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Highlights

e Bisphenol S and Bisphenol S Glucuronide were quantified simultaneously in plasma.
e The method (including sample extraction) enables the assays of 200 samples per day.
e Toxicokinetic parameters of Bisphenol S and its main metabolite were estimated.

e Insheep model, the capacity to eliminate Bisphenol S is less than for Bisphenol A.

Abstract

Regulatory measures and public concerns regarding bisphenol A (BPA) have led to its
replacement by structural analogs, such as Bisphenol S (BPS), in consumer products. At
present, no toxicokinetic investigations have been conducted to assess the factors determining
human internal exposure to BPS for subsequent risk assessment. Toxicokinetic studies require
reliable analytical methods to measure the plasma concentrations of BPS and its main

conjugated metabolite, BPS-glucuronide (BPS-G).

An efficient on-line SPE-UPLC-MS/MS method for the simultaneous quantification of BPS
and BPS-G in ovine plasma was therefore developed and validated in accordance with the
European Medicines Agency guidelines for bioanalytical method validation. This method has
a limit of quantification of 3 ng mL* for BPS and 10 ng mL™ for BPS-G, an analytical capacity

of 200 samples per day, and is particularly well suited to toxicokinetic studies.

Use of this method in toxicokinetic studies in sheep showed that BPS, like BPA, is efficiently
metabolized into its glucuronide form. However, the clearances and distributions of BPS and
BPS-G were lower than those of the corresponding unconjugated and glucuroconjugated forms

of BPA.
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1. Introduction

Owing to regulatory actions and serious concerns regarding widespread human exposure to
Bisphenol A (BPA) and its adverse effects on human health, BPA is gradually being replaced
by other bisphenol analogues in many consumer products [1,2].Bisphenol S (BPS) is commonly
used as an alternative to BPA in the production of polycarbonate plastics and epoxy resins for
various industrial applications [1]. Despite its high thermal stability, BPS can be found in

canned foodstuffs, thermal paper and personal care products [3-8].

Humans are exposed to BPS by the same routes as described for BPA, including dietary
exposure [3-6,9], inhalation of indoor dust [10], and transcutaneous route [7,8,11]. In humans,
BPS is mainly metabolized in the liver into bisphenol S glucuronide (BPS-G) and eliminated
inurine [12,13]. Different studies suggest that BPS exposure may be increasing because of BPA
prohibition in some countries [14]. The estimated median daily dietary intake of BPS is 9.55
ng kg bw (body weight) per day [9] and biomonitoring studies recently conducted in several
countries found that BPS was detected in 81% of 315 urine samples, at a geometric mean

concentration of 0.168 ng mL™* [15,16].

Due to its structural similarity with BPA and its widespread use, concern about the safety of
BPS has become an important issue [14,16]. Indeed, BPS has a similar toxicity profile to BPA
[17] but, compared with the numerous studies of BPA, toxicological investigations of BPS
remain limited. Understanding the factors which determine maternal internal exposure to BPS
constitutes a critical initial step in assessing the health risk of BPS and will require accurate
estimation of the toxicokinetic (TK) parameters characterizing the disposition of BPS and BPS-
G [18]. Development of a reliable method for quantifying BPS and BPS-G over a wide range

of concentrations in biological matrices is therefore crucial to estimate the TK parameters with



a high level of confidence. However, even though an analytical standard of BPS-G is now
commercially available, it is too expensive for use in TK studies which require several grams
of compound. We have already developed a method for BPA-G purification from ewe urine by
using flash chromatography [19], that could be adapted to produce large quantities of BPS-G

for TK purposes.

Bisphenols are usually extracted from matrices by solid phase extraction (SPE) and quantified
by gas or liquid chromatography coupled with tandem mass spectrometry (GC or LC-MS/MS)
[20]. Numerous methods have already been described for BPS assay in environmental matrices
such as indoor dust, sludge, water, soil, sediment [10,21,22], consumer products [7] and
foodstuffs [5,6,9,23], but few have been developed for biological fluids [24,25]. In these
complex matrices, BPS has systematically been measured after enzymatic hydrolysis which
provides a measure of total BPS concentrations, i.e.the concentrations of both BPS and its
conjugated metabolites. With this kind of method, BPS-G concentrations can only be assayed
by subtracting the unconjugated BPS assayed prior to hydrolysis from the total BPS found after
hydrolysis. Such a method is not optimal since a large sample volume is required (which is
time-consuming), the use of enzyme constitutes a biological source of variability and specificity
for BPS-G is lacking as the usual enzymes target not only BPS-G but other BPS conjugates

[26]. Consequently, enzymatic hydrolysis is not a suitable method for TK studies.

The main goal of this study was therefore to develop and validate an original method for the
simultaneous quantification of BPS and BPS-G in plasma by on-line SPE-LC-MS/MS.The
suitability of this method for TK applications was evaluated by simultaneously monitoring

BPS and BPS-G in ovine plasma following intravenous BPS and BPS-G administrations.

2. Materials and methods

2.1. Chemicals



Bisphenol S (BPS), acetonitrile (AcN), propylene glycol (PG), formic acid (FA) and acetic acid
(AA) were purchased from Sigma-Aldrich (Saint Quentin Fallavier, France). Ethanol (EtOH)
and methanol (MeOH) were purchased from Fischer Scientific (lllkirch-Graffenstaden,
France). Water was provided by an ultrapure water system (Elga Labwater Veolia, Anthony,
France). The solvents and acids used for flash chromatography were HPLC grade and those

used for liquid chromatography were at least LC-MS grade.

Zinc sulfate (ZnSO4) was purchased from Prolabo (Paris, France). Bisphenol S d8 (BPSd8),
bisphenol S glucuronide (BPS-G, used as analytical standard) and bisphenol S glucuronide d8

(BPS-Gd8) were obtained from Toronto Research Chemicals (TRC, Toronto, Canada).

The same stock solutions of BPS and BPS-G in H,O/AcN were used to prepare separate
working solutions in drug-free sheep plasma for standard curve calibrators and quality control
(QC) samples. For the standard curve, the first working solution contained BPS and BPS-G at
10 and 100 pg mL?, respectively. This first working solution was then diluted in BPS-free
sheep plasma to obtain the second working solution at 100 and 1000 ng mL™. These working
solutions were subsequently diluted in BPS-free sheep plasma to obtain concentrations for the
standard curve calibrators ranging from 3 to 5000 ng mL* and 10 to 50000 ng mL™ for BPS

and BPS-G, respectively.

QC samples were prepared at concentrations of 9, 250 and 3750 ng mL™ and 30, 2500 and
37500 ng mL* for BPS and BPS-G, respectively. Calibrators and QC solutions were stored at

-20°C in 100 pL aliquots.

The working solutions of the internal standards (1S, BPSd8 and BPS-Gd8) were prepared using
stock solutions of BPSd8 and BPS-Gd8 in H.O/AcN at 1 mg mL* to obtain a solution at 10 pg
mL? for BPSd8 and 100 g mL* for BPS-Gd8 in AcN/ZnSO4 (50/50, v/v), and stored at -20°C.

A new IS solution was prepared each week by diluting 100-fold the previous working solution



of BPSd8/BPS-Gd8 in AcN/ZnSO4 to obtain concentrations of 100 ng mL™* and 1000 ng mL™

for BPSd8 and BPS-Gd8, respectively.

2.2.  Animal treatment and sample collection
All animal procedures were carried out in accordance with accepted standards of humane
animal care under agreement number 31-2016-167 from the French Ministry of Agriculture and
validated by the ethics committee from the French Ministry of Higher Education and Research

(project number: 216-167).

The first experiment was designed to purify a large amount of BPS-G from urine of five ewes
that received an oral administration of BPS at the dose of 100 mg kg™ bw. Total urine was
collected and BPS-G was isolated by flash chromatography, then identified and quantified by

LC-MS/MS (see supplementary data).

The TK experiment was carried out on four Lacaune ewes with a mean (+ SD) body weight of
59.6 + 13.5 kg. Each ewe received both BPS (5 mg kg™ bw) and BPS-G (2 mg kg™ bw)

intravenously during two different periods four days apart, according to a cross-over design.

BPS was extemporaneously dissolved in EtOH/H,O/PG (10/11/79, viv/v) at 50 mg mL™.
Purified BPS-G was extemporaneously dissolved in NaCl 0.9% at a concentration of 50 mg
mL?. BPS and BPS-G were intravenously administered via an indwelling catheter inserted into

the left jugular vein just prior to the administration.

Serial blood samples were collected before and at 2, 4, 8, 15, 20, 30 minand 1, 1.5, 2, 3, 4, 6,

8, 10, 15, 21, 24, 34, 48 and 72 h after administration.

Blood samples were obtained by direct puncture of the right jugular vein. They were collected
in heparinized tubes, immediately chilled in ice and centrifuged for 10 min at 3000 x g at 4°C.

The supernatant plasma was aliquoted (100 uL) and stored at -20°C until assayed.



2.3.  Instrument and analytical conditions

2.3.1. Instrument

BPS and BPS-G identification and quantification were performed with a 2D Acquity ultra
performance liquid chromatography system (2D-UPLC®) coupled to a Xevo®triple quadrupole
mass spectrometer (Waters, Milford, MA, USA). The first UPLC pump was used for sample
extraction and the second was used as the analytical pump, both pumps being connected with
the autosampler and the mass spectrometer by two 6-port valves integrated in the column heater.
Samples were ionized in negative electrospray ionization mode (ESI). The capillary voltage
and source temperature were set at 3.1 kV and 150°C, respectively. The desolvation temperature
and nitrogen flow rate were set at 600°C and 1000 L hr?, respectively. Argon was used as

collision gas at a flow rate of 0.15 mL min™.
2.3.2. Simultaneous quantification of BPS and BPS-G in ovine plasma

BPS and BPS-G plasma samples (100 pL) were extracted from the matrix by adding 100 pL of
a ZnSO4/AcN mixture containing 1S, to precipitate the proteins. The mixture was shaken at
10°C for 1 minute at 3000 rpm (MB-102, Bioer, Hangzhou, China) and centrifuged for 10 min.
The supernatant (10 pL) was first concentrated on an XBridge® C8 Direct Connect HP
cartridge (2.1 mm x 30 mm, 10 um ; Waters) at 1 mL min flow with 100% H,0, 0.1% FA for
0.7 min and then eluted on an Acquity CSH C18 column (2.1 mm x 100 mm ; 1.7 um ; Waters)
at 0.35 mL min*! with an H,O/AcN linear gradient (O min, 80% H-O; 0.7 min 80% H,0; 3.5
min 40 % H20). The on-line SPE cartridge and column temperatures were both set at 40°C.
BPS and BPS-G were detected in ESI by multiple reactions monitoring (MRM) mode. MRM
transitions of BPS, BPS-G and IS with their respective retention times, cone voltages and
collision energies are given in table 1. Chromatographic data were monitored by Masslynx 4.1®

software (Waters, Milford, MA, USA).



2.4.  Validation procedure

The method was validated according to the European Medicines Agency (EMA) guidelines for
bioanalytical method validation [27] in terms of linearity, intra-day and inter-day
repeatabilities, sensitivity (low and high) and dilution. Selectivity was tested by comparing six
blank plasma chromatograms with chromatograms at the lower limits of quantification
(LLOQ). The LLOQs were defined as the lowest concentrations of the calibration curve that
could be quantified with less than 20% precision and within an accuracy range of 80-120%. As
blank plasma was systematically contaminated by BPS, a limit of blank (LOB) was estimated
by measuring 6 replicates of blank plasma and calculating the mean residual BPS and the
standard deviation (SD). For both compounds, the LOD (limit of detection) was first estimated
from blank plasma with a signal to noise ratio (S/N) of 3 and then verified using 6 replicates of
plasma samples spiked at the concentration estimated from the blanks (1 ng mL™). For the BPS
and BPS-G calibration curves, both simple (Y = aX + b) and quadratic (Y = axX2? + bX + ¢)
models were tested after applying appropriate weighting: 1, 1/X and 1/X2 (X = nominal
concentration). Three approaches were adopted to assess the linearity of the calibration curve:
(1) calculation of the relative concentration residuals (RCR%) between the nominal
concentration and the concentration obtained with the model, which should be lower than +
15% (except at the LLOQ, = 20%), (2) visual inspection of the residual distribution which
should be randomized around the mean and (3) application of a lack of fit test to check the
goodness-of-fit of the model. The ULOQ was defined as the highest concentration of the
calibration curve that could be quantified without sample dilution. Within-day and between-
day precisions and accuracies of BPS and BPS-G were calculated on three different days and
with six replicates of QC samples at three concentration levels (low, middle and high) covering
the range of the calibration curve concentrations. Precision and accuracy were calculated for

twofold and tenfold dilutions to allow sample quantification above the ULOQ. Recovery was



evaluated by comparing the analytical response of plasma QC samples obtained after protein
precipitation with that of aqueous QC samples diluted in H2O/AcN (50/50) for the experiment
without on-line SPE. For the on-line SPE recovery assay, the response of extracted QC plasma
samples eluted on the on-line SPE was compared with aqueous QC samples diluted in H.O/AcN
and eluted without on-line SPE. Matrix effects were assessed by comparing extracted QC
plasma samples with extracted aqueous QC samples, and were determined with and without

on-line SPE.

2.5.  Toxicokinetic analysis
Individual plasma concentration-time profiles of BPS and BPS-G were analyzed with a non-
compartmental approach using Phoenix® NLME™ software (version 6.4; Pharsight, Mountain

View, CA, USA).

The BPS and BPS-G concentrations were converted into molar concentrations. The area under
the plasma concentration-time curve (AUCjast) from dosing time to the last sampling time was
calculated using the linear-up/log-down rule. The AUC from t=0 to infinity (AUCinf) was
obtained by adding to AUC\.s, the area extrapolated from the last observation to infinity by
dividing the last observed quantifiable plasma concentration by the slope of the terminal phase

as estimated by linear regression, using the best fit option of Phoenix®.

The clearance (Cl), mean residence time (MRT), terminal half-life (t12) and steady-state volume
of distribution (Vs) of BPS (BPS-G) were computed with AUCiy using classical

pharmacokinetic equations [28].

For each ewe, the extent of BPS glucuronoconjugation over the sampling period was first
calculated as the ratio of BPS-G AUCast obtained after BPS and BPS-G administration, after
normalizing by the administered molar doses of BPS and BPS-G (equation 1), assuming that

the BPS-G clearance was the same after both BPS and BPS-G administration.
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AUClqst BPS—G after BPS iv x Dosepps_giv

BPS glucuronoconjugation = (Equation 1)

AUC1gqst BPS—G after BPS—G iv Dosepps iy

However, equation 1 indicated that mean BPS glucuronidation was higher than 100%,
suggesting that BPS-G clearances varied between the two periods [29]. To take this factor of
variation into account, the ratio of the half-lives of BPS-G after BPS and BPS-G administration
was incorporated as a surrogate of the clearance in equation 1 to correct the BPS
glucuronidation rate in equation 2 [30].

BPS glucuronoconjugation

AUCq5t gps—c after BPS iv % Dosegps_¢ iv % t1/2 BPS—G after BPS—G iv

AUC45t BPS—G after BPS—G iv Dosegps i t1/2 BPS—G after BPS iv
(Equation 2)
3. Results and discussion

3.1.  Production of BPS-G from sheep urine

Considering the large amount of BPS-G required for its use in TK studies and the high cost of
this metabolite, BPS-G was produced from sheep urine by adapting a method previously used
to purify several grams of BPA-G [19]. Briefly, BPS was administered orally to the sheep to be
metabolized to BPS-G and subsequently eliminated in the urines that were collected and
purified by flash chromatography. The resulting fractions were identified and quantified by
UPLC-MS/MS (see supplementary data). Finally, 2.8 g of BPS-G was isolated with a purity

ranging from 68 to 85%, which is suitable for use in TK studies.

3.2.  Simultaneous quantification of BPS and BPS-G
A major limitation of bisphenol assays in biological matrices is the potential background
contamination from solvents, SPE cartridges, the evaporation process or plastic ware [31],
which can lead to erroneous measurements of concentrations when dealing with the ng mL™*

11



range. For this reason, sample handling and contact with potentially contaminated material were
minimized as much as possible by pretreating the plasma samples by simple protein
precipitation.

Firstly, BPS and BPS-G were eluted on a C18 BEH column with AcN, as previously described
for the simultaneous quantification of BPA and BPA-G [19]. However, despite their similar
structures, neither BPS nor BPS-G were correctly eluted and detected under these conditions.
Indeed, BPS-G (LogP = -0.33) is much more polar than BPA (LogP = 3.43) and BPA-G (LogP
=1.12), and so the resulting supernatant obtained by AcN precipitation was insufficiently polar
to correctly elute BPS-G on this C18 column, leading to split peaks (Figure 1). Therefore, a
completely new method was developed for simultaneous BPS and BPS-G quantification.

First of all, other precipitant mixtures using a more polar solvent (MeOH), acidified water
(TFA) or metallic ions (ZnSQO4) were tested in different proportions to determine the best elution
conditions for both BPS and BPS-G. MeOH precipitation gave the same results as those
obtained with AcN and precipitation under acidic conditions hindered the subsequent negative
ionization of BPS and BPS-G. The combined use of ZnSO4 with AcN made it possible to reduce
the volume of organic solvent without disturbing protein precipitation and MS detection.
Finally, the best peak symmetry and sensitivity for both compounds was obtained with the
AcN/ZnS04 (1/1, viv) combination. Recovery for BPS was 108%, but very low for BPS-G (2%)
with few matrix effects for BPS (106%) and considerable ion suppression plus matrix effects
for BPS-G (4%) (Table 2). Under these conditions, BPS-G could be differentiated from the
baseline above a concentration of 50 ng mL™. Contrary to BPA and BPA-G , the use of protein
precipitation alone was insufficient to provide good sensitivities and consistent recoveries,
particularly for BPS-G.

On-line SPE liquid chromatography is an appropriate extraction process to minimize sample

treatment and therefore limit sample contamination, and to maximize analyte recovery [32,33].
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Thus, different SPE cartridges (C8, C18 and polymeric phase) were tested and the washing
solvent composition and elution time were optimized to concentrate BPS and BPS-G and obtain
consistent recoveries. The best results were obtained by using a C8 cartridge with a loading
time of 0.7 min with 100% of water acidified with 0.1% formic acid. Although formic acid can
reduce negative ionization, its presence considerably improved the peak symmetry of BPS and
BPS-G (Figure 2). Extraction efficiency was 31 and 106% for BPS and BPS-G, respectively
with a matrix effect of about 45% for BPS and 71% for BPS-G. Oddly, an increase in the matrix
effects was observed for BPS when the on-line SPE system was used (Table 2). The pre-
concentration of BPS and BPS-G generated by the SPE system might also result in simultaneous
pre-concentration of the plasma impurities. However, this system does allow the improvement
of BPS and BPS-G peak symmetry and significantly enhances BPS-G detection. Indeed, the
peak area of BPS-G was 56-fold higher when on-line SPE was used (Table 2).

Different analytical columns and gradients were then tested to see which provided suitable BPS
and BPS-G elution within the shortest run time. The best separation was obtained in 4.5 min on
a CSH C18 column, with retention times of 3.0 min and 2.5 min, for BPS and BPS-G,
respectively. Two MRM transitions were optimized for each compound, namely 249>92 and
249>108 for BPS (corresponding to the loss of CeHsSO3 and Ce¢HsSO: respectively) [34], and
425>249 and 425>108 for BPS-G (loss of the glucuronide moiety and C¢HsSO3, respectively).
The MRM transition yielding the highest signal to noise ratio and the highest intensity was
selected for quantification and the second MRM transition was used for confirmation (Table 1).

3.2.1. Validation of the method

3.2.1.1.  Linearity, ULOQ, dilution

For BPS, calibration curves with concentrations ranging from 3 to 5000 ng mL™ was validated
using a simple model weighted by 1/X2. For BPS-G, calibration curves with concentrations

ranging from 10 to 50 000 ng mL* was validated using a quadratic model weighted by 1/X2.
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Due to the very wide range of concentrations required for TK studies, both the ULOQ and
dilution were assessed by injecting 6 standard samples at 5000 and 50 000 ng mL* for BPS and
BPS-G, respectively, and 6 QC samples out of the concentration range diluted two fold and
tenfold. The accuracies of all the concentrations, for both BPS and BPS-G, ranged from 84%
to 103% with CV precision lower than 13%. These results fulfilled the acceptability criteria

designated in the EMA guidelines as suitable for TK investigations [27].
3.2.1.2.  Sensitivity

In blank plasma, a residual peak was systematically observed for BPS, likely due to BPS
contamination during plasma collection, sample processing or owing to the presence of BPS in
the LC system [31,35]. Therefore, the LOB was first evaluated. The residual BPS concentration
found in blank plasma was 0.5 + 0.5 ng mL™. The mean concentration calculated after injection
of 6 samples at 1 ng mL™, was 1.2 + 0.7 ng mL™. This concentration was different from LOB
and was designated LOD. No BPS-G peak was detected in the blank plasma samples at the
BPS-G retention time. According to the S/N = 3 principle, the estimated LOD was close to 1
ng mL™L. After 6 injections of BPS-G at 1 ng mL™, the mean concentration was 1.4 ng mL*
(CV% = 39%) [27]. The LLOQs were set and validated at the lowest value of the calibration
curve chosen for its relevance, with acceptable precision and accuracy, to TK investigations.
According to these criteria, the LLOQs determined for BPS and BPS-G were 3 and 10 ng mL™,
respectively (Table 3). The BPS LLOQ was much higher than values published elsewhere [36].
Further optimizations would be necessary to increase the sensitivity of our method such as
adding an isolator column between the injector and the analytical column to prevent the BPS
background contamination generated by the LC-MS/MS system [35] or using dansyl
derivatization to improve the ionization and elution of BPS and BPS-G [36,37]. Nevertheless,
this method is not designed for human biomonitoring and its LLOQs are totally suitable for our

TK investigations.
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3.2.1.3.  Precision and accuracy

Intra- and inter-day precisions were systematically lower than 8% for BPS and 15% for BPS-
G and accuracy ranged from 100 to 113% for BPS and from 96 to 105% for BPS-G (Table 3).

Both parameters therefore satisfied the acceptance criteria in the EMA guidelines [27].
3.2.1.4.  Stability

The long-term stability of BPS and BPS-G stock solutions in H2O/AcN (1/1, v/v) was checked
by comparing the analytical response of the stock solution stored at 4°C with that of freshly
prepared stock solutions of BPS and BPS-G. Stock solutions of BPS were found to remain
stable at 4°C for at least one year, and those of BPS-G for at least 4 months, the variation in
analytical response being lower than 5% and 1% for BPS and BPS-G, respectively. The long-
term stability of BPS and BPS-G in plasma was assayed by comparing the concentrations of
six plasma samples stored at -20°C with those of six freshly-prepared plasma samples. The QC
concentrations were within £15% of their nominal value. Plasma samples can be stored at -20°C
for at least 3 months as the difference between the concentrations of freshly QC and stored QC
was less than 5% and 8% for BPS and BPS-G, respectively. Stability during the residence time
in the autosampler at 10°C was evaluated by assaying BPS and BPS-G in QC samples (low,
middle and high) at t0, 6h and 10h after extraction. The resulting QC concentrations were close
to their nominal values for BPS and BPS-G (+15% and +£14%, respectively) for at least 10h.

This stability means that numerous plasma samples can be assayed by batch analysis.
3.3.  Applicability of the method for toxicokinetic studies of BPS and BPS-G

The validated method permitting the simultaneous quantification of BPS and BPS-G in ovine
plasma was then applied to a TK experiment. Figure 3 shows the time course of mean plasma
concentrations (£ SD) of BPS and BPS-G in ewes after an intravenous administration of BPS

(5 mg kg bw, Figure 3A) or BPS-G (2 mg kg™ bw, Figure 3B).

15



After an intravenous administration of BPS, BPS could be quantified up to 12h with
concentrations decreasing from 50 pg mL? to LLOQ. As shown in figure 3, BPS was rapidly
metabolized into BPS-G, the levels of this latter attaining 10-20 pg mL™ as early as two minutes
post injection and a maximum concentration 15 min after injection. BPS-G could be quantified

up to 48h with concentrations ranging from 70 pg mL* to LLOQ.

After an intravenous administration of purified BPS-G, BPS-G concentrations decreased over
24h from 50 pg mL™* to LLOQ. BPS could also be detected with concentrations decreasing from
350 ng mL at 2 min post-injection to LLOQ up to one hour after BPS-G administration (Figure
3B). BPS contamination of the BPS-G dose purified from urine was below 4.4% (see section
2.4.3). The putative contamination of the administered BPS dose was calculated by multiplying
the BPS AUCsst obtained after intravenous BPS-G administration by the clearance of BPS
(Table 4). The estimated back-calculated amount of BPS contamination was 23.2 pg kg bw,
which corresponds to 1.94 + 0.26% of the BPS-G dose (2 mg kg? bw). This result is in
agreement with the estimated BPS contamination in purified BPS-G, but a potential in vivo

hydrolysis of BPS-G into BPS cannot be excluded.

Finally, we demonstrated the suitability of our analytical method for determining the time
course of both BPS and BPS-G concentrations in plasma in the same run without resorting to
enzymatic hydrolysis. This direct method offers two main advantages since it can be considered
as more reliable than enzymatic hydrolysis and is also less time-consuming and definitely

cheaper [15,37].

The TK parameters describing the disposition of BPS-G in sheep are shown in table 4. The
plasma clearance of BPS-G was 7-fold lower than that of BPS, and the BPS-G half-life was
consistently 1.5-fold higher. BPS was extensively conjugated into BPS-G after BPS
administration, with glucuronoconjugation of 75 + 4% over 72h, a value in agreement with the

mean percentage conjugation of BPS (97%) measured in human urine [38]. Moreover, in vitro
16



metabolism studies showed that the BPS glucuronoconjugate was the main metabolite in the

HepaRG cell line [12].

In adult sheep, BPS (like BPA) was rapidly and mainly metabolized into its glucuronide form,
which is devoid of estrogenic activity [13,39,40]. The volumes of distribution of BPS and BPS-
G (0.17 and 0.13 L kg2, respectively) were of the same order of magnitude as the extravascular
volume (0.245 L kg™ [41]), suggesting that their distribution in tissues would be limited to the
interstitial space. The lower steady state distribution volumes, compared to those of BPA (ten-
fold for BPS) and BPA-G (three-fold for BPS-G), were consistent with their lower

lipophilicities.

Furthermore, the BPS and BPS-G plasma clearances are respectively about 2-fold and 4-fold
lower than those of BPA and BPA-G [18,40], suggesting that the capacity to eliminate BPS is
less than for BPA. Even though BPS is a structural analog of BPA, it clearly displays a different
disposition within the organism, which highlights the importance of BPS and BPS-G TK

investigations.
4. Conclusion

The present paper describes a novel on-line SPE-UPLC-MS/MS method for the simultaneous
quantification of BPS and BPS-G in plasma. This method, validated according to the EMA
guidelines, proved to be especially suitable for TK studies. Therefore, the first TK parameters
of BPS and BPS-G were estimated and compared with TK parameters of BPA.The main
advantage of this method is its ability to rapidly quantify both BPS and BPS-G, within 4.5 min,

which allows the analysis of 200 samples per day including sample preparation.
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Figure captions:

Figure 1: Chromatograms obtained after acetonitrile precipitation of plasma containing BPA
and BPA-G (A), BPS and BPS-G (B) at 100 ng mL following by elution on BEH C18 column
[19]. These conditions do not allow the detection of BPS-G. BPS is very poorly eluted with a

split peak.

Figure 2: Comparison of two chromatograms of low QC samples of BPS and BPS-G (9 and 30
ng mL?, respectively): (A) BPS (RT = 3.04 min) and BPS-G (RT = 2.55 min) analyzed by SPE-
UPLC-MS/MS and (B) BPS (RT =2.73 min) and BPS-G (RT = 0.76 min) analyzed by UPLC-

MS/MS.

Figure 3: Mean + SD of plasma concentrations of BPS (o) and BPS-G (m) versus time after an
intravenous administration of BPS (5 mg kg bw) (A) or after an intravenous administration of
BPS-G (2 mg kg™ bw) (B) in four sheep. The profile of BPS concentrations observed after the
BPS-G intravenous administration (B) could be due to contamination (1.94%) of the BPS-G

dose purified from sheep urine.
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Table 1: BPS and BPS-G molecular properties and mass data.

Retention

Cone

Molecule Mc_)lar time P_arent Da_ughter voltage Ecoll
weight (min) ions ions V) (eV)
BPS 250 3.04 249.10 92 42 33
108* 26
BPSd8 258 3.07 257.10 95 40 34
112* 28
BPS-G 426 2.55 425.16 108 26 46
249* 28
BPS-Gd8 434 2.55 433.16 112 26 56
257* 28

* MRM transition used for quantification
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Table 2: Contribution of the on-line SPE system to method performances.

Parameters Mode of evaluation Mean QC BPS (%) Mean QC BPS-G (%)
Recovery without on-line plasma  with  PP/H,O 108 5
SPE without PP
Matrix effect without on- plasma with PP/H2O with 106 4
line SPE PP
Matrix effect with on-line On-line SPE plasma with
SPE PP/ On-line SPE H20 with 45 71

PP
Global recovery(SPE + PP + On-line SPE plasma with 31 106
matrix effect) PP/H20 without PP
Sensitivity gain without vs On-line SPE plasma with 29 5600

with on-line SPE

PP /plasma with PP

PP = protein precipitation
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Table 3: Validation results of BPS and BPS-G in sheep plasma

conconuaion Mo, - Acauracy PO CVO) | oo M ey Y O
(ngmL) ’ Intra-day  Inter-day (ngmL) Intra-day Inter-day
LLOQ 3 (n=18) 2.79 93 13 13 LLOQ 10 (n=6) 8.4 84 14 -
ULOQ 5000 (n=6) 4348 87 13 - ULOQ 50 000 (n=6) 51 500 103 10 -
Dilution (n=6) Dilution (n=6)

1/2 4 000 3354 84 - 1/2 40 000 38 548 96 -
1/10 800 727 91 - 1/10 8 000 8 047 101 -
QC (n=18) QC (n=18)

9 10.2 113 30 31 105 11 15
250 264 106 2500 2411 96 3

3750 3734 100 37 500 36 264 97 6

25



Table 4: Mean (x SD) toxicokinetic parameters of BPS and BPS-G, BPA and BPA-G [18] from
sheep after an iv administration. (Cl: plasma clearance, Vss: Volume of distribution at steady
state, MRT: Mean residence time, t1/2: half-life).

Toxicokinetic BPS BPS-G BPA BPAG
parameters (n=4) (n=4) (n=8) (n=7)
Cl (L/(kg.h)) 0.57+0.13 0.08 £0.02 1.75 0.33
Vss (L/kg) 0.17+0.04 0.13+£0.03 1.28 0.32
MRT (h) 0.30 £ 0.04 1.7+£04 0.75 0.84
tiz (h) 1.80 £ 0.44 2.8+0.6 1.6 3.2
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