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Highlights

The placenta is more efficient to restrict fetal exposure to BPS than to BPA.
Materno-fetal transfer of Bisphenol S glucuronide was almost non-existent.
It is likely that BPS and its metabolite are effluxed out of the fetal

compartment.
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Abstract

The aim of our study was to evaluate the bidirectional transfer of Bisphenol S
(BPS) and its main metabolite, BPS Gilucuronide (BPSG), using the model of
perfused human placenta and to compare the obtained values with those of

Bisphenol A (BPA) and BPA Glucuronide.

Fourteen placentas at term were perfused in an open dual circuit with
deuterated BPS (1 and 5 uM) and non-labelled BPSG (2.5 uM) and a freely diffusing
marker antipyrine (800 ng/ml) in the presence of albumin (25 mg/ml). In a second
experiment, the potential role of P-glycoprotein in the active efflux of BPS across the
placental barrier was studied using the well-established P-glycoprotein inhibitor,

PSC833 (2 and 4 uM).

Placental transfer of BPS was much lower than that of BPA in both directions.
The placental clearance index of BPS in the materno-fetal direction was three times
lower than in the opposite direction, strongly suggesting some active efflux transport.
However, our results show that P-glycoprotein is not involved in limiting the materno-
fetal transfer of BPS. Placental transfer of BPSG in the fetal compartment was almost
non-existent indicating that, in the fetal compartment, BPSG originates mainly from
feto-placental metabolism. The feto-maternal clearance index for BPSG was 20-fold

higher than the materno-fetal index.

We conclude that the blood-placental barrier is much more efficient in limiting
fetal exposure to BPS than to BPA, indicating that the placenta has a crucial role in

protecting the human fetus from BPS exposure.

Keywords : Bisphenol S, Bisphenol S Glucuronide, human placental transport,

endocrine disruptor, Bisphenol A.
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1. Introduction

Widespread human exposure to bisphenol A (BPA) and serious concern about
its harmful effects on human health have led to the ban or restriction of BPA
production and use (ECHA, 2017; French government, 2012; USEPA, 2014), and its
replacement by structural analogues. Bisphenol S (BPS), one of the principal BPA-
alternative chemicals, is increasingly used for the production of epoxy resins and
paper products and as an anticorrosive agent in epoxy glues and a reagent in
polymer reactions (Wu et al., 2018). Recent human biomonitoring studies revealed
the presence of BPS in 89.4 % of urine samples from the general U.S. population
(Lehmler et al., 2018), and in 67.8 % of urine samples from a large population
(n=1396) of pregnant women in the Netherlands (Philips et al., 2018). In addition,
BPS was found in four maternal (0.03-0.07 ng/ml) and seven cord serum samples
(0.03-0.12 ng/ml) from a population of 61 mother-newborn pairs in China, suggesting
that BPS can cross the placental barrier (Liu et al.,, 2017). Due to the structural
similarity of BPS to BPA and its extensive use in our daily life, concern about the
safety of BPS has become an important issue. Recent in vitro and in vivo data
showed that BPS has equal or even greater toxicological effects, with an endocrine-
disrupting effect similar, at least in part, to that of BPA (Eladak et al., 2015; Goldinger
et al., 2015; Rochester and Bolden, 2015; Roelofs et al., 2015; Rosenmai et al.,
2014; Siracusa et al., 2018). Furthermore, in vivo exposure to BPS during
development has been reported to disrupt reproductive, metabolic and
developmental endpoints through endocrine pathways in zebrafish, rodents and
sheep (Hill et al., 2017; Ji et al., 2013; Naderi et al., 2014; Pu et al., 2017; Qiu et al.,
2016). This highlights the vulnerability of the developmental period to BPS exposure

(Catanese and Vandenberg, 2017; Crump et al., 2016).
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Data about human fetal exposure to BPS are to date extremely scarce.
Toxicokinetic investigations in the pregnant ewe showed that only 0.4 % of the
maternal dose was transferred to the fetus. During the late stage of pregnancy, the
fetus is very efficient in metabolizing BPS into its main metabolite, BPS glucuronide
(BPSG), that remains trapped in the fetal compartment because of its inability to
cross the placenta. The elimination of fetal BPSG thus requires its back conversion
into bioactive BPS in the feto-placental unit. Furthermore, the restricted feto-maternal
placental passage of BPS leads to an accumulation of both BPS and BPSG in the
fetal compartment (Grandin et al., 2018). Thus, the placental transfers of BPS and
BPSG are crucial in determining exposure of the fetus to BPS and its conjugate.
However, the direct extrapolation of animal studies to humans is hindered by
structural differences in the placenta between species. This highlights the need to
develop models to predict fetal exposure relevant to humans. An ex vivo system of
perfused isolated human cotyledon (vascular functional unit of the placenta) in an
open-circulating system had been used to quantify the transplacental transfer of BPA
(Corbel et al., 2014). This relevant model was therefore used in the current study to

investigate the placental transfer of BPS and its main metabolite, BPSG.

Our first objective in this study was to evaluate the transplacental transfer of
BPS and BPSG in both the materno-fetal and feto-maternal directions, using the
human perfused cotyledon and to compare these values with those of BPA and BPA
glucuronide (BPAG) determined previously with the same model (Corbel et al., 2014).
The limited materno-fetal transfer of BPS prompted us to examine, in a second
experiment, the possible involvement of an efflux transporter in limiting the materno-
fetal placental transfer of BPS. The P-glycoprotein (P-gp or ABCB1), the most

abundant member of the ATP-binding cassette protein transporter family, is
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expressed in the apical membrane of the syncytiotrophoblast, a placental epithelial
structure at the interface with maternal blood (Ceckova-Novotna et al., 2006), and is
involved in the efflux transport of a wide variety of xenobiotics and thereby in
protection of the fetus (Joshi et al., 2016; Syme et al., 2004). Our second objective in
this study was therefore to test the hypothesis that P-gp might be involved in limiting
BPS materno-fetal transfer (Mdlsa et al., 2005; Rahi et al., 2009; Sudhakaran et al.,

2005).

2. Materials and Methods

Placenta cotyledons were perfused in an open double circuit using a method
modified from that of Schneider et al., (Schneider et al., 1972) as previously
described (Corbel et al., 2014). Placentas (547 * 132 g) were collected from HIV-
seronegative women (age range : 28-42 years) between July and December 2017
after uneventful and single pregnancy and after vaginal (n=3) or caesarean (n=7)
delivery in the CHU Paule de Viguier, Toulouse, France. The study received
institutional approval (DC-2013-1950) and each patient gave written informed

consent to participate in the study.
2.1. Chemicals

BPS-d4 (purity = 97 %) and BPSG (purity = 97 %) were purchased from
Toronto Research Chemicals (Toronto, Canada). BPS was dissolved in ethanol at a
concentration of 1 mg/ml and BPSG was dissolved in isotonic saline at 10 mg/ml.
Antipyrine and PSC833 (purity = 98 %) were purchased from Sigma-Aldrich (Saint-
Quentin Fallavier, France) and were dissolved at 10 mg/ml and 4.9 mg/ml in

apyrogenic water and DMSO, respectively. All solutions were stored at -20°C until
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use. Bovine serum albumine (BSA, Fraction V, purity = 96 %) and Earle’s Balanced

Salt solution were purchased from Euromedex (Souffelweyersheim, France).

All materials for placenta perfusion, including the materials used for the
preparation of solutions, sampling, processing and analysis, were in glass or BPS-

free plastic.
2.2. Placental perfusion

The study was designed to evaluate the simultaneous placental transfer of
BPS and BPSG, both in the materno-fetal and feto-maternal directions (Figure 1).
The maternal and fetal perfusion solutions were prepared with Earle medium
supplemented with 25 g/L of BSA to reflect the physiological plasma protein
concentration at late pregnancy (Larsson et al., 2008). BPS was used in deuterated
form (BPS-d4) in order to distinguish the d4-labelled BPS added to the media from

non-labelled BPS potentially resulting from BPSG hydrolysis.

Antipyrine (800 ng/ml), a free passive diffusion reference substance which is
not bound to plasma proteins, and the test substances, BPS-d4 and BPSG, were
added to the maternal or to the fetal reservoir to study the materno-fetal or feto-
maternal transfers, respectively. BPS-d4 was infused at 1270 ng/ml (5 uM) and 254
ng/ml (1 uM) in the maternal and fetal medium, respectively, while BPSG was infused
at the same concentration (1065 ng/ml, 2.5 pM) in both compartments (Figure 1).
Because a low BPS placental transfer was previously observed in the pregnant
sheep model (Grandin et al., 2018), high nominal concentrations of both BPS-d4 and
BPSG were used to ensure their effective detection in the opposite compartment

after placental transfer.
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Each perfusion lasted 90 min. The pH was adjusted continuously throughout
the perfusion to 7.41 + 0.013 and 7.31 + 0.011 for the maternal and fetal perfusion
media, respectively. Maternal and fetal exudates were collected every 5 min after
adding the test substances and the volumes were measured. BPS-d4 and BPSG
materno-fetal (feto-maternal) transfers were determined after simultaneously adding
antipyrine, BPS-d4 and BPSG to the maternal (fetal) reservoir at time 0. Control
samples (1 ml) were collected from the fetal and maternal inflow reservoirs before
addition of these substances. Samples were then collected from the maternal (fetal)
inflow reservoir immediately after adding the test molecules and at 30, 60 and 90
min, from the maternal (fetal) outflow perfusate at 0, 30, 60 and 90 min, and from the
fetal (maternal) outflow perfusate at time 0 and every 5 min up to 90 min, to evaluate

the materno-fetal (feto-maternal) transfer.

At the end of the perfusion, the isolated cotyledon was rinsed with phosphate-
buffered saline (pH 7.4) at 4°C for 20 min. This washing solution was collected. All
samples were immediately chilled in ice and centrifuged for 10 min at 3000g and 4°C
to discard placental cells and the supernatant was collected and stored at -20°C until

assayed.

The involvement of P-gp, in limiting the materno-fetal clearance of BPS, was
determined by measuring the materno-fetal transfer of BPS-d4 before and after the
addition of a P-gp inhibitor. PSC833 was selected because it is a specific inhibitor of
P-gp efflux protein and its inhibitory effect during ex vivo placental open perfusion
had already been observed within the range of concentrations used in this study
(Rahi et al., 2007; Sudhakaran et al., 2008). It was added to the maternal reservoir
after 40 min of perfusion. First, the placental passage of BPS-d4 and BPSG was

evaluated before and after the addition of PSC833, at a concentration of 2uM (one

9
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placenta). As the materno-fetal transfers of BPS-d4 and BPSG were not affected by
this inhibitor under these conditions, the experiment was repeated with a higher

concentration of PSC833, 4uM, and only with BPS-d4.

Placental samples (about 1 g) were taken from a non-perfused cotyledon and
from the perfused cotyledon (white area) after the washing perfusion and stored at -

80°C, to determine the tissue concentrations of BPS and BPSG.
2.3. Placental tissue homogenization

Placental tissue was reduced to 1 to 9 mm?2 fragments and aliquoted into 100
mg-fractions. These fractions were then ground for 4 min at 30 Hz using a vibrating
tissue homogenizer (MM 400, Retsch, Eragny sur Oise, France) in liquid nitrogen-
refreshed containers to avoid sample defrosting. Samples were stored at -80°C until

assayed.

The extent of potential BPSG hydrolysis during the homogenization step was
determined, in a preliminary experiment, by processing 5 blank liver samples spiked
with BPSG-d8. The mean hydrolysis rate of BPSG-d8 after the tissue
homogenization procedure was 1.27 * 0.24 % and was therefore considered
negligible. This tissue homogenization procedure was then applied to placenta

samples.
2.4. Analytical procedure

BPS-d4, BPSG and antipyrine were extracted from the perfusion medium and
placental tissue by adding 200 uL of an acetonitrile/zinc sulfate mixture (50:50,
vol:vol) containing internal standards (BPS at 50 ng/ml, BPSG-d8 and antipyrine-d3
at 500 ng/ml in perfusion medium and BPS-d4 at 100 ng/mL and BPSG-d8 at 1000

ng/mL in placental tissue). Samples were mixed for 5 min at 10°C and 1400 rpm

10
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(MB-102, Bioer, Hangzhou, China) and then centrifuged at 20000g and 4°C for 20

min.

Antipyrine, BPS-d4 and BPSG concentrations in the perfusion medium and in
placental tissue were determined by liquid chromatography coupled with tandem
mass spectrometry detection using a previously described adapted method (Grandin
et al., 2017). In the perfusion medium, the calibration curves ranged from 10 to 1000
ng/ml, 1to 100 ng/ml and 5 to 1000 ng/ml, for antipyrine, BPS and BPSG,
respectively. In placental tissue, the calibration curves ranged from 5 to 1000 ng/ml
for both BPS and BPSG. The mean intra- and inter-day coefficients of variation for
the three concentration levels were below 15 %. In perfusion medium, the lower limits
of quantification (LLOQs) were validated at 10 ng/ml for antipyrine, 1 ng/ml for BPS-
d4 and 5 ng/ml for BPSG. In placental tissue, the LLOQs were validated at 5 ng/g for

both BPS and BPSG.

BPS (but not BPS-d4) and BPSG were measured in cotyledon samples

(around 100 mg) before and after perfusion.

Because of the very low passage of BPSG in the materno-fetal direction, an
analytical method using dansyl chloride derivation, which enabled a higher sensitivity
(LLOQ at 0.25 ng/ml) to be obtained (Wang et al., 2013), was developed to measure

BPSG in the fetal outflow perfusate.
2.5. Calculation method and statistical analysis

Only the concentrations at steady-state for antipyrine, BPS-d4 and BPSG,
were used to calculate the transfer rate, the extraction rate, the placental clearance
and the clearance index, according to the Challier formulas (Challier, 1985; Challier

et al., 1977), as previously described (Corbel et al.,, 2014). The transfer rate was

11
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calculated for each steady state time point as the ratio between the concentrations of
BPS/BPSG in the receiving compartment to the concentration in the entrance
compartment expressed as a percentage. The clearance index was the ratio of the
transfer rate of BPS or BPSG to that of antipyrine. The transplacental clearance of
BPS/BPSG was calculated as the ratio of the concentration in the receiving
compartment multiplied by its flow rate to the concentration in the entrance
compartment. The extraction rate was the fraction of the dose (corresponding to the
concentration multiplied by its flow rate) transferred from the entrance compartment
to the receiving one (Figure 1). In the materno-fetal direction, the perfusions were
validated if the rate of antipyrine transfer was above the generally accepted threshold
of 20 % (Gavard et al., 2009), whereas a threshold antipyrine transfer rate higher
than the 15 %, previously reported by Challier et al. (1977), was chosen to validate

the feto-maternal perfusions.

The mass balance was calculated as the ratio of the sum of the quantities of
substrate in the perfusion media, the tissue (for BPSG only) and the PBS washings to
the measured amount of the substrate in the maternal or fetal reservoir, as previously

described (Corbel et al., 2014).

Data are expressed as means ( £ SD). The statistical analyses were done

using the R®software (R development core team, 2005).

For both the feto-maternal and materno-fetal transfers, the mean placental
transfers of BPS, BPSG and antipyrine at each time point along the experiment were
compared by a three-way ANOVA with the substrate and the perfusion time as fixed
effect factors. The placenta and the double interactions between substrate, perfusion

time and placenta were random-effect factors.

12
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For each substance, the materno-fetal and feto-maternal clearance indices
were compared using a three-way ANOVA with the direction (materno-fetal and feto-
maternal), the substrate and their interaction as fixed-effect factors and the placenta

nested in the direction as a random-effect factor.

The BPS clearance indices in absence or presence of the P-gp inhibitor were
compared using a three-way ANOVA with the inhibitor, the perfusion time and their
interaction as fixed-effect factors, and with the placenta and the perfusion time

nested in the inhibitor as random-effect factors.

3. Results

The overall mean transfer rates of antipyrine, for all the validated perfusions
(n=10), were 34.2 £ 10.1 % and 20.7 + 4.84 % in the materno-fetal and feto-maternal
directions, respectively. The wet weight of perfused cotyledons was 29.5 + 17.2 g.
The average flow rates were 12.7 £ 1.2 ml/min in the maternal circulation and 5.3 £

0.46 ml/min in the fetal circulation and remained stable throughout the perfusion.

Before perfusion, BPS was quantified in two placentas out of nine, at
concentrations close to the BPS LLOQ (6.66 and 5.90 ng/g), which probably reflect
the environmental exposure to BPS, whereas no BPSG was detected in any
placenta. BPS-d4, BPSG and antipyrine were never detected in control perfusion
medium samples collected in the maternal and fetal reservoirs before the beginning

of the perfusion.

For all 10 placentas, the overall mean recovery (x SD) of infused substances
at the end of the perfusion, in the fetal and maternal perfusates and in the cotyledon
(BPSG only) were 85.8 + 6.03 % (range 75.2-92.9 %) and 84.7 £ 5.12 % (range 79.9-

90.1 %) for BPS-d4 perfusion and 90.2 + 9.54 % (range 78.3-99.2 %) and 81.6 + 1.22

13
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% (range 80.6-83.0 %) for BPSG perfusions in the materno-fetal and in the feto-

maternal directions, respectively.

BPS was never detected in any perfusate following BPSG perfusion in either

the feto-maternal or materno-fetal directions.
3.1. Placental transfer of BPS and BPSG

Figure 2A depicts the mean (x SD) time courses of the materno-fetal placental
transfer of BPS-d4, BPSG and antipyrine at the concentrations of 1270 ng/ml,
1065 ng/ml and 800 ng/ml (n=7), respectively. The materno-fetal transfer rates (mean
+ SD, range) of BPS (3.18 £ 2.64 %, 0.527-8.12 %, n=7) and BPSG (0.339 +
0.264 %, 0.113-0.717 %, n=4) were about 10-fold lower for BPS and 100-fold lower
for BPSG than the transfer of freely diffusible antipyrine (34.2 £ 10.1 %, 23.8-52.4 %,
n=7, p < 0.001, Table 1). The mean * SD (range) materno-fetal clearances were
0.174 + 0.151 ml/min (0.0239-0.450 ml/min) and 0.0181 + 0.0149 ml/min (0.006-
0.0398 ml/min) for BPS and BPSG, respectively. In the materno-fetal experiment,
2.49 £ 2.36 % and 0.228 £ 0.221 %, respectively, of the BPS-d4 and the BPSG
added to the maternal perfusate, were transferred across the placental barrier. A low
fraction of the BPSG dose (0.112 £ 0.0754 %, ranging from 0.0489 to 0.216 %)

remained in the cotyledon after BPSG perfusion.

Figure 2B shows the time-courses (mean * SD) for the feto-maternal placental
transfer of BPS-d4, BPSG and antipyrine. The feto-maternal transfer rates (mean +
SD, range) of BPS (5.85 £ 1.22 %, 4.73-7.15 %, n=3) and BPSG (3.97 £ 0.919 %,
3.02-4.85 %, n=3) were respectively about 3.5-fold and 5-fold lower than that of
antipyrine (20.7 = 4.84 %, 15.2-24.3 %, n=3, p < 0.001) (Table 1). The mean + SD
(range) feto-maternal clearances were 0.717 £ 0.144 ml/min (0.584-0.870 ml/min) for

BPS and 0.487 £+ 0.108 ml/min (0.374-0.590 ml/min) for BPSG. In the feto-maternal
14
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experiment, 4.46 + 0.702 % of BPS and 13.2 + 2.60 % of BPSG added to the fetal
perfusate were transferred across the placental barrier. Only 0.360 £ 0.125 %
(ranging from 0.244 to 0.492 %) of the BPSG dose remained in the perfused

cotyledon.

The overall clearance indices of BPS and BPSG were much lower in the
materno-fetal direction than in the opposite direction (3.4 and 23-fold, respectively, p

< 0.001) (Table 1).

3.2. Effect of PSC833, a P-gp inhibitor, on the materno-fetal placental

transfer of BPS

The materno-fetal rate of BPS transfer (2.56 + 2.36 versus 2.30 + 2.08 %, after
and before the addition of PSC833, respectively), and consequently, its
transplacental clearance (0.146 + 0.137 versus 0.131 + 0.126 ml/min) and clearance
index (0.073 £ 0.051 versus 0.0717 + 0.0543) were not significantly increased in the
presence of PSC833, an inhibitor of P-gp (Figure 3). In addition, PSC833 had no
significant effect on the transplacental transfer of antipyrine (31.7 £ 6.9 versus 29.5

4.94 %).

4. Discussion

Fetal life represents a critical window during which its developmental
processes are extremely sensitive to endocrine disruption. The lack of data
concerning exposure of the human fetus to BPS, a potential endocrine disruptor,
highlights the urgent need to investigate the materno-feto-placental exchanges of
BPS. In the present study, the open-circuit perfused cotyledon model was used to
examine the passage of BPS and its main metabolite BPSG across the human

placenta.
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Antipyrine is a useful reference substance for assessing the transfer rate of
lipid-soluble xenobiotics (Challier et al., 1983; Schneider et al., 1979). The rates of
antipyrine transfer observed in this study, were similar to the values reported in
previous studies (Berveiller et al., 2012; Ceccaldi et al., 2008; Corbel et al., 2014;
Gavard et al.,, 2009). By expressing BPS clearance as a fraction of antipyrine
clearance (clearance index), several hemodynamic factors in the perfusion system

can be corrected, thus allowing comparisons between different substrates.

The results reported here show that the placental passage of BPS is very
limited, with a feto-maternal BPS clearance index 3.4-fold higher than the materno-
fetal clearance index (0.290 and 0.0852, respectively). Despite the structural
similarities of BPS and BPA, these BPS clearance indices were about 3 and 10-fold
lower than those of BPA (BPA feto-maternal clearance index = 0.81, BPA materno-
fetal clearance index = 0.84) (Corbel et al., 2014). These observations suggest that
the efficiency of BPS transport differed from that of BPA which crosses the placenta
by passive diffusion (Corbel et al., 2014). It can be hypothesized that BPS placental
transport does not rely solely on weak diffusional permeability but might involve a

differentially active transport.

The main physico-chemical properties that determine the placental
permeability of a substance are lipophilicity, polarity, size and hydrogen-binding
capacity (Giaginis et al., 2009). The molecular weights of BPA and BPS are similar
(228 and 250, respectively). Moreover, BPA is a highly lipid soluble molecule (LogP
3.43) that is unionized at physiological pH. Its placental transfer by passive diffusion
is therefore rapid and solely limited by the placenta perfusion rate, independently of
placental permeability. In contrast, the lipid solubility of BPS is low (LogP 1.65) and

the ionized and unionized forms are in equilibrium at physiological pH (pKal = 7.42,
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pKa2 = 8.03, Choi and Lee, 2017). Thus, the low placental permeability of BPS
compared to BPA could be due to its relative polarity and to its low lipophilicity

(Garland, 1998; Syme et al., 2004).

Alternatively, the different materno-fetal and feto-maternal transfer of BPS
across the placenta might be explained by the activity of an unidirectional efflux
transporter. We hypothesized that the placental efflux transporter P-gp could be
involved in the limited transfer of BPS to the fetal circulation. Indeed, P-gp facilitates
the active efflux of a wide range of xenobiotics on the placental barrier (Ceckova-
Novotna et al., 2006). Inter-individual variability in the expression of P-gp (Hutson et
al., 2010; Pollex and Hutson, 2011) was taken into account by conducting the kinetic
studies such that each placenta was used as its own control, by adding the P-gp non-
competitive inhibitor, PSC833, at the middle time of the perfusion. PSC833
(valspodar), a cyclosporine D analog, has been shown to be one of the most potent
and least toxic P-gp inhibitors (Friedenberg et al., 2006; May et al., 2008; Mdlsa et
al., 2005; Rahi et al., 2007; Sudhakaran et al., 2008). Despite these controlled
experimental conditions, our data did not support the role of P-gp in the placental
efflux of maternal BPS. However, we cannot rule out the impact of P-gp on the feto-
maternal clearance of BPS or the involvement of other efflux transporters on the
active efflux of BPS, such as the multidrug-resistance-associated proteins and breast
cancer-resistance proteins, located in the maternal-facing brush border membrane.
Further investigations are needed to identify the specific transporters responsible for

protecting the fetus from exposure to BPS.

Taking into account the placental blood flows reported in the literature
(Ferrazzi et al.,, 2001; Syme et al., 2004), the estimated maternal and fetal BPS

placental clearances were 8.72 and 37.3 mL/min, respectively. The estimated human
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maternal placental clearance of BPS is close to that previously evaluated in vivo in
the pregnant ewe (5.22 mL/min, Grandin et al., 2018). By contrast, the placental
clearance of BPS by the human fetus, which represents only about 12 % of the
umbilical blood flow at term (Ferrazzi et al., 2001), is 8-fold higher than that estimated
on the pregnant ewe (4.58 mL/min, corresponding to only 0.5 % of the umbilical
blood flow) (Grandin et al., 2018). The lower fetal placental clearance in ovines
compared to humans might be explained by a more limited placental permeability in
sheep due to inter-species differences in placental structure and transport protein

expression (Ceckova-Novotna et al., 2006; Joshi et al., 2016).

In the pregnant ewe in vivo, once BPSG attained the fetal compartment, it
remains trapped and can be reactivated into BPS (Grandin et al., 2018).
Characterizing the mechanisms underlying fetal exposure to BPSG is therefore
critical. Our results using the human placental perfusion model indicated that the
materno-fetal passage of BPSG is almost non-existent (mean BPSG materno-fetal
clearance index of 0.0085). This result is consistent with the absence of BPSG
transfer from mother to fetus demonstrated in the in vivo pregnant sheep model
(Grandin et al., 2018). Therefore, the BPSG found in the fetal compartment in vivo
might likely be of feto-placental origin. Moreover, the placental transfer of BPSG in
the feto-maternal direction was about two-fold lower than that of BPAG (Corbel et al.,
2014), consistently with the higher hydrophilicity of BPSG (LogP = -0.33) than that of
BPAG (LogP = 1.12). Furthermore, the differential transfer of BPSG, twenty fold
higher in the feto-maternal direction than in the opposite direction, suggests the
involvement of a transport system that restricts the fetal exposure to BPSG. Several
ATP-dependent transporters, including multi-drug resistance proteins 1 and 2 (MRP-

1, MRP-2) and Organic Anion Transporting Polypeptide transporters (OATP),
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predominantly expressed in the syncytiotrophoblast, are known to transport

glucuronide conjugates (Vahakangas and Myllynen, 2009).

All together, our data suggest that fetal exposure to BPS and to BPSG could
be more limited than to BPA and BPAG for the same maternal exposure, suggesting
that the human fetus might be better protected from exposure to BPS than to BPA. In
agreement with this result, a biomonitoring study (lhde et al., 2018) including 30
maternal/fetal pairs in the USA, showed that BPS was never detected in the fetal
cord blood, even though 60 % of the mothers were exposed to BPS. However, our
data need to be treated with caution, because this human isolated cotyledon model,
unlike the in vivo sheep model, does not incorporate the nonplacental toxicokinetic
factors that determine fetal exposure, such as maternal and fetal BPS metabolism
and relative maternal and fetal BPS protein binding. Another limitation is that the
present results refer to placenta at term and cannot necessarily be extrapolated to
earlier stages of gestation. Indeed, the placenta undergoes considerable changes
throughout gestation (Syme et al., 2004). At term, the placental transfer layer is at its
thinnest. In addition, the expression of certain efflux transporters, such as P-gp, is
modified throughout gestation (Ceckova-Novotna et al., 2006; Joshi et al., 2016). All
these physiological processes that determine fetal exposure will therefore require

further investigations to be able to predict fetal exposure to BPS and to BPSG.

5. Conclusions

In conclusion, this is the first study to document the placental transports of both BPS
and its main metabolite, BPSG, and to compare them with those of BPA and BPAG,
using the human placental perfusion model. BPS was shown to cross placenta
bidirectionally, but to a much lower extent than BPA, particularly in the materno-fetal

direction. This suggests the involvement of a membrane efflux transporter which
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impedes BPS transfer to the fetus. However, the implication of placental P-gp as a
possible contributor to the low materno-fetal placental transfer of BPS could not be

demonstrated, suggesting that BPS is probably effluxed by another transporter.

Although BPSG could be detected in vivo in the fetal compartment, our results
indicate that materno-fetal transfer of BPSG is almost non-existent. This suggests
that fetal exposure to the BPS conjugate could result from fetal metabolism, at least
during late gestation. Once in the fetal compartment, it is likely that BPS and BPSG
are extruded, albeit slowly, since the BPS and BPSG feto-maternal clearance indices
were considerably higher than the corresponding materno-fetal clearance indices. All
together, our data clearly show that fetal exposure to BPS is more efficiently limited
by the blood-placental barrier than fetal exposure to BPA. Nevertheless, all the
toxicokinetic factors, i.e. placental and non placental, determining fetal exposure will
need to be considered to ensure a meaningful evaluation of the risk of fetal exposure
to BPS in humans and to determine whether the human fetus is better protected from

exposure to BPS than to BPA.
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Figure legends

Figure 1 : Two-compartment model of the open-configuration double circuit placental
perfusion used to evaluate (A) the materno-fetal transfer (TRwr) and (B) the feto-
maternal transfer (TRrm ) of antipyrine (800 ng/mL), BPS-d4 (1270 ng/mL, 5uM or
254 ng/mL, 1uM) and BPSG (1065 ng/mL, 2.5 puM). Coutput and Coutpur Were the
maternal and fetal outflow concentrations, respectively. Qu and Qr were the maternal

and fetal system flow rates, respectively.
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B. Feto-maternal transfer
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Figure 2 : Time courses of the mean (£ SD) materno-fetal (A, n=7) and feto-maternal
(B, n=3) transfer rates of antipyrine (o, left y axis), BPS-d4 (e) and BPSG (A) (right y

axis) during the perfusion.

w1
o
]

ri5

w
g

r15

ey
o
L

10

N
<

- 10

w
o
L

N
o
L
[y
<

[y
o
L

Antipyrine transfer rate (%)
Antipyrine transfer rate (%)

o

BPS-d4 and BPSG transfer rates (%)
BPS-d4 and BPSG transfer rates (%)

0 2IO 4I0 6IO 8IO 100 0 2I0 4IO 6I0 8I0 100
Time (min) Time (min)
Figure 3 : Mean materno-fetal placental clearance indices of BPS before (control

condition) and after addition of the P-glycoprotein inhibitor, PSC833. The lines join

the data from the same placenta (n=1 at 2 uM and n=3 at 4 uM of PSC833).
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Table

Table 1 : Materno-fetal and feto-maternal BPS and BPSG perfusion parameters.

Clearance Placental clearance
Transfer rate (%) !
Direction Placenta index2 (ml/min) 3

Antipyrine BPS BPSG BPS BPSG Antipyrine BPS BPSG

Materno- Mean 34.2 3.18 0.339 0.0852 0.00852 1.83 0.174 0.0181
fetal SD 10.1 2.64 0.264 0.0515 0.00479 0.619 0.151 0.0149
Feto- Mean 20.7 585 3.97 0.290 0.196 2.53 0.717 0.487
maternal SD 4.84 1.22 0919 0.0469 0.0247 0.579 0.144 0.108

The ratio of the concentration in the receiving compartment to the concentration in the entrance compartment
expressed as a percentage. 2The molecule-studied transfer rate divided by the antipyrine transfer rate. 3The
concentration in the receiving compartment multiplied by its flow rate to the concentration in the entrance

compartment.
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