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20Abstract

21Recent studies suggest universal fetal exposure to Bisphenol A (BPA) and its
22association with the adverse birth outcomes. Estimation of the fetal plasma BPA
23concentration from the maternal plasma BPA would be highly useful to predict its
24associated risk to this specific population. The objective of current work is to develop a
25pregnancy—physiologically based pharmacokinetic (P-PBPK) model to predict the
26toxicokinetic profile of BPA in the fetus during gestational growth, and to evaluate the
27developed model using biomonitoring data obtained from different pregnancy cohort
28studies. To achieve this objective, first, the adult PBPK model was developed and
29validated with the human BPA toxicokinetic data. This validated human PBPK model
30was extended to develop a P-PBPK model, which included the physiological changes
31during pregnancy and the fetus sub-model. The developed model would be able to
32predict the BPA pharmacokinetics (PKs) in both mother and fetus. Transplacental BPA
33kinetics parameters for this study were taken from the previous pregnant mice study.
34Both oral and dermal exposure routes were included into the model to simulate total
35BPA internal exposure. The impact of conjugation and deconjugation of the BPA and
36its metabolites on fetal PKs was investigated. The developed P-PBPK model was
37evaluated against the observed BPA concentrations in cord blood, fetus liver and
38amniotic fluid considering maternal blood concentration as an exposure source. A
39range of maternal exposure dose for the oral and dermal routes was estimated, so that
40simulation concentration matched the observed highest and lowest mother plasma
41concentration in different cohorts’ studies. The developed model could be used to
42address the concerns regarding possible adverse health effects in the fetus being
43exposed to BPA and might be useful in identifying critical windows of exposure during

44pregnancy.
45
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481. Introduction

49BPA is produced at over 2 billion pounds/year and is found in wide variety of dietary
50and non-dietary products. The dietary sources include both canned and non-canned
51foods categories ranging from “meat and meat products”, “vegetables and vegetable
52products”, and other packaged foods, and food handling consumer products like baby
53bottles, beverage containers etc. (WHO, 2010; EFSA, 2015). The non-dietary sources
54include medical devices, dental sealants, dust, thermal papers, toys and cosmetics
55(Mendum et al., 2011; EFSA, 2015). Although ingestion of the BPA from food or water
56is the predominant route of exposure (Lorber et al., 2015), there are other non-dietary
57routes, which also equally contributes to the total BPA exposure, such as inhalation of
58free BPA (concentrations in indoor and outdoor air), indirect ingestion (dust, soil, and
59toys), and dermal route (contact with thermal papers and application of dental
60treatment) (Myridakis et al., 2016). Recently reported studies have found relatively
61more contribution of the dermal route to overall internal BPA concentration than the
62oral route’s exposure (Biedermann et al., 2010; Mielke et al., 2011). In addition, recent
63studies (De Coensel et al., 2009; Sungur et al., 2014) show that temperature has a
64major impact on the BPA migration level into water; an increase from 40 °C to 60 °C

65can lead to a 6 - 10 fold increase in the migration level.

66BPA and its metabolites have been detected in maternal blood, amniotic fluid, follicular
67fluid, placental tissue, umbilical cord blood, urine and breast milk (Schonfelder et al.,
682002; |kezuki et al., 2002; Kuroda et al., 2003; Kuruto-Niwa et al., 2007; Lee et al.,
692008; Zhang et al., 2011,2013; Cao et al.,, 2012; Nahar et al., 2013; Gerona et al.,
702014; Teeguarden et al., 2016). In different rodents’ studies, it has been seen that low
71dose of bisphenol exposure during the gestational period has effects on the fertility,
72brain development, and the behavioural changes in their later life stages, signify BPA
73pleiotropic effects (Palanza et al., 2002; Cabaton et al., 2013; Snijder et al., 2013;
74Harley et al., 2013). Rubin and Soto, (2009) reviewed the prenatal BPA exposure and
75its effects on adipocytes differentiation, a major cause of obesity. U.S. Environmental
76Protection Agency (EPA) has declared the BPA as an endocrine-modifying chemical,
77which has been found to be reproductive, developmental, systemic toxicant,
78obesogenic and, weakly estrogenic (Moriyama et al., 2002; Rey et al., 2003; Patisaul et
79%al., 2009; Xi et al., 2011; Wang et al., 2012; Vafeiadi et al., 2016; Sharma et al., 2016).

80Adult human studies have reported that BPA has a very short half-life. It rapidly

81detoxifies to nontoxic conjugate substance such as BPA-glucuronide (BPAG) and



82BPA-sulfate (BPAS), collectively called as BPA conjugates (BPA-C), by glucuronidation
83and sulfation metabolic process (Volkel et al., 2002; Teeguarden et al., 2015; Thayer et
84al., 2015). However, in the case of the specific populations such as developing fetus,
85growing infants, and young children, whose chemical metabolizing systems are
86underdeveloped, even moderate exposure can lead to higher internal concentration of
87BPA (Divakaran et al., 2014). Moreover, the reactivation of these conjugates
88(deconjugation),BPAG and BPAS, by the fetal tissue and the placenta has been
89reported(Ginsberg and Rice, 2009; Nahar et al., 2013),causing an increase in BPA
90internal exposure to the fetus. The recent human pharmacokinetics studies showed low
91amount of BPA plasma concentration even with the high oral dose, in contrast,
92exposure amount of BPA for the different cohorts are estimated to be very low against
93higher BPA plasma concentration obtained in biomonitoring studies (Vélkel et al., 2005,
942002; Teeguarden et al., 2015; Thayer et al., 2015). Mielke and Gundert-Remy, (2009)
95compared the observed biomonitoring data of Schonfelder et al., (2002) study against
96the model predicted plasma concentrations of BPA using the simple kinetic approach
97and physiological based pharmacokinetic (PBPK) model, and found 3000 fold lower
98difference between the model prediction and the observed biomonitoring data. This
99wide discrepancy between the pharmacokinetic models’ prediction and the
100biomonitoring data could be due to physiological variation, genetic polymorphisms
101among populations, exposure variation and exclusion of non-oral routes of exposure.
102However, the possible contamination during sample collection and analysis could be
103one reason for this discrepancy (Longnecker et al., 2013; Ye et al., 2013) but it is
104beyond the scope of this paper. Functional polymorphism in glucuronidation enzyme
105responsible for the BPA metabolisms has been reported by Trdan Lusin et al., (2012).
1061t has been found that BPA after dermal exposure has a longer half -life of 8hr as it
107bypass the first pass metabolism, and attains the steady state in blood by the 4" day,
108whereas single oral dose intake completely eliminates in 6-8hr and never reach steady
109state even with daily dosing (Biedermann et al., 2010; Mielke et al., 2011; Mielke and
110Gundert-Remy, 2012; Gundert-Remy et al., 2013).

111Previously, adult human, rat and monkey PBPK models have been developed for the
112BPA and its conjugates (Shin et al., 2004; Edginton and Ritter, 2009; Fisher et al.,
1132011; Yang et al., 2015, 2013; Yang and Fisher, 2015). The pregnancy
114physiologically- based pharmacokinetic (P-PBPK) models have long been used to
115estimate the exposure of the chemical to the fetus (Corley et al., 2003). The P-PBPK
116model for mice was previously developed (Kawamoto et al., 2007), which showed the

117potential exposure of BPA to the fetus. However, a P-PBPK model for the human has



118not yet been developed. The pharmacokinetic data for chemicals are often limited in
119specific populations of pregnant mother and fetus, due to the ethical and technical
120reason, which often lead to difficulties in building a kinetic model. However, the use of
121a physiological based pharmacokinetic model can simplify this complexity, based on its
122capability to predict the kinetics of chemical via a mechanistic understanding of its
123absorption, distribution, metabolisms, and elimination inside the body. The overall aim
1240f this study was to improve the understanding of the chemical toxicokinetic
125relationship between the mother and the fetus by developing a P-PBPK model for the
126BPA and its conjugates. This would enable to predict the fetus plasma and organs BPA
127concentration by estimating the mother plasma BPA concentration and, thus helps in
128identifying the critical window(s) of exposure to the fetus during its gestational period of
129development. The conceptual model diagram is provided in Figure 1 showing the study
130design undertaken for this work. The P-PBPK model development has followed
131following phases: a) development and validation of the adult PBPK model, b) Extension
1320f the developed adult PBPK model to a P-PBPK with the inclusions of dynamic
133physiological changes during the pregnancy and the prediction of chemical
134toxicokinetic profile in both mother and fetus compartment and c) evaluation of
135developed P-PBPK model against the biomonitoring data of available pregnant cohort
136population. An additional case study of this model has been recently published in
137Martinez et al., (2017), where simulation of prenatal BPA exposure via dietary intake of

138pregnant women recruited from Tarragona county was performed.

139 2. Methodology and parameterization

140Development of the P-PBPK model retains entire feature that used to describes the
141adult BPA and BPA-C (BPAG and BPAS) kinetics like partition coefficient for the
142organs, fraction unbound, metabolism (Vmax and Km) and elimination (urinary
143elimination). The physiological changes that occur during pregnancy like changes in
144plasma volume, fat volume, amniotic fluid, placental and fetal growth are described as
145dynamic parameters that depend on the gestational period(Gentry et al., 2003;
146Abduljalil et al., 2012). Besides the oral mode of exposure, dermal mode of exposure
147was included in the development of the pregnancy-PBPK model. The oral exposure
148was divided into three equal doses and dermal as a single dose. Considering the
149gestational growth physiology in the case of the pregnant mother and fetus, the
150development of a P-PBPK model has been described in the following section. The
151models were coded in the R program (version 3.2.3), and model equations are

152provided in the supplementary material (Annex-I).
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156Figure 1. A conceptual model for the development of P-PBPK model. It involves the
157development of the adult PBPK model and extension of this model to the P-PBPK

158model with the addition of placenta and fetus sub-compartment.
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160coefficient and subscripts L = Liver, B= blood, b = brain, K= kidney, S= skin, R= rest

161organ, G= gut, Q = cardiac blood flow, P = placenta, F = fetus.
162

1632.1. General pregnancy-PBPK Model structure

164The basic structure of the P-PBPK model has been adapted from an adult model,
165which included plasma, liver, kidneys, fat, brain, skin and a rest of the body
166compartment for the remaining tissues. The placenta and the fetus compartments were
167added into the model. The fetus compartment is further extended to fetus sub-model
168considering liver, kidney, brain, and plasma as fetus sub-compartments. The fetus sub-
169model considered the fetus-specific metabolic processes and included important target
170organs for the prediction of internal target dosimetry. The physiological and metabolic
171parameters were applied for the fetus model as dynamic parameters of gestational
172period and chemical-specific parameters such as partition coefficient were kept similar
173to the adult human model in the case of both Mother and fetus organs.

174

175The source of exposure to the fetus was via unbound concentration of the chemical in
176the mother placenta, assuming only the mother directly exposed to the chemical. The
177placental-fetal unit assumes a bidirectional transfer process describing BPA and BPA-
178G transfer between mother placenta to fetus plasma and vice versa. The transfer rate
179was assumed as a simple diffusion process. Transport of chemical from fetal plasma
180into the fetal compartments like liver, kidney, brain, and rest of the body was assumed
181to be simple diffusion described by partition coefficient (same as of mother tissue). The
182amniotic fluid compartment was included in the current P-PBPK model. Transfer rates
183between the amniotic fluid compartment and the fetal body were described as a simple
184diffusion process.

185The elimination of BPA in the mother was assumed to be similar to adult human, which
1860ccurs via its rapid metabolism in the liver and intestine, subsequently excreted via
187urine. However, the clearance of BPA and its conjugates in the fetus was described

188with first order transfer rate from fetus plasma to mother plasma via the placenta.

1892.2. Gestational growth Physiology Model

190The dynamic physiological parameters for the pregnant mother that changes during the
191gestational period such as plasma volume, hematocrit percentage, the fetus and the
192placental growth were accounted for the development of P-PBPK model. The increase

193in maternal body weight was accounted by considering the dynamic growth of mother’s



194organ and fetus growth into the model. The volumes of liver, kidney, skin, brain, and
195gut of mother were calculated by taking constant fractions of the non-pregnant
196maternal body weight (Brown et al., 1997) provided in Table A.1. For the rest of the
197body compartment for pregnant mother and fetus was calculated by subtracting the
198sum of all organs volume from the total maternal and fetus body weight respectively.
199Additionally, increased the blood flow to the organs such as kidney, fat and placenta
200were considered to calculate the increase in maternal cardiac output (O’Flaherty et al.,
2011992; Gentry et al., 2003, 2002). All physiological parameters were considered as a
202function of gestational day and the model equations were adapted from different
203literature sources (O’Flaherty et al., 1992; Gentry et al., 2003, 2002; Abduljalil et al.,
2042012) and are provided in appendix-I.

205The fetus model was sub compartmentalized into liver, plasma, brain, amniotic fluid
206and rest of the body. Fetal body and mother placental volume was modeled by using
207equation (1) and equation (2), respectively, described by Gentry et al., (2003). The
208quantity of amniotic fluid for the gestational day was calculated by applying polynomial
209equation (3), as described by Abduljalil et al., (2012). Fetal blood flow was defined as a
210function of fetal blood volume and is adapted from the Clewell et al., (1999). Fetus
211plasma blood flow to the individual organs was calculated using equation (5) that
212implies multiplication of the fetal cardiac output with a constant fraction of the fetal
213blood flows to those organs, which assumed to be same as mother, as described by
214Gentry et al., (2003). Blood plasma flow to the rest of body was derived by subtracting
215the sum of total blood plasma flow to the organ from the total fetal cardiac output. The
216dynamic growth of the fetus volume was calculated during its gestational growth using
217equation (1). The fetus growth data provided by Brown et al., (1997) and ICRP, (2002)
218were used to calculate the fetus organ weight as a constant fraction of its body weight
219which is dynamic parameter described in equation (1). Thus the fetus organ volume
220was estimated by multiplying fetal body volume with constant fraction value of the
221organs described in equation (4).

222The fetus, placenta, and amniotic fluid growth kinetics were calculated by applying the
223following equations:

224V (=06 eq(1)

225

226V igcenia=0-85% ¢ eq(2)

227

228V iovic fluid =1.9648% (GD/7) —1.2056% (GD/ 7 f +0.2064 * (GD/7 )’ —0.0061%(GD/7 )*+0.00005% (GD /7

229



230 eq(3)
231Where, V_fetus = volume of the fetus in L, GD = gestational day, V_placenta = volume
2320f the placenta in L, and V_amnitoic fluid = volume of the amniotic fluid in mL.

233The organ volume of the fetus was scaled by using the following general equation:
234V0rga nfetus = Forga nfetus * ertus eq(4)
235Where, Vorgang,,= the organ volume in L, Forgan,,,, = constant fraction of organ of

236fetus volume and V,,, = total volume of the fetus

237The blood flow to the fetus organ was calculated by using the following general
238equation:

239Qorgan,, .= FQorgan,,,... *QCplasm a,,, eq(5)

240Where, Qorgan,,, = the blood flow to organ in L, FQorgan,,,,.. = constant fraction of

241the cardiac blood flows to the organs in mother, and QCplasm ag,s = fetus cardiac total
242blood flow.

243All the physiological parameters are provided in the annex-A (Table A.1). The dynamic
244growth pregnancy physiology equations are taken from previous studies (Gentry et al.,
2452003; Abduljalil et al., 2012) summarised in Table 1.

246

247Table 1. Parameterization of pregnant mother and fetus physiology
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2532002), b = standard scaling method for PBPK, ¢ = (Abduljalil et al., 2012)
254GD= Gestational day, GA = Gestational age in week

2552.3. BPA Pharmacokinetics

256The conceptual schema has been provided in the Figure 2 showing distribution of BPA

257and its metabolites in the body.
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258
259 Figure 2. The pharmacokinetics of BPA and its conjugates in both mother and fetus.

260The placental-fetal unit assumes a bidirectional transfer process of BPA and BPA-C
261describing the distribution of BPA and its metabolites in mother and fetus body.

262

263In the present P-PBPK model of BPA, physiological changes during pregnancy were
264included. Metabolism in pregnancy was introduced via scaling of the in-vitro Vmax for
265glucuronidation and sulfation, considering the pre-pregnancy body weight. The BPA
266metabolism data for the fetus was scaled using human in-vitro data and fetus
267microsomal protein content, and, growing fetus liver and body weight. Two metabolic
268kinetic parameters namely Vmax (maximum rate of reaction) and Km (affinity of the
269substrate for the enzyme), for mother and fetus, is taken from in-vitro studies and has
270been scaled to in-vivo. The pharmacokinetic data are provided in the annex-A (Table
271A.2).

272

2732.3.1. Oral uptake and gut metabolism: Generally, the oral ingestion of BPA
274through diet is considered as the major route of exposure (WHO, 2010). It is rapidly
275absorbed through the gut and maximum concentration in the blood achieves at 0.42-1
276h. Studies have shown that oral bioavailability of BPA is very low, as it passes through
277first pass metabolism, in the intestine and liver, being completely absorbed from the gut
278(Volkel et al., 2005, 2002; Mielke and Gundert-Remy, 2012).

11



279Both BPA and BPAG uptake from the gut to the system was described by first order
280reaction, considering gastric emptying delay for BPA arrival to the gut. The oral
281absorption rate of the BPA was optimized against the Yang el al. (2015) data. The data
2820n uptake of BPAG from the intestine to the liver was taken from the previous study of
283Yang and Fisher, (2015).
284Most of the oral administered BPA metabolizes into BPAG by intestinal UDPGT (Mazur
285et al., 2010; Trdan Lusin et al., 2012). The in-vitro in-vivo extrapolation (IVIVE)
286approach and saturation metabolism kinetic (eq. 6) were applied for describing BPA
287glucuronidation in the mother intestine (Cubitt et al., 2009; Yoon et al., 2014). The
288scaling of in-vitro Vmax parameter to in-vivo (IVIVE) was done applying equation (7)
289that used microsomal protein content per gram tissue and weight of tissue per kg body
290weight. For the scaling of Vmax, the amount of microsomal protein in the gut of 3mg/g
291(MPPGG) and the weight of human gut 30g/kg body weight was taken into account
292(Yang and Fisher, 2015)
293The metabolism is described by using the following equation:
294

VmaxxC__ xfu
295 dA;;et - Km+ Cor;rflar’;* ]]:u
296

eq(b)

dAmet
dt

298maximum metabolism rate, Km = the concentration of substrate required to attain 50

297Where, = the amount of metabolism produced with time, Vmax = the

299percent of its Vmax, Cogan = the concentration of substrate at target metabolism organ,
300and fu = fractional unbound.

301Vmax was scaled to in-vivo per kg BW from in-vitro cell line studies by using the
302following method:

303Vmax (intestine) =(Vma X, ;o * MPPGG % Vgut )| BW " eq(7)
304Where, Vmax,, .., = in-vitro value of metabolic capacity in per gram of microsomal
305protein (intestinal cell line) , MPPGG = microsomal protein per gram of gut , Vgut =
306total gut weight in gram, and BW = whole body weight in kg.

307

3082.3.2. Dermal absorption and metabolism: Recently published papers raised the
30%issue of underestimation of BPA exposure via the dermal route given that BPA
310presence in materials that frequently comes in contact with the human skin
311(Biedermann et al., 2010; Lassen et al., 2011; Mendum et al., 2011). In-vitro viable skin
312culture model experiments showed that the skin has potential to absorb and metabolize
313BPA into BPAG and BPAS (Kaddar et al., 2008; Zalko et al., 2011a). Recently, Mielke

12



314et al., (2011) published internal dosimetry model of BPA compared oral route with 90
315percent absorption rate, with dermal route considering different reported absorption
31érates such as 10 (EU, 2003), 13 (Morck et al., 2010), 46 (Zalko et al., 2011b), and 60
317(Biedermann et al., 2010) and showed importance of the dermal absorption for the
318estimation of BPA internal exposure level.

319In the present study, the dermal route of exposure was considered for the development
3200f P-PBPK model. Considering the fact of wide variation of the absorption rate of BPA
321via skin, highest reported permeability coefficient (kas = 0.25 1/hr), data for the adult
322model provided by Mielke et al., (2011) was used to develop the P-PBPK model. The

323following equation (8) was applied for calculating skin absorption:

Cskin*fu)+(
K,

9

324i skin=Qskin * (Cplasma* fu—

i Capp i, —cskin/ K, )%t . kas* A/ 1000

325 eq(8)

326Where, Qskin = the cardiac blood flow to skin, Cplasma = the plasma chemical
327concentration, fu = the fractional unbound, K; = the plasma skin partition coefficient,
328Capp,, = the applied concentration of chemical to the skin surface, Cskin = the
329concentration of chemical in the skin compartment, K; = the vehicle skin partition
330coefficient, t, = the time delay factor for absorption to reach to plasma, A = skin

331surface area and kas = the permeability rate constant.

3322.3.3. Metabolism in the adult liver: Phase-ll glucuronidation reaction is a major
333pathway in human for chemicals or drugs detoxification. The resulting conjugates of
334glucuronic acid to the chemicals increase its hydrophilicity and are generally
335considered to be pharmacologically inactive (Sperker et al., 1997b). BPA undergoes
336rapid metabolism to form glucuronidation and sulfation conjugates in the liver by
337uridine-diphospho-Glucoronide  transferase = (UDPGTs) and  sulfotransferase
338(SULT)enzyme respectively (Kim et al., 2003; Hanioka et al., 2008, Hanioka et al.,
3392011). The reported values of Vmax and Km for glucuronidation from different in vitro
340studies show variability in glucuronidation (Elsby et al., 2001; Kuester and Sipes, 2007;
341Kurebayashi et al., 2010; Mazur et al., 2010; Trdan Lusin et al., 2012).

342 In the present study, the rate of reaction for both glucuronidation and sulfation for the
343PBPK model was derived by IVIVE scaling approach. The current hepatic in-vitro cell
344line data were used for deriving maximum reaction velocity (Coughlin et al., 2012)
345using equation (9) that accounts microsomal protein value (32mg/g of liver) and liver

346weight (2.6 percentage of BW). The metabolism was described based on Michaelis-

13



347Menten equations using equation (6) and implemented into the current PBPK model.
348The fraction unbound in the microsomes was not accounted for in the calculation of the

349in vivo values.

350Vmax | liver|=(Vma X;,iso* MPPGL  Vliver )| BW”° eq(9)

351

352Where, Vmax,, .., = in-vitro value of metabolic capacity in per gram of microsomal
353protein (hepatic cell line), MPPGL = the microsomal protein per gram of Liver, Vliver =

354the total liver weight in gram, and BW =the whole body weight in kg

3552.3.4. BPA metabolism in the human fetal liver: Formation of the glucuronide
356conjugates involves following steps such as rate of supply of substrate (chemicals to be
357conjugate), the rate of formation and supply of the co-substrate i.e., glucuronic acid,
358and the expression and the specific activity of the enzyme responsible for
359glucuronidation i.e., uridine-diphospho-Glucoronide transferase (UDP-GTs). The
360concentrations (umol/Kg wet weight) of UDPGLcUA were 59.4 + 11.3 (fetal liver), 301 %
361119 (adult liver), 17.8 = 1.8 (mid-term placenta) and 17.0 £ 1.7 (near term placenta)
362(Beach et al., 1978; Cappiello et al., 2000; Coughtrie et al., 1988; Kawade and Onishi,
3631981). The above data shows that the UDPGLCcUA is present in the human fetal liver at
364a 5-fold lower concentration than in the adult liver. Another study has shown that the
365activity of UDPGT was null at an early stage of the fetus, showing glucuronidation as a
366potential limiting factor in the human fetus (Strassburg et al., 2002). The expression of
367these two isoforms UGT2B15 and 2B7 are detectable in human fetal livers during the
368second trimester of pregnancy and has been stated to account for 18% of the values
369calculated in adults (Divakaran et al., 2014).

370In the present study, the glucuronidation of BPA in the model was considered for the
371fetus. The scaling of Vmax in the case of the fetus liver has been done before by
372Gentry et al., (2003). However, Gentry method considers the fixed value of Vmax and
373uses fetus enzyme activity as a fraction of the adult value for the scaling method. For
374this study, similar to adult’s scaling, the metabolism in the fetus liver was directly scaled
375from the in vitro hepatocyte data, considering the developmental changes in the fetus.
376The reported microsomal protein content per gram of fetus liver at the age of 9-22
377gestational week was 10-16 mg (Pelkonen, 1973) and 26 mg (Pelkonen et al., 1973) in
378two different studies and for the scaling purpose 26 mg/g liver was taken presumably a
379realistic value at near term of pregnancy, when fetal metabolic capacity is matured. The
380liver weight for the fetus was provided as a dynamic parameter, which was scaled by

381taking constant fraction value of liver from ICRP (2002) data, (provided in the annex
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382Table A.1) and its multiplication with growing fetus body (dynamic equation as a
383function of the gestational day). The concentration of microsomal fraction content per
384gram liver was assumed to be constant throughout the gestational day. This approach
385represents an increase in liver enzyme activity with the increase in the fetus liver and
386body weight. Thus the Vmax value increases with gestational age. The Vmax,
387maximum velocity reaction for BPA in the fetal liver was derived by using following

388equation:

389VMG X oy =(VMa X 0% MPPG L 1% VIV T )| BW gy eq(10)

390Where, Vmax,,,, = maximum metabolism rate of fetus liver, Vmax,,,., = reported in-
391vitro metabolism rate, MPPG L. = microsomal protein per gram of fetus liver, and

392Vliver,,, = liver volume of fetus.

393

3942.3.5. Deglucuronidation in fetus compartment: B-Glucuronidase is an enzyme,
395which deconjugates the glucuronide conjugate xenobiotics (Sperker et al., 1997a).
396There is evidence for a significant role of the 3-Glucuronidase in the fetus, although the
397role has not been well understood so far in the fetus kinetic modeling. In the animal
398fetus development studies, it has been found that deglucoronidation activity is more
399than glucuronidation at the developmental stage (Mccance et al., 1949; Lucier and
400Sonawane, 1977). In contrast at near term, a fetus glucuronidation activity is higher
401than deconjugation (Corbel et al., 2015). Domoradzki et al., (2003) studies in the fetus
402rats at different gestational age showed deconjugation activity of 443 nmol/h/mgMSP at
403the age of 22 weeks showing the importance of deglucuronidation in the fetus.
404Moreover, glucuronide conjugate versus free BPA ratio in the placenta and fetus
405showed that B glucuronidase is present at high concentration in placenta and other
406various tissues in the fetus (Ginsberg and Rice, 2009).

4072.4. Fetoplacental BPA kinetics: Placenta acts as a barrier against xenobiotics such
408as chemicals and drugs to protect the fetus from being exposed to them. Morck et al.,
409(2010), in an ex vivo placental perfusion study showed that BPA can easily cross the
410human placenta. Further, Borrirukwisitsak et al., (2012) reported that due to its
411lipophilic nature, BPA can easily cross the placental barrier. The finding of free BPA in
412fetus plasma in human biomonitoring (Schonfelder et al., 2002; Ikezuki et al., 2002;
413Kuroda et al., 2003; Lee et al., 2008; Zhang et al., 2013), showed evidence of transfer
4140f BPA through the placenta. In contrast, very low level of BPAG in the fetus was found
415(Muna et al., 2013; Gerona et al., 2014) assuming due to the deglucuronidation in both
416placenta and fetus liver (Nahar et al., 2013; Gerona et al., 2014). In fact, Nishikawa et

417al., (2010) uterine perfusion experiments showed that small amount of BPAG is
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418transferred to the fetus across the placenta showing very low bidirectional transfer of
419BPAG

420The mother plasma and placenta partition coefficient value for BPA and BPAG were
421taken from a previous study of Csanady et al. (2002) and Kawamoto et al. (2007)
422respectively. In this model distribution of sulfation conjugate of BPA (BPAS) to the fetus
423compartment was not considered due to lack of data in placental transfer. The transfer
424rate constants for BPAG in this model were taken from the pregnant mice PBPK model
425and scaled to fetal body weight (Kawamoto et al., 2007), as there is no available
426human data. Additionally, the glucuronidation of BPA in placenta was described,
427considering Vmax and Km value from an in-vitro hepatic cell line (Coughlin et al.,
4282012). The in-vivo Vmax for the placenta was calculated using placenta microsomal
429content i.e., 11.3 mg/g (McLaughlin et al., 2000), placenta volume and the body weight.
430The scaling of Vmax for placenta glucuronidation was done using following equations:
431VMa X pjgcenia=VMa Xipyiro*( MPPGP )%V yocana) IBW™  €q (11)

432

433Where, Vplacenm is the volume of placenta and it is a dynamic parameter, which depends
4340n the Gestational day can be seen in equation 2. MPPGP is microsomal protein per
435gram of placenta.

436

4372.5. Amniotic fluid BPA kinetics: The human biomonitoring data had reported the
438presence of BPA and BPAG concentration in amniotic fluid. The increase in free BPA
439concentration with the increase in the gestational period was observed, as from second
440trimester to the third trimester (Edlow et al., 2012). Ikezuki et al., (2002) reported the
441five-fold higher concentration of free BPA at an early stage of pregnancy in comparison
44210 the late week of gestational. This phenomenon might be due to the low metabolic
443capacity of fetus organ as well as the low volume of amniotic fluid at an early stage of
444pregnancy. Further, the activity of beta-glucuronidase measured in amniotic fluid at
445early stage found to be higher than the later week of gestation. Whereas,
446glucuronidase activity is found to be higher in the later week of gestation (Matysek,
4471980; Fetus et al., 1993). The above finding of increased activity in glucuronidase at an
448early stage of pregnancy could be some of the possible reasons for the increased level

4490f free BPA at the early gestational age.

4502.6. Partition coefficient for pregnant mother and fetus organs

451 The partition coefficient (PC) for liver, fat, brain, and skin were taken from the study

452done by Fisher et al., (2011). The placental and kidney partition coefficient for BPA
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453were taken from Csanady et al., (2002) and the BPAS was not distributed to fetus
454tissues. However, to measure BPAG concentration in the fetus plasma, BPAG was
455distributed to maternal placenta using placenta partition coefficient taken from the
456previous mice study (Kawamoto et al., 2007). For other fetus compartments, partition
457coefficients were kept similar to as mother’s organs partition coefficients. The partition
458coefficients used in the P-PBPK model are provided in the annex (Table A.2).

4592.7. Pregnancy cohort studies

460For this study, we have used 5 different pregnancy cohort studies that measure the
461BPA concentration in different matrices. Subject characterics are provided in the Table
462A.3, which was used as an input variable for the case specific scenario. Summary of
463the biomonitoring data is provided in the annex (Table A.4). Schénfelder et al. (2002)
464studies included 37 samples of both mother and fetus plasma (umbilical cord) between
465the gestational age of 32 to 41 week. Pregnant women of age ranging from 22-44
466years old were recruited from Berlin and samples were collected at Benjamin Franklin
467Medical Center. In another study by Aris (2014), which included 61 pregnant women
468recruited from the eastern township of Canada at delivery time and both mother plasma
469and fetal cord blood BPA was analyzed.

470Zhang et al. (2011) study included each 21 samples of human placental and fetal liver
471at the gestational age of 12.3-20 weeks and 11.3-22, respectively. Samples
472were obtained after elective pregnancy termination during 1998-2006 in the Greater
473Montreal area of Quebec. In addition, Cao et al. (2012) study included a large number
4740f placenta and liver samples from the same population i.e. 128 and 28, respectively. In
475addition, Schonfelder et al. (2002) also studied placenta BPA concentration at the
476delivery time. |kezuki et al. (2002) studied includes Japan population of each 37
477women with an early and late pregnancy, where 37 maternal (late pregnancy) and 32
478umbilical cord blood samples were collected at full-term delivery. In addition, 32 and 38
479amniotic fluids samples were collected at 15-18 weeks gestation (early pregnancy) and

480at full-term (late pregnancy), respectively.
4813. Results

4823.1. Simulation and Validation of adult human PBPK model

483Validation of the developed adult PBPK model was performed by comparing the model
484predictions with plasma data obtained from the human study by Thayer et al., (2015) in
485which volunteers were orally administered 100 ug/kg BW dose of deuterated BPA.
486These predictions were performed by taking into account only female volunteers, and

487their individual BMI and body weight. The exposure dose was normalized according to
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488body weight and the fat content of individual volunteers was calculated based on body
489weight and BMI of the respective subject. Out of 14 subjects (male and female), only 7
490female subjects were considered from Thayer’s study and simulated time-plasma BPA
491data profile were validated against their observed data. The total duration of simulation
492was 24 h. Figures 3A, 3B and 3C depict the concentration—time profiles after single oral
493dosing of adult females (n = 7) for BPA (d6-BPA), and observations made by Thayer et
494al. (2015).
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496Figure 3. Concentrations—time profiles after oral dosing of adult females (n = 7) with
497100 pg/kg of deuterated BPA (d6-BPA) (Thayer et al., 2015). A) Simulated individual

498(solid color lines) and observed individual plasma (dot points) d6-BPA concentrations;

499B) Simulated individual (solid color lines) and observed individual plasma (dot points)
500d6-BPAG concentrations; C) Simulated individual (solid color lines) and observed
501individual plasma (dot points) d6-BPAS concentrations. Simulations of individual
502patients were performed using individual body weights and their fat content while

503keeping other model parameters constant.

5043.2. Simulation and evaluation of P-PBPK Model

505Most of the reported human biomonitoring data for the fetus is for BPA and generally,
506BPAG and BPAS studies are under-reported (lkezuki et al., 2002; Schénfelder et al.,
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5072002; Kuroda et al., 2003; Lee et al., 2008; Zhang et al., 2013). Development of the
508present model includes BPAG and BPAS conjugates in the mother, whereas in the
509case of the fetus only BPAG has been accounted, which is the major metabolite
510produced in the mother. For this study, the distribution of BPA and BPAG from mother
511plasma to the placenta is described via partition coefficient. Following that transfer of
512both BPA and BPAG across the placenta was described as simple diffusion process
513between the placenta and fetus plasma. Human Biomonitoring data showed the
514presence of higher concentration of free BPA in the amniotic fluid in early pregnancy
515than compared to late pregnancy (lkezuki et al., 2002; Edlow et al., 2012). The reason
516behind this difference could be the higher beta-glucuronidase activity in early and mid-
517gestational periods (Matysek, 1980). However, in the later week of gestation, as the
518fetus liver develops and matures that might increase the liver glucuronidation activity.

519Though there is a lack of glucuronidase data specific to the fetus deconjugation,
520presuming deconjugation process as an important toxicokinetic process, in the present
521P-PBPK model it was taken into account for the fetus compartment. The assumption
522has made that deconjugation of the BPAG to BPA was based on first-order rate
523transfer constant. The half-life of the chemicals is used to establish the rate of
524deconjugation estimated to be 0.35 hr' (k = 0.693/t12).The same value is used in the
525case of both placental and fetus deconjugation for simplification. A similar approach
526has been used in the previous study (Lorber et al., 2010) for transfer of one metabolite
527to another, but it should be considered as worst case scenario and it shows clearly
528there is a need for proper studies to parameterise this process. This steps would
529results in increased level of free BPA in the fetus plasma. To maintain the cyclic
530deconjugation and conjugation reaction into the model, the available free BPA
531undergoes simultaneously for glucuronidation into the liver following distribution to the

532liver compartment to mimic the real biological phenomena.

533The lack of validation of a model for the estimated exposure (for respective cohort)
534against biomonitoring data for cohorts via PBPK model has been observed in the
535previous study by Mielke and Gundert-Remy, (2009). Additionally, finding of
536differences in the biomonitoring data for free BPA concentration within the cohort and
537in between cohorts is observed in different biomonitoring studies (lkezuki et al., 2002;
538Schonfelder et al., 2002; Kuroda et al., 2003; Lee et al., 2008; Zhang et al., 2013).
539Several possible reasons can be put forward to explain this inconsistency among which
540underestimation of exposure levels and not considering other routes of exposure than
541oral has been questioned by researchers (Mielke et al., 2011). The timing of sampling

542is one of the major concern that has not been accounted in biomonitoring data, which
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543can be another source of variability in biomonitoring data due to fast absorption and
544elimination of BPA that never reach steady state concentration even with multiple
545doses. In targeted human kinetic studies (Volkel et al., 2002; Thayer et al., 2015), the

5460bservation of Cmax (maximum concentration) and elimination half-life within 1-3 hours
5470f BPA exposure shows how crucial is the time of sampling. However variability due to
548the analytical method, contamination, source and route of exposure (EFSA, 2015;
549Longnecker et al., 2013; Ye et al., 2013), and importantly metabolic variation among
550population cannot be ruled out (Partosch et al., 2013; Nachman et al., 2014), which is

551beyond the scope of this manuscript.

552Another complexity with the prediction of concentration for such chemicals might be
553due to their narrow time interval between the Cmax (the highest concentration) and
554Cmin (minimum concentration after exposure of chemical during 24 hr or before
555subsequent exposure of chemical) rising a question on observed biomonitoring data is
556because of high/low exposure or because of the schedule of sampling. Therefore
557evaluation of the developed model has two possibilities first; either by changing
558exposure dose for each biomonitoring study, second; by using two extreme exposure
559scenarios (low-high). In this study, it was assumed that sampled biomonitoring data
560can be from any point of the time-concentration profile and the exposure dose was
561estimated for the observed high and low mother plasma concentration. This
562assumption seems conservative, but for the current scenario, this might be the best
563solution, instead of estimating exposure for each biomonitoring study. Exposure dose
564for the biomonitoring data was estimated by taking the reference of a previous study
565(Mielke et al., 2011). In the present study, the oral exposure was divided into three
566equal doses keeping dermal exposure as a single dose. Exposure dose for both the
567oral and dermal was estimated that matches the observed highest and lowest mother
568plasma concentration in different biomonitoring studies.This was done by simply
569applying trial and error method, a similar method was used before for other
570environment chemicals (Loccisano et al., 2013). Then the estimated dose was used for
571the simulation of a model that predicts the fetus plasma and organs concentrations at

572the different gestational period.

573We have selected 5 different pregnancy cohort studies that measure the BPA
574concentration in different matrices. Two scenarios were selected for the simulation of
575PBPK model: one with the observed high mother plasma concentration population
576(Schoénfelder et al., 2002), in turn dose of 44ug/kg/BW thrice in a day (TID) oral dose

577and 20ug/kg/BW single dermal exposure and other with the observed low mother
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578plasma concentration (lkezuki et al., 2002), in turn dose estimated to be 20ug/kg/BW
579(TID) oral dose and 9ug/kg/BW single dermal exposure.

580Since the BPA has a very short half-life, even with well-distributed dosing schedule, the
581BPA plasma concentration shows sharp elimination curve profile and did not arrive at
582the steady state; a similar observation has been made by Mielke et al. (2011). In order
583to cover all the simulated data points considering essential for comparisons against the
5840bserved biomonitoring data points, which could be either result of random samples at
585any point of time not knowing the exact exposure time or exposure variability in sample
586subjects (VandeVoort et al., 2016). The model output data were summarized into
587boxplot for each gestational week, which included the range of value from higher to
588lower concentration.

589The simulation was done for different matrices and results were presented in different
590Figures, a number from 4 to 7. Figure 4 & 5 shows the simulated results for mother and
591fetus BPA plasma concentration for the selected high and low dose exposure scenario
592respectively. Figure 6 shows the simulation results for the BPA concentration in liver
593and placenta during the mid-gestational week and the results were compared with the
594biomonitoring data obtained from Zhang et al. (2011) study. Figure 7 shows the BPA
595concentration in amniotic fluid. The amniotic fluid concentration of BPA by Ikezuki et al.
596(2002) was monitored at two stages, early and full term pregnancy. The low dose
597scenario was simulated for the Ikezuki et al. (2002) data on the concentration of BPA in
598mother and fetus plasma (Figure 5) and amniotic fluid concentration (Figure 7). The
599Figure 7 shows the predicted BPA concentration in amniotic fluid is well matched with
600the observed concentration. Moreover, the observed mother and fetus plasma
601concentration (mean * SD) by Ikezuki et al. (2002) is within the range of simulated low
602dose exposure scenario (Figure 8).

603Figure 8 shows the predicted mean + SD for the high and low dose scenario vs.
604observed mean + SD of different cohort studies for the period during 32-40 week of
605gestation. Most of the observed mean concentration was covered by a simulated
606scenario in case of mother plasma given the large range between Cmax and Cmin.
607However, in the case of the fetus some observed mean values were not in the range,
608which could be due to the various factors such as; variability in the gender of fetus
609previously reported as significant, metabolic variability due to polymorphism (not
610considered in this study) and process of deglucuronidation, which need proper in-vitro

611investigation for parameterization.
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613Figure 4. Observed vs predicted mother plasma and fetus plasma of volunteer
614participated in Schonfelder et al. (2002) study for 32 to 41week of GA; box plot
615containing mean (red diamond), median (horizontal line of boxplot), highest (upper bar

6160f boxplot), lowest (lower bar of boxplot) value and observed value marked as green
617star.
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Simulated Mother-fetus plasma conc.
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620Figure 5. Predicted mother plasma and fetus plasma for low dose scenario, estimated
621from the lkezuki et al. (2002) mother plasma concentration, for 32 to 41 week of GA;
622box plot containing mean (red diamond), median (horizontal line of boxplot), highest

623(upper bar of boxplot), and lowest (lower bar of boxplot) value.
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Simulated Placenta-fetus liver BPA conc.
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627Figure 6. Observed vs predicted placenta and fetal liver for higher exposure scenario
628for 11 to 22 week of GA; box plot containing mean (red diamond), median (horizontal
629line of boxplot), highest (upper bar of boxplot), lowest (lower bar of boxplot) and

6300bserved value (Zhang et al., 2011) marked as green star.

Simulated vs observed BPA conc.in amniotic fluid
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632Figure 7. Simulated low dose exposure scenario for amniotic BPA concentration
633starting from early mid-gestational to late gestational period (blue line curve) vs.
6340bserved (mean + SD) concentration in lkezuki et al. (2002) studied during 15-18 and
63532-40 weeks of pregnancy (red error bar).
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Simulated vs observed scenario
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637Figure 8. Simulated mean + SD of BPA for two exposure scenario (high and low dose)
638for the period of 32-40 GA and the observed meant SD of BPA in different studies for

639both mother and fetus BPA plasma concentration.
6404. Discussions

641The present study involved development and validation of the adult PBPK model and
642then an extension of this model to the pregnant mother to predict the toxicokinetic
643profile of BPA for both mother and fetus organs. Following the same parameterization
6440f the previously developed model (Yang et al.,, 2015), in the present study, it was
6450bserved that results under predicts the free BPA and BPAS in plasma serum. The
646reason behind this could be the low absorption rate constant for free BPA, which leads
647to higher concentration available in the gut for the metabolism. The present adult model
648was slightly modified optimizing absorption rate constant and then the model was
649validated against the Thayer et al., (2015) human experimental data. For the validation
6500f the adult model, only female subjects were taken into consideration and the
651simulation for the individual subjects was done considering their physiological
652parameters such as body weight and body mass index. The adult pharmacokinetic
653results have shown that BPA has very fast absorption and elimination process
654(Schonfelder et al., 2002) as it undergoes first pass metabolism and rapidly converted

655into more polar compounds (glucuronide conjugates). Due to high metabolic activity for
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656BPA, even higher or multiple doses has very less effect on time-concentration curve
657characteristic. However, variability in the BPA plasma concentration with respect to the
658time-concentration curve is much higher than inter-individual variation among subjects,
659showed plasma concentration is not only sensitive to dose but to time as well. The
660sudden drop in BPA concentration at peak is due to its higher metabolism rate, making
661a very sharp curve, which can be considered as benchmark characteristics of BPA.
662Even within a small fraction of the time, a large difference in BPA concentration was
663observed in this study. There were no significant changes in BPA plasma concentration
664observed among subjects, even individual fat content, calculated from body weight and
665BMI, has very little or no impact on plasma concentration. Although, some study has
666shown the genetic and gender variability in metabolism among the population (Hanioka
667et al., 2011). It has been reported that the concentration of BPA varies among different
668population cohorts such as male and female, pregnant and non-pregnant, adult,
669neonates, and children (Kim et al., 2003; Calafat et al., 2005; Vandenberg et al., 2010;
670Zhang et al., 2013; Aris, 2014). Polymorphism has been found to be one of the
671important factors in metabolic variability (Trdan Lusin et al., 2012). However, there are
672very few data available on functional polymorphism among the population causing
673metabolic differences in BPA metabolism. (Hanioka et al., 2011). In the present study,
674polymorphism variability has not been accounted, however, it cannot be ruled out.
675Further, the variation in biomonitoring data shows the need for considering different
676physiological states into the PBPK models. Some specific physiological parameter
677such as body weight, height, and dynamic physiological changes in the specific
678population such as pregnancy and fetus were accounted to capture variability. A
679number of P-PBPK models have been developed for various environmental chemicals
680in the past for the risk assessment application(O’Flaherty et al., 1992; Gentry et al.,
6812003, 2002; Loccisano et al., 2013) . Similar approach has been taken for the current
682P-PBPK model. However, in the current model approach, the model has included
683detailed chemical metabolism concept in both mother and fetus considering their
684dynamic growth parameters in order to mimic the real physiological process during

685gestational period.

686The observed concentration in different cohorts during pregnancy was used for model
687evaluation. For instance, maternal blood concentration during pregnancy or at the
688delivery time was used for exposure estimation accounting both dermal and oral
689exposure. In the development of P-PBPK model, pregnancy growth dynamic equations
690were implemented into the model that mimics the physiology of pregnant mother, and

691the inclusion of the fetus compartment and its communication with the mother was
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692done via placenta blood flow. The metabolism of the BPA in placenta and fetus liver is
693found to be key parameters for the understanding of fetal exposure to parent BPA. The
694human hepatocyte in-vitro data was scaled to calculate the fetus liver metabolic
695activity. For the scaling of Vmax, the reported fetus microsomal protein content was
696used in place of adult microsomal content. The deglucuronidation process for the fetus
697liver and amniotic fluid was applied into plasma compartment for the simplification of
698the model. The P-PBPK model predictions were compared with different sets of the
699BPA biomonitoring data available in the literature. Simulation-matched study designs

700were used based on information in the original studies.

701In order to predict the BPA concentration in fetus plasma for various population studies,
7020bserved maternal BPA plasma concentration during pregnancy was used for
703exposure estimation accounting both dermal and oral exposure. The predicted
704exposure concentrations for two scenarios (high and low mother plasma concentration
705considering Schonfelder et al., (2002) and lkezuki et al. (2002) studies respectively),
706were chosen and seems to be significantly higher than the generally estimated
707exposure. A similar observation about predicted and observed concentrations of these
708two references (Schonfelder et al., (2002) and lkezuki et al. (2002)) were made in
709previous studies (Mielke and Gundert-Remy, 2009; Mielke and Gundert-Remy, 2012).
710The exposure scenarios used in this study are: high dose scenario with 44ug/kg/BW
711thrice in a day (TID) oral dose and 20ug/kg/BW single dermal exposure and, low dose
712scenario with 20ug/kg/BW (TID) thrice in a day (TID) oral dose and 9ug/kg/BW single
713dermal exposure. A similar exposure dose was previously estimated by Mielke et al.,
714(2011). However, in this study, the estimated dose is lower, given the fact that single
7150ral dose was equally divided into three doses and lag time for dermal dose was
716included. The simulated results for mother and fetus plasma concentration for two
717exposure scenario showing median, mean, high and low value for each gestational
718week were presented in Figure 4 and 5. Most of the biomonitoring observed data are
719within the simulated results represented in Figure 8. Limited data availability for each
720gestational week is one of the limitations of the model validation. However, in some
721cases, fetus plasma of BPA was much higher (Figure 4), which might be explained by
722gender difference observed previously (Schonfelder et al., 2002), which was not
723included in the present model. Considering the mean value for each simulated week
724shown in Figure 4 and 5, fetus BPA mean concentration value is higher than the BPA
725in mother plasma, which could be explained by the fact that the elimination process in
726the fetus is not so effective and solely depends on diffusion of chemical back to mother

727plasma via placenta or to amniotic fluid. Additionally, the model predicted the Cmax
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728and Cmin relatively higher value for the mother plasma than the fetus plasma

729concentration.

730Detailed biomonitoring sample of liver and placenta during 11 to 20 weeks of
731gestational has been reported (Zhang et al., 2011). It was observed that after the 17th
732week of gestational, free BPA concentration starts to decrease and appearance of
733BPAG in the liver, showing the development of the metabolic capacity of the fetus at
734this stage. To mimic this condition, metabolic activity in fetus liver and placenta was
735introduced at 17th gestational week. The simulated results for both fetus liver and
736placenta during mid-gestational were compared with the biomonitoring study of Zhang
737et al. (2011) (Figure 6). However, some observed data points were below the range of
738predicted value. An increase in metabolic capacity was observed with the increase in
739%liver weight during the gestational development, which could explain the result of

740decreasing free BPA concentration.

741The recent biomonitoring data by Aris, (2014) showed that BPA exposure to the fetus
742during the mid- gestational is very high ranging from LOD to 229 nM. This
743biomonitoring data shows that mid-gestational is a very critical window of exposure to
744the fetus. The developed P-PBPK model has also shown the higher BPA value during
745mid-gestational weeks compared to near term or at delivery. The reason of relatively
746higher exposure could be the fetus volume, which is very less at mid-gestational, and
747also the metabolic capacity, which is presumably active after the 18th week of

748gestational.

749The pharmacokinetic differences for the fetus seem to be very dramatic as fetus
750metabolic capacity and organ physiology system are relatively immature at an early
751stage of fetal development. The faster chemical metabolism and elimination of the BPA
752by the maternal system ameliorate BPA kinetics in the fetus to a great degree.
753However, evidence of finding higher free BPA (lkezuki et al., 2002; Schonfelder et al.,
7542002; Aris, 2014) in cord blood as compared to maternal blood in various populations

755indicates higher fetal exposure and sensitivity to BPA due to pharmacokinetic factors.

756The simulation of the model for BPA concentration in amniotic fluid during mid-
757gestation (Figure 7) to near term showed the increasing concentration of the BPA with
758an increase in the gestational period. The BPA concentration increased until mid-
759gestational and then slowly started to decrease reaching to almost one and a half fold
760less than the observed mother plasma concentration. The predicted results are in
761agreement with observed data of lkezuki et al., (2002), and have a linear relation with

762gestational time (less fluctuation in BPA concentration) suggesting amniotic fluid BPA
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763concentration as a good biomarker for identifying the critical window of exposure to the
764fetus. The prediction of the concentration of free BPA in amniotic fluid was slightly less
765than reported biomonitoring data observed in late gestational. This could be due to the
766prediction of slightly high amniotic fluid volume than normally observed in the late
767gestational period. Factors such as local deconjugation in placenta, the lipophilicity of
768chemical, relatively higher deconjugation than conjugation in the fetal compartment can
769affect the propensity for chemicals to reach a higher concentration in the fetal

770compartment (Nachman et al., 2014).

771The developed P-PBPK model is in concordance with biomonitoring data and showed
772that BPA readily transferred to fetal serum and amniotic fluid after mother’s exposure.
773Even, fast metabolism and rapid excretion of BPA and BPA-C are unable to prevent
774the BPA fetal exposure. The transfer rates of BPA from the placenta to the fetal
775compartment varied considerably. Deconjugation in placenta and fetus body is of major
776concern at early fetal life, where metabolism capacity is low, causing an increased level
7770f unconjugated BPA in the fetus. Importantly, free BPA in the fetal compartment are
778more in steady state and persists even as the maternal level of BPA declines. The
779consideration of mechanistic approach such as dynamic growth parameters and their
780governing equations, and model structure could be useful for the development of P-
781PBPK model for different chemicals.

7825. Conclusion

783The present study proposed and prospectively developed a P-PBPK model for BPA
784that describes and predicts the fetus blood and tissues concentrations time profiles
785based on the mother’s exposure scenario. Detail metabolic toxicokinetics in mother and
786fetus was reviewed and included in the proposed model. Glucuronidation and
787deglucuronidation in both mother and fetus liver and placenta are found to be an
788important mechanism that alters BPA toxicokinetic profile. For the development of the
789model, a two-stage approach was employed: first the development and validation of the
790adult PBPK model against the kinetic data from control human experimental study and
791second extension of the adult model to the P-PBPK model and further evaluation with
792the available BPA biomonitoring cohort studies. The prediction of higher concentration
793of BPA during the mid-gestational period in the amniotic fluid, placenta, and the fetus
794liver are in accordance with biomonitoring data, indicating mid-gestational period might
795be the critical window of exposure for the fetus. Due to the fast absorption and short
796half-life of BPA, it is showing extreme concentration variability with respect to time,

797which makes the task of prediction of biomonitoring data very difficult. This study
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798considered two extreme dose scenarios (min-max) for the simulation and in turn
799plotting of simulated data under the box plot to capture all the data set that allows
800comparing with biomonitoring data. It has an assumption that biomonitoring sample can
801be from any time point. However, in order to address the issue of temporal variation of
802short life chemical, there is a need to have very control case studies dealing with the
803timing of exposure (food intake) and schedule of sampling. In this study, there are
804several data gaps identified, which need to be addressed to improve the model. For
805example, kinetics of BPA glucuronidation/sulfation and deglucoronidation/desulfation at
806the fetus level, and placental BPA conjugation and deconjugation, and metabolic
807variation due to functional polymorphism among the different population, are some of

808the major concern.
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1184Figure Labels

1185

1186Figure 1 Conceptual model for the development of P-PBPK model. It involves the
1187development of adult PBPK model and extension of this model to P-PBPK model with
1188the addition of placenta and fetus sub-compartment. K = partition coefficient and
1189subscripts L = Liver, B= blood, K= kidney, T= testis, S= skin, R= rest organ, G=
1190gut.

1191

1192Figure 2. The pharmacokinetic of BPA and its conjugate in both mother and fetus. The
1193placental-fetal unit assumes a bidirectional transfer process of BPA and BPA-C

1194describing distribution of BPA and its metabolites in mother and fetus body.

1195Figure 3. Concentration—time profiles after oral dosing of adult females (n = 7) with
1196100 pg/kg of deuterated BPA (d6-BPA) (Thayer et al., 2015). A) Simulated individual

1197(solid colour lines) and observed individual plasma (dot points) d6-BPA concentrations;

1198B) Simulated individual (solid colour lines) and observed individual plasma (dot points)
1199d6-BPAG concentrations; C) Simulated individual (solid colour lines) and observed
1200individual plasma (dot points) d6-BPAS concentrations. Simulations of individual
1201patients were performed using individual body weights and their fat content while

1202keeping other model parameters constant.

1203Figure 4. Observed vs predicted mother plasma and fetus plasma of volunteer
1204participated in Schonfelder et al. (2002) study for 32 to 41™ week of GA; box plot
1205containing mean (red diamond), median (horizontal line of boxplot), highest (upper bar
12060f boxplot), lowest (lower bar of boxplot) value and observed value marked as black
1207star.

1208Figure 5. Predicted mother plasma and fetus plasma for low dose scenario, estimated
1209from the Ikezuki et al. (2002) mother plasma concentration, for 32 to 41" week of GA;
1210box plot containing mean (red diamond), median (horizontal line of boxplot), highest

1211(upper bar of boxplot), and lowest (lower bar of boxplot) value.

1212Figure 6. Observed vs predicted placenta and fetal liver for higher exposure scenario
1213for 11 to 22™ week of GA; box plot containing mean (red diamond), median (horizontal
1214line of boxplot), highest (upper bar of boxplot), lowest (lower bar of boxplot) and

12150bserved value (Zhang et al., 2011) marked as green star.
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1216Figure 7. Simulated low dose exposure scenario for amniotic BPA concentration
1217starting from early mid-gestational to late gestational period (blue line curve) vs.
1218observed (mean + SD) concentration in Ikezuki et al. (2002) studied during 15-18 and
121932-40 weeks of pregnancy (red error bar).

1220Figure 8. Simulated mean + SD of BPA for two exposure scenario (high and low dose)
1221for the period of 32-40 GA and the observed meant SD of BPA in different studies for

1222both mother and fetus BPA plasma concentration.
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	The development of a pregnancy PBPK Model for Bisphenol A and its evaluation with the available biomonitoring data
	Abstract
	Recent studies suggest universal fetal exposure to Bisphenol A (BPA) and its association with the adverse birth outcomes. Estimation of the fetal plasma BPA concentration from the maternal plasma BPA would be highly useful to predict its associated risk to this specific population. The objective of current work is to develop a pregnancy–physiologically based pharmacokinetic (P-PBPK) model to predict the toxicokinetic profile of BPA in the fetus during gestational growth, and to evaluate the developed model using biomonitoring data obtained from different pregnancy cohort studies. To achieve this objective, first, the adult PBPK model was developed and validated with the human BPA toxicokinetic data. This validated human PBPK model was extended to develop a P-PBPK model, which included the physiological changes during pregnancy and the fetus sub-model. The developed model would be able to predict the BPA pharmacokinetics (PKs) in both mother and fetus. Transplacental BPA kinetics parameters for this study were taken from the previous pregnant mice study. Both oral and dermal exposure routes were included into the model to simulate total BPA internal exposure. The impact of conjugation and deconjugation of the BPA and its metabolites on fetal PKs was investigated. The developed P-PBPK model was evaluated against the observed BPA concentrations in cord blood, fetus liver and amniotic fluid considering maternal blood concentration as an exposure source. A range of maternal exposure dose for the oral and dermal routes was estimated, so that simulation concentration matched the observed highest and lowest mother plasma concentration in different cohorts’ studies. The developed model could be used to address the concerns regarding possible adverse health effects in the fetus being exposed to BPA and might be useful in identifying critical windows of exposure during pregnancy.
	Key words: Bisphenol A; pregnancy-PBPK; fetal exposure; biomonitoring; window of exposure.
	1. Introduction
	BPA is produced at over 2 billion pounds/year and is found in wide variety of dietary and non-dietary products. The dietary sources include both canned and non-canned foods categories ranging from “meat and meat products”, “vegetables and vegetable products”, and other packaged foods, and food handling consumer products like baby bottles, beverage containers etc. �(WHO, 2010; EFSA, 2015)�. The non-dietary sources include medical devices, dental sealants, dust, thermal papers, toys and cosmetics �(Mendum et al., 2011; EFSA, 2015)�. Although ingestion of the BPA from food or water is the predominant route of exposure (Lorber et al., 2015), there are other non-dietary routes, which also equally contributes to the total BPA exposure, such as inhalation of free BPA (concentrations in indoor and outdoor air), indirect ingestion (dust, soil, and toys), and dermal route (contact with thermal papers and application of dental treatment) (Myridakis et al., 2016). Recently reported studies have found relatively more contribution of the dermal route to overall internal BPA concentration than the oral route’s exposure �(Biedermann et al., 2010; Mielke et al., 2011)�. In addition, recent studies (De Coensel et al., 2009; Sungur et al., 2014) show that temperature has a major impact on the BPA migration level into water; an increase from 40 ºC to 60 ºC can lead to a 6 - 10 fold increase in the migration level.
	BPA and its metabolites have been detected in maternal blood, amniotic fluid, follicular fluid, placental tissue, umbilical cord blood, urine and breast milk �(Schönfelder et al., 2002; Ikezuki et al., 2002; Kuroda et al., 2003; Kuruto-Niwa et al., 2007; Lee et al., 2008; Zhang et al., 2011,2013; Cao et al., 2012; Nahar et al., 2013; Gerona et al., 2014; Teeguarden et al., 2016)�. In different rodents’ studies, it has been seen that low dose of bisphenol exposure during the gestational period has effects on the fertility, brain development, and the behavioural changes in their later life stages, signify BPA pleiotropic effects (�Palanza et al., 2002; Cabaton et al., 2013; Snijder et al., 2013; Harley et al., 2013)�. �Rubin and Soto, (2009)� reviewed the prenatal BPA exposure and its effects on adipocytes differentiation, a major cause of obesity. U.S. Environmental Protection Agency (EPA) has declared the BPA as an endocrine-modifying chemical, which has been found to be reproductive, developmental, systemic toxicant, obesogenic and, weakly estrogenic �(Moriyama et al., 2002; Rey et al., 2003; Patisaul et al., 2009; Xi et al., 2011; Wang et al., 2012; Vafeiadi et al., 2016; Sharma et al., 2016)�.
	Adult human studies have reported that BPA has a very short half-life. It rapidly detoxifies to nontoxic conjugate substance such as BPA-glucuronide (BPAG) and BPA-sulfate (BPAS), collectively called as BPA conjugates (BPA-C), by glucuronidation and sulfation metabolic process �(Völkel et al., 2002; Teeguarden et al., 2015; Thayer et al., 2015)�. However, in the case of the specific populations such as developing fetus, growing infants, and young children, whose chemical metabolizing systems are underdeveloped, even moderate exposure can lead to higher internal concentration of BPA �(Divakaran et al., 2014)�. Moreover, the reactivation of these conjugates (deconjugation),BPAG and BPAS, by the fetal tissue and the placenta has been reported�(Ginsberg and Rice, 2009; Nahar et al., 2013)�,causing an increase in BPA internal exposure to the fetus. The recent human pharmacokinetics studies showed low amount of BPA plasma concentration even with the high oral dose, in contrast, exposure amount of BPA for the different cohorts are estimated to be very low against higher BPA plasma concentration obtained in biomonitoring studies �(Völkel et al., 2005, 2002; Teeguarden et al., 2015; Thayer et al., 2015)�. �Mielke and Gundert-Remy, (2009)� compared the observed biomonitoring data of �Schönfelder et al., (2002)� study against the model predicted plasma concentrations of BPA using the simple kinetic approach and physiological based pharmacokinetic (PBPK) model, and found 3000 fold lower difference between the model prediction and the observed biomonitoring data. This wide discrepancy between the pharmacokinetic models’ prediction and the biomonitoring data could be due to physiological variation, genetic polymorphisms among populations, exposure variation and exclusion of non-oral routes of exposure. However, the possible contamination during sample collection and analysis could be one reason for this discrepancy �(Longnecker et al., 2013; Ye et al., 2013)� but it is beyond the scope of this paper. Functional polymorphism in glucuronidation enzyme responsible for the BPA metabolisms has been reported �by Trdan Lusin et al., (2012)�. It has been found that BPA after dermal exposure has a longer half -life of 8hr as it bypass the first pass metabolism, and attains the steady state in blood by the 4th day, whereas single oral dose intake completely eliminates in 6-8hr and never reach steady state even with daily dosing �(Biedermann et al., 2010; Mielke et al., 2011; Mielke and Gundert-Remy, 2012; Gundert-Remy et al., 2013)�.
	Previously, adult human, rat and monkey PBPK models have been developed for the BPA and its conjugates �(Shin et al., 2004; Edginton and Ritter, 2009; ���Fisher et al., 2011; Yang et al., 2015, 2013; Yang and Fisher, 2015). The pregnancy physiologically- based pharmacokinetic (P-PBPK) models have long been used to estimate the exposure of the chemical to the fetus �(Corley et al., 2003)�. The P-PBPK model for mice was previously developed (�Kawamoto et al., 2007)�, which showed the potential exposure of BPA to the fetus. However, a P-PBPK model for the human has not yet been developed. The pharmacokinetic data for chemicals are often limited in specific populations of pregnant mother and fetus, due to the ethical and technical reason, which often lead to difficulties in building a kinetic model. However, the use of a physiological based pharmacokinetic model can simplify this complexity, based on its capability to predict the kinetics of chemical via a mechanistic understanding of its absorption, distribution, metabolisms, and elimination inside the body. The overall aim of this study was to improve the understanding of the chemical toxicokinetic relationship between the mother and the fetus by developing a P-PBPK model for the BPA and its conjugates. This would enable to predict the fetus plasma and organs BPA concentration by estimating the mother plasma BPA concentration and, thus helps in identifying the critical window(s) of exposure to the fetus during its gestational period of development. The conceptual model diagram is provided in Figure 1 showing the study design undertaken for this work. The P-PBPK model development has followed following phases: a) development and validation of the adult PBPK model, b) Extension of the developed adult PBPK model to a P-PBPK with the inclusions of dynamic physiological changes during the pregnancy and the prediction of chemical toxicokinetic profile in both mother and fetus compartment and c) evaluation of developed P-PBPK model against the biomonitoring data of available pregnant cohort population. An additional case study of this model has been recently published in �Martínez et al., (2017)�, where simulation of prenatal BPA exposure via dietary intake of pregnant women recruited from Tarragona county was performed.
	2. Methodology and parameterization
	2.1. General pregnancy-PBPK Model structure
	2.2. Gestational growth Physiology Model
	2.3. BPA Pharmacokinetics
	2.3.4. BPA metabolism in the human fetal liver: Formation of the glucuronide conjugates involves following steps such as rate of supply of substrate (chemicals to be conjugate), the rate of formation and supply of the co-substrate i.e., glucuronic acid, and the expression and the specific activity of the enzyme responsible for glucuronidation i.e., uridine-diphospho-Glucoronide transferase (UDP-GTs). The concentrations (µmol/Kg wet weight) of UDPGLcUA were 59.4 ± 11.3 (fetal liver), 301 ± 119 (adult liver), 17.8 ± 1.8 (mid-term placenta) and 17.0 ± 1.7 (near term placenta) �(Beach et al., 1978; Cappiello et al., 2000; Coughtrie et al., 1988; Kawade and Onishi, 1981)�. The above data shows that the UDPGLcUA is present in the human fetal liver at a 5-fold lower concentration than in the adult liver. Another study has shown that the activity of UDPGT was null at an early stage of the fetus, showing glucuronidation as a potential limiting factor in the human fetus �(Strassburg et al., 2002)�. The expression of these two isoforms UGT2B15 and 2B7 are detectable in human fetal livers during the second trimester of pregnancy and has been stated to account for 18% of the values calculated in adults �(Divakaran et al., 2014)�.
	2.6. Partition coefficient for pregnant mother and fetus organs
	3. Results
	3.1. Simulation and Validation of adult human PBPK model
	
	Figure 3. Concentrations–time profiles after oral dosing of adult females (n = 7) with 100 μg/kg of deuterated BPA (d6-BPA) (Thayer et al., 2015). A) Simulated individual (solid color lines) and observed individual plasma (dot points) d6-BPA concentrations; B) Simulated individual (solid color lines) and observed individual plasma (dot points) d6-BPAG concentrations; C) Simulated individual (solid color lines) and observed individual plasma (dot points) d6-BPAS concentrations. Simulations of individual patients were performed using individual body weights and their fat content while keeping other model parameters constant.
	3.2. Simulation and evaluation of P-PBPK Model
	The lack of validation of a model for the estimated exposure (for respective cohort) against biomonitoring data for cohorts via PBPK model has been observed in the previous study by �Mielke and Gundert-Remy, (2009)�. Additionally, finding of differences in the biomonitoring data for free BPA concentration within the cohort and in between cohorts is observed in different biomonitoring studies �(Ikezuki et al., 2002; Schönfelder et al., 2002; Kuroda et al., 2003; Lee et al., 2008; Zhang et al., 2013)�. Several possible reasons can be put forward to explain this inconsistency among which underestimation of exposure levels and not considering other routes of exposure than oral has been questioned by researchers �(Mielke et al., 2011)�. The timing of sampling is one of the major concern that has not been accounted in biomonitoring data, which can be another source of variability in biomonitoring data due to fast absorption and elimination of BPA that never reach steady state concentration even with multiple doses. In targeted human kinetic studies (Völkel et al., 2002; Thayer et al., 2015), the observation of Cmax (maximum concentration) and elimination half-life within 1-3 hours of BPA exposure shows how crucial is the time of sampling. However variability due to the analytical method, contamination, source and route of exposure �(EFSA, 2015; Longnecker et al., 2013; Ye et al., 2013)�, and importantly metabolic variation among population cannot be ruled out �(Partosch et al., 2013; Nachman et al., 2014)�, which is beyond the scope of this manuscript.
	Another complexity with the prediction of concentration for such chemicals might be due to their narrow time interval between the Cmax (the highest concentration) and Cmin (minimum concentration after exposure of chemical during 24 hr or before subsequent exposure of chemical) rising a question on observed biomonitoring data is because of high/low exposure or because of the schedule of sampling. Therefore evaluation of the developed model has two possibilities first; either by changing exposure dose for each biomonitoring study, second; by using two extreme exposure scenarios (low-high). In this study, it was assumed that sampled biomonitoring data can be from any point of the time-concentration profile and the exposure dose was estimated for the observed high and low mother plasma concentration. This assumption seems conservative, but for the current scenario, this might be the best solution, instead of estimating exposure for each biomonitoring study. Exposure dose for the biomonitoring data was estimated by taking the reference of a previous study �(Mielke et al., 2011)�. In the present study, the oral exposure was divided into three equal doses keeping dermal exposure as a single dose. Exposure dose for both the oral and dermal was estimated that matches the observed highest and lowest mother plasma concentration in different biomonitoring studies.This was done by simply applying trial and error method, a similar method was used before for other environment chemicals �(Loccisano et al., 2013)�. Then the estimated dose was used for the simulation of a model that predicts the fetus plasma and organs concentrations at the different gestational period.
	Figure 4. Observed vs predicted mother plasma and fetus plasma of volunteer participated in �Schönfelder et al. (2002)� study for 32 to 41week of GA; box plot containing mean (red diamond), median (horizontal line of boxplot), highest (upper bar of boxplot), lowest (lower bar of boxplot) value and observed value marked as green star.
	
	Figure 5. Predicted mother plasma and fetus plasma for low dose scenario, estimated from the Ikezuki et al. (2002) mother plasma concentration, for 32 to 41 week of GA; box plot containing mean (red diamond), median (horizontal line of boxplot), highest (upper bar of boxplot), and lowest (lower bar of boxplot) value.
	Figure 6. Observed vs predicted placenta and fetal liver for higher exposure scenario for 11 to 22 week of GA; box plot containing mean (red diamond), median (horizontal line of boxplot), highest (upper bar of boxplot), lowest (lower bar of boxplot) and observed value �(Zhang et al., 2011)� marked as green star.
	
	Figure 8. Simulated mean ± SD of BPA for two exposure scenario (high and low dose) for the period of 32-40 GA and the observed mean± SD of BPA in different studies for both mother and fetus BPA plasma concentration.
	4. Discussions
	The present study involved development and validation of the adult PBPK model and then an extension of this model to the pregnant mother to predict the toxicokinetic profile of BPA for both mother and fetus organs. Following the same parameterization of the previously developed model �(Yang et al., 2015)�, in the present study, it was observed that results under predicts the free BPA and BPAS in plasma serum. The reason behind this could be the low absorption rate constant for free BPA, which leads to higher concentration available in the gut for the metabolism. The present adult model was slightly modified optimizing absorption rate constant and then the model was validated against the �Thayer et al., (2015)� human experimental data. For the validation of the adult model, only female subjects were taken into consideration and the simulation for the individual subjects was done considering their physiological parameters such as body weight and body mass index. The adult pharmacokinetic results have shown that BPA has very fast absorption and elimination process �(Schönfelder et al., 2002)� as it undergoes first pass metabolism and rapidly converted into more polar compounds (glucuronide conjugates). Due to high metabolic activity for BPA, even higher or multiple doses has very less effect on time-concentration curve characteristic. However, variability in the BPA plasma concentration with respect to the time-concentration curve is much higher than inter-individual variation among subjects, showed plasma concentration is not only sensitive to dose but to time as well. The sudden drop in BPA concentration at peak is due to its higher metabolism rate, making a very sharp curve, which can be considered as benchmark characteristics of BPA. Even within a small fraction of the time, a large difference in BPA concentration was observed in this study. There were no significant changes in BPA plasma concentration observed among subjects, even individual fat content, calculated from body weight and BMI, has very little or no impact on plasma concentration. Although, some study has shown the genetic and gender variability in metabolism among the population �(Hanioka et al., 2011)�. It has been reported that the concentration of BPA varies among different population cohorts such as male and female, pregnant and non-pregnant, adult, neonates, and children �(Kim et al., 2003; Calafat et al., 2005; Vandenberg et al., 2010; Zhang et al., 2013; Aris, 2014)�. Polymorphism has been found to be one of the important factors in metabolic variability �(Trdan Lusin et al., 2012)�. However, there are very few data available on functional polymorphism among the population causing metabolic differences in BPA metabolism. �(Hanioka et al., 2011)�. In the present study, polymorphism variability has not been accounted, however, it cannot be ruled out. Further, the variation in biomonitoring data shows the need for considering different physiological states into the PBPK models. Some specific physiological parameter such as body weight, height, and dynamic physiological changes in the specific population such as pregnancy and fetus were accounted to capture variability. A number of P-PBPK models have been developed for various environmental chemicals in the past for the risk assessment application�(O’Flaherty et al., 1992; Gentry et al., 2003, 2002; Loccisano et al., 2013���) . Similar approach has been taken for the current P-PBPK model. However, in the current model approach, the model has included detailed chemical metabolism concept in both mother and fetus considering their dynamic growth parameters in order to mimic the real physiological process during gestational period.
	The observed concentration in different cohorts during pregnancy was used for model evaluation. For instance, maternal blood concentration during pregnancy or at the delivery time was used for exposure estimation accounting both dermal and oral exposure. In the development of P-PBPK model, pregnancy growth dynamic equations were implemented into the model that mimics the physiology of pregnant mother, and the inclusion of the fetus compartment and its communication with the mother was done via placenta blood flow. The metabolism of the BPA in placenta and fetus liver is found to be key parameters for the understanding of fetal exposure to parent BPA. The human hepatocyte in-vitro data was scaled to calculate the fetus liver metabolic activity. For the scaling of Vmax, the reported fetus microsomal protein content was used in place of adult microsomal content. The deglucuronidation process for the fetus liver and amniotic fluid was applied into plasma compartment for the simplification of the model. The P-PBPK model predictions were compared with different sets of the BPA biomonitoring data available in the literature. Simulation-matched study designs were used based on information in the original studies.
	In order to predict the BPA concentration in fetus plasma for various population studies, observed maternal BPA plasma concentration during pregnancy was used for exposure estimation accounting both dermal and oral exposure. The predicted exposure concentrations for two scenarios (high and low mother plasma concentration considering Schönfelder et al., (2002) and Ikezuki et al. (2002) studies respectively), were chosen and seems to be significantly higher than the generally estimated exposure. A similar observation about predicted and observed concentrations of these two references (Schönfelder et al., (2002) and Ikezuki et al. (2002)) were made in previous studies (�Mielke and Gundert-Remy, 2009�; Mielke and Gundert-Remy, 2012). The exposure scenarios used in this study are: high dose scenario with 44µg/kg/BW thrice in a day (TID) oral dose and 20µg/kg/BW single dermal exposure and, low dose scenario with 20µg/kg/BW (TID) thrice in a day (TID) oral dose and 9µg/kg/BW single dermal exposure. A similar exposure dose was previously estimated by Mielke et al., (2011). However, in this study, the estimated dose is lower, given the fact that single oral dose was equally divided into three doses and lag time for dermal dose was included. The simulated results for mother and fetus plasma concentration for two exposure scenario showing median, mean, high and low value for each gestational week were presented in Figure 4 and 5. Most of the biomonitoring observed data are within the simulated results represented in Figure 8. Limited data availability for each gestational week is one of the limitations of the model validation. However, in some cases, fetus plasma of BPA was much higher (Figure 4), which might be explained by gender difference observed previously (Schönfelder et al., 2002), which was not included in the present model. Considering the mean value for each simulated week shown in Figure 4 and 5, fetus BPA mean concentration value is higher than the BPA in mother plasma, which could be explained by the fact that the elimination process in the fetus is not so effective and solely depends on diffusion of chemical back to mother plasma via placenta or to amniotic fluid. Additionally, the model predicted the Cmax and Cmin relatively higher value for the mother plasma than the fetus plasma concentration.
	Detailed biomonitoring sample of liver and placenta during 11 to 20 weeks of gestational has been reported �(Zhang et al., 2011)�. It was observed that after the 17th week of gestational, free BPA concentration starts to decrease and appearance of BPAG in the liver, showing the development of the metabolic capacity of the fetus at this stage. To mimic this condition, metabolic activity in fetus liver and placenta was introduced at 17th gestational week. The simulated results for both fetus liver and placenta during mid-gestational were compared with the biomonitoring study of � Zhang et al. (2011)� (Figure 6). However, some observed data points were below the range of predicted value. An increase in metabolic capacity was observed with the increase in liver weight during the gestational development, which could explain the result of decreasing free BPA concentration.
	The recent biomonitoring data by �Aris, (2014)� showed that BPA exposure to the fetus during the mid- gestational is very high ranging from LOD to 229 nM. This biomonitoring data shows that mid-gestational is a very critical window of exposure to the fetus. The developed P-PBPK model has also shown the higher BPA value during mid-gestational weeks compared to near term or at delivery. The reason of relatively higher exposure could be the fetus volume, which is very less at mid-gestational, and also the metabolic capacity, which is presumably active after the 18th week of gestational.
	The simulation of the model for BPA concentration in amniotic fluid during mid-gestation (Figure 7) to near term showed the increasing concentration of the BPA with an increase in the gestational period. The BPA concentration increased until mid-gestational and then slowly started to decrease reaching to almost one and a half fold less than the observed mother plasma concentration. The predicted results are in agreement with observed data of Ikezuki et al., (2002), and have a linear relation with gestational time (less fluctuation in BPA concentration) suggesting amniotic fluid BPA concentration as a good biomarker for identifying the critical window of exposure to the fetus. The prediction of the concentration of free BPA in amniotic fluid was slightly less than reported biomonitoring data observed in late gestational. This could be due to the prediction of slightly high amniotic fluid volume than normally observed in the late gestational period. Factors such as local deconjugation in placenta, the lipophilicity of chemical, relatively higher deconjugation than conjugation in the fetal compartment can affect the propensity for chemicals to reach a higher concentration in the fetal compartment �(Nachman et al., 2014)�.
	The developed P-PBPK model is in concordance with biomonitoring data and showed that BPA readily transferred to fetal serum and amniotic fluid after mother’s exposure. Even, fast metabolism and rapid excretion of BPA and BPA-C are unable to prevent the BPA fetal exposure. The transfer rates of BPA from the placenta to the fetal compartment varied considerably. Deconjugation in placenta and fetus body is of major concern at early fetal life, where metabolism capacity is low, causing an increased level of unconjugated BPA in the fetus. Importantly, free BPA in the fetal compartment are more in steady state and persists even as the maternal level of BPA declines. The consideration of mechanistic approach such as dynamic growth parameters and their governing equations, and model structure could be useful for the development of P-PBPK model for different chemicals.
	5. Conclusion
	Figure 4. Observed vs predicted mother plasma and fetus plasma of volunteer participated in �Schönfelder et al. (2002)� study for 32 to 41th week of GA; box plot containing mean (red diamond), median (horizontal line of boxplot), highest (upper bar of boxplot), lowest (lower bar of boxplot) value and observed value marked as black star.
	Figure 5. Predicted mother plasma and fetus plasma for low dose scenario, estimated from the Ikezuki et al. (2002) mother plasma concentration, for 32 to 41th week of GA; box plot containing mean (red diamond), median (horizontal line of boxplot), highest (upper bar of boxplot), and lowest (lower bar of boxplot) value.
	Figure 6. Observed vs predicted placenta and fetal liver for higher exposure scenario for 11 to 22nd week of GA; box plot containing mean (red diamond), median (horizontal line of boxplot), highest (upper bar of boxplot), lowest (lower bar of boxplot) and observed value �(Zhang et al., 2011)� marked as green star.

