdve (six for BPS and six for BPF) mice on at
least three different days: #9.05 vs control (one-way ANOVA).

Figure 5. BPS, and BPF, reduc€acnale, Kcnmal and Scn9a expression in islets from wild
type but not from BERKO mice. mMRNA expression o€acnale (A and D), Kcnmal (B and
E) andScn9a (C and F) in islets isolated from wild-typéA, B and C) or BERKO(D, E and F)
mice treatedx vivo with vehicle (control; black circles and white §arl nM BPS (green circles
and light grey bars), or 1 uM BPF (yellow circlesdadark grey bars) for 48 h. mRNA
expression was measured by qRT-PCR and normalzétethousekeeping gehtprtl, and is
shown as fold vs mean of the controls. Data aravshas means + SEM of four to eight
independent islet preparations isolated on at |daste different days: *0.05, **p<0.01,
***p <0.001 (ANOVA one way).

Figure 6. Molecular Dynamics. Analysis of trajectories, MM/PBSA solvation bindienergies,
and intermolecular interaction energies for the f#ARI12-LBD dimer from the data generated
by MD simulations for 1 uqA) rERB-AH12-LBD dimer secondary structure and electrostatic
surface. The LBD cavity has been cut to show a doligand inside the structure. In the
following panels,cl refers to cavityl andc2 refers tocavity 2. (B) Frequency distributions of
the intermolecular protein interaction energy foe subunits of the rERAH12-LBD dimer in
the presence of different ligands in each LBD ga\i€ and D) trajectories of the ligands
(RMSD, A) initially docked in cavity 1(C) and 2(D) of the LBD. (E and F) Frequency
distributions of the MM/PBSA solvation binding eggrvalues of each ligand attached to cavity
1 (E) and 2(F). (G) Frequency distribution of the number of H-bond$ween the solute
(protein) and the solvent. A Gaussian curve overldipcrete data. The legends included within
each panel indicate the different ligands analyzed.
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- Environmental doses of Bisphenol-S and Bisphenol-F enhanced glucose-stimulated
insulin secretion, akey characteristic in the control of blood glucose homeostasis.

- These effects seem to be due to changes in activity and gene expression of someion
channelsinvolved in the control of insulin release.

- The potency of Bisphenol-S was significantly higher compared to Bisphenol -F.

- The Estrogen Receptor (ER) B mediated bisphenols effects via an extranuclear-
initiated pathway.

- The ERpB extranuclear-initiated pathway may constitute a molecular event whose

activation leads to alteration of -cell function.
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