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ARTICLE INFO ABSTRACT

Keywords: Bisphenol A (BPA) is a widely known endocrine disruptor (ED) found in many children’s products such as toys,
Pediatric PBPK feeding utensils, and teething rings. Recent epidemiology association studies have shown postnatal BPA exposure
Pharmacokinetic

Sex-specific risk
Children cohort
Endocrine disruptor

resulted in developing various diseases such as diabetes, obesity, and neurodegeneration, etc., later in their lives.
However, little is known about its sex-specific metabolism and consequently internal exposure. The aim of this
study was to develop a sex-specific pediatric physiologically based pharmacokinetic model (PBPK) for BPA to

Bisphenol A compare their toxicokinetic differences. First, the published adult PBPK model was re-validated, and then this
model was extended by interpolation to incorporate pediatric sex specific physiological and biochemical pa-
rameters. We used both the classical body weight and ontogeny-based scaling approach to interpolate the
metabolic process. Then, the pharmacokinetic attributes of the models using the two-scaling approach mentioned
above were compared with adult model. Further, a sex-specific PBPK model with an ontogeny scaling approach
was preferred to evaluate the pharmacokinetic differences. Moreover, this model was used to reconstruct the BPA
exposure from two cohorts (Helix and PBAT Cohort) from 7 EU countries. The half-life of BPA was found to be
almost the same in boys and girls at the same exposure levels. Our model estimated BPA children’s exposure to be
about 1500 times higher than the tolerable daily intake (TDI) recently set by European Food Safety Authority
(EFSA) i.e., 0.04 ng/kg BW/day. The model demonstrated feasibility of extending the adult PBPK to sex-specific

pediatric, thus investigate a gender-specific health risk assessment.

food, beverage containers, thermal receipts, medical devices, canned

1. Introduction

food, and sealant, with detectable levels occurring in urine worldwide

(Harley et al., 2013; Braun and Hauser, 2011; Bushnik et al., 2010).

Humans are being exposed to the bisphenol A (BPA) through plastic

Several human studies have reported BPA exposure is associated with
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the adverse health outcomes, particularly at young age (Nalbantoglu
et al.,, 2021; Healy et al., 2015; Eng et al., 2013). Since BPA has an
endocrinological activity and can mimic the hormones like estrogen,
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PBPK model is widely used for tissue dosimetry based risk assessment
and is recommended for the toxicity testing in the field of the environ-
mental chemicals (Laroche et al., 2018; Schuhmacher et al., 2014;

List of abbreviations

BPA Bisphenol A

ED Endocrine Disruptor

PBPK Physiologically Based Pharmacokinetic Model
TDI Total Daily Intake

t1/2 Half-life

UGT Uridine diphosphate glucuronosyltransferases
SULT Sulfotransferase

EFSA European Food Safety Authority

AUC Area under curve

MRT Mean residence time

F Bioavailability

BW Body weight

SF Scaling Factor

GEC Gastric emptying rate constant
LN Log normal

IVIVE In-vitro to in-vivo extrapolation

Cmax Maximum Concentration

ke Elimination rate constant
HBM4EU Human Biomonitoring for EU
MCMC Markov Chain Monte Carlo
SA Sensitivity Analysis

ODE Ordinary differential equation
BPAG BPA glucuronide

BPAS BPA sulfate

hormone-regulated pathways are disrupted, affecting normal growth
and development (Martinez et al., 2020; Ohore and Zhang, 2019). BPA
exposure during childhood has been linked to altered neurodevelopment
(Roen et al., 2015), obesity, precocious diabetes, asthma, immunity
impairment, and metabolic disorders, among others (Deepika et al.,
2020; Ohore and Zhang, 2019; Braun and Hauser, 2011).

BPA has a short half-life (approximately 4-6 h) in adult humans
(Sasso et al., 2020; Volkel et al., 2005; Tsukioka et al., 2004) with
chronic exposure due to its presence in everyday products (Li et al.,
2016). BPA is metabolized in the liver and intestine into two major
metabolites, BPA glucuronide (BPAG) and BPA sulfate (BPAS) (Karrer
et al., 2018). The formation of BPAG is majorly regulated by the
UGT2B15, a uridine diphosphate glucuronosyltransferases enzyme
(UGTs), and BPAS is controlled by the SULT1Al, a sulfotransferase
enzyme (SULT) (Neumann et al., 2016). The levels of these hepatic
enzymes are different in children than in adults, leading to differences in
the extent of the metabolism process (Karrer et al., 2018). In addition,
the pediatric population is more susceptible to BPA exposure and asso-
ciated health risk than adults (Bushnik et al., 2010; Lv et al., 2016;
Shelby, 2008; Stahlhut et al., 2009). Moreover, several studies have
shown that there are gender differences in BPA exposure and its adverse
effects (Kim et al., 2003; Takeuchi and Tsutsumi, 2002). For example,
BPA exposure in utero was associated with an alteration in the timing of
pubertal development (Kasper-Sonnenberg et al., 2017; Miao et al.,
2017) and neurotoxicity like autism spectrum disorder only in girls
(Hansen et al., 2021). Toxicokinetic differences may exist based on sex
due to differences in metabolism (enzyme abundance), absorption ki-
netics (lower body-weight, low blood flow, less plasma volumes), and
the physiological changes (Schwartz, 2003). A study by Caporossi and
Papaleo (2015) investigated about different impact of BPA in males and
females and concluded that toxicology should be assessed considering
the sex differences in BPA. Gender differences in BPA toxicokinetic and
exposure can be further explored using a physiologically based phar-
macokinetic model (PBPK). The tolerable daily intake (TDI) for BPA was
set by EFSA (European Food Safety Authority) based on adverse effects
on the immune system. EFSA lowered the TDI from 4 pg/kg BW/day
(temporary-TDI) in 2015 to 0.04 ng (ng) per kilogram body weight
(BW), taking into account BPA adverse effects (Bisphenol A: EFSA draft
opinion proposes lowering the tolerable daily intake 2021). Neverthe-
less, the question remains whether the TDI should be the same for the
adult and pediatric populations. Another debatable aspect is whether
there should be a separate TDI for boys and girls? To address this, PBPK
model that incorporates the age and gender related change in BPA ki-
netics can be utilized.

Sharma et al., 2017, 2018a; Wagner et al., 2015). PBPK models have
been developed for BPA in monkeys, adults (Fisher et al., 2011; Tee-
guarden et al., 2005), pregnant females (Sharma et al., 2018b), and
generic model from infants to 25 years (Karrer et al., 2018). However, to
the best of our knowledge, there are limited PBPK models for BPA that
capture the pharmacokinetics and sex differences in growing age chil-
dren and evaluates health risk. The overall objective of the work is to
develop a sex specific pediatric PBPK model for BPA to evaluate the
toxicokinetics. The four sub-objectives include: 1) To first extrapolate
the adult model based on ontogeny and body-weight scaling for the
pediatric population. Further, changes in the biochemical parameters
(absorption, distribution and elimination) and sex were incorporated to
improve the sex-specific predictive property of the PBPK model. 2) A
dosimetry risk assessment was conducted to evaluate exposure in boys
and girls. 3) The model was used to compare the changes in pharma-
cokinetic properties of BPA in children (both boys and girls) with those
in adults, suggesting the need for the pediatric PBPK model to improve
risk assessment. 4) A sensitivity analysis was conducted to identify the
parameters that influence the outcomes when comparing both genders.
Pediatric PBPK model can be a valuable tool for predicting target tissue
concentration and pharmacokinetic especially where no or sparse data is
available. Also, they can aid regulatory bodies for improving decision
making regarding environmental chemicals.

2. Methodology
2.1. Adult PBPK model

The pediatric PBPK model with eight compartments was adapted
from Sharma et al. (2018a) (Fig. 1). It consists of the following com-
partments: gut, liver, brain, adipose tissue, kidney, skin, gonads, and rest
of the body to describe the kinetics of free BPA and its metabolites
(BPAG & BPAS). In the article, total BPA means both free and conjugated
whereas free BPA means only the BPA. Biochemical parameters related
to partition coefficient and scaling factors have been mentioned in
Table 1 whereas other parameters are mentioned in supp file (Table S1).
The original fitted adult PBPK model was refined by incorporating dy-
namic physiological equations published by our group (Deepika et al.,
2021). In this model uncertainty was included and monte carlo simu-
lation was performed (Table 1). Physiological equations were provided
in the supplementary file (eqs. S1-S23). Then, this model was validated
with the human data from Thayer et al. (2015). In the human experi-
mental study, 12 healthy volunteers were administrated a single oral
dose of 100 pg/kg BW/day of deuterated BPA (d6-BPA). Blood and urine
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Fig. 1. Physiologically Based Pharmacokinetic (PBPK) Model for Bisphenol A
(BPA) in human. Two types of liver and gut enzymes are involved in meta-
bolism of BPA: Isoform of UGT2B15 responsible for glucuronidation (BPAG)
and SULT1A1 for sulfation (BPAS). Metabolites are rapidly excreted in urine
from human body. UGT stands for uridine diphosphate-glucouronosyl trans-
ferase, and SULT for the sulfotransferase.

samples were analyzed for free BPA and its metabolites. After validating
the adult model, the same model was adapted for the pediatric popu-
lation (age 6-12 years). The model was coded in R program version
1.3.1093 with MCSIM version 6.2.0 (Bois, 2009).

2.2. Development of pediatric PBPK model

Dynamic growth was considered for the organs based on the chil-
dren’s body-weight, height, and surface area. These equations were
provided in supp file (Eqs. S1-523), detailed information on equations
can be found in the original article published by our group (Deepika
et al., 2021). For the biochemical changes, the partition coefficient is
provided in Table 1 (Csanady et al., 2002; Doerge et al., 2011; Fisher
et al.,, 2011; Sharma et al., 2018b). The rate of reaction for glucur-
onidation and sulfation was derived using the in-vitro to in-vivo
extrapolation (IVIVE) scaling approach for adults based on Eq. (1). In
Eq. (1), MPPGL refers to microsomal protein per gm of the liver. The BPA
metabolism was modeled using the non-linear kinetics based on
Michaelis-Menten provided in Eq. (2). V represents the measured ve-
locity of enzyme-catalyzed reaction, S represents substrate concentra-
tion here it is BPA, Vax represents maximum reaction velocity per hr for
whole body (nM/hr), and K, (nM) is Michaelis Menten constant (Eq
(2)). Based on Eq. (1), Vmax values for glucuronidation and sulfation
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Table 1

Partition Coefficient for tissue to plasma and other parameters and their statis-
tical distribution used in PBPK Model for BPA for adult and children. First value
in bracket is the mean and second value is standard deviation in LN space. All the
parameters were same for adult and children except for parameters with * and .

Parameter Value Reference
(Distribution)
Molecular Weight 228.29 (Sharma et al., 2018b)
(g/mol)
GEC (hr 1) 3.5 (Sharma et al., 2018b)
Vmax gluC” 707,537 (Sharma et al., 2018b)
kmliver_glu (nM) 45,800 (Sharma et al., 2018b)
Vmax SulfC* 11,657 (Sharma et al., 2018b)
kmliver_sulf (nM) 10,100 (Sharma et al., 2018b)
SFucranis’ 0.67 (Ladumor et al., 2019) ©
SFsurriar” 1.25 (Ladumor et al., 2019) ©
Liver: Plasma LN (0.73,1.1) (Doerge et al., 2011; Fisher et al., 2011;
Karrer et al., 2018; Sharma et al., 2018b)
Brain: Plasma LN (2.8, 1.1) (Doerge et al., 2011; Fisher et al., 2011;

Karrer et al., 2018; Sharma et al., 2018b)
(Csanady et al., 2002; Doerge et al., 2011;
Fisher et al., 2011; Karrer et al., 2018;
Sharma et al., 2018b)

Kidney: Plasma LN (0.858, 1.1)

Adipose Tissue: LN (5.0, 1.1) (Doerge et al., 2011; Fisher et al., 2011;
Plasma Karrer et al., 2018; Sharma et al., 2018b)
Skin: Plasma LN (5.7, 1.1) (Doerge et al., 2011; Fisher et al., 2011;
Karrer et al., 2018; Sharma et al., 2018b)
Gonads: Plasma LN (2.6, 1.1) (Sharma et al., 2018b)

# Vmax gluC represents glucuronidation of BPA in liver (nm/h/BW) and Vmax
SulfC represents sulfation of BPA in liver (nm/h/BW).

Y SF represents scaling factor calculated in children based on ontogeny
changes by Ladumor et al. (2019). GEC: Gastric emptying rate constant. LN
refers to log normal.

have been calculated as provided in Table 1.

(Vmaxgu—io) *MPPGL* Vliver)

Vmaxiver) = BWOT (€8]
VnaxS]
Ve 2
K +18] @

Body-weight (Eq (3)) and ontogeny scaling (Eq. (4)) were used to
interpolate the metabolic process from adults. Based on the observation
reported by Ladumor et al. (2019), a higher fractional contribution of
sulfation process over glucuronidation was considered in children
metabolizing BPA (Ladumor et al., 2019). In the ontogeny-based model,
we integrated this information by using a scaling factor (SFchildren) for
the known enzymes involved in BPA metabolism calculated by Ladumor
et al. (2019), which for children was 1.25 for SULT1A1 and 0.67 for
UGT2B15 using Eq. (4) relative to adult for V.. It was calculated based
on selective quantitative proteomic analysis of UGTs in the human liver
samples from 137 pediatric and 37 adult samples and studying SULT1A1
by a robust LC-MS/MS proteomics methodology by Ladumor et al.
(2019).

Adjusted Vo = Viavadu “BW*" @)

AdjuSIEd VmaxZ = Vmaxadult*Sth[Idren (4)

Here, Adjusted Vmax2 is Vmax of children based on ontogeny scaling
(nM/hr), Viaxadult refers to maximum rate of reaction in adults (nM/hr)
and SFchildren refers to scaling factor based on age dependent enzyme
abundance.

2.3. Pharmacokinetic analysis for pediatric and adult PBPK

The pediatric PBPK model was used to compare the simulated
pharmacokinetic parameters in adults and children from both the
scaling techniques. Predicted plasma concentration-time data was used
to calculate the maximum concentration (Cmax, nM), and AUCg.o4
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(nM*h) using trapezoidal rule (eq. five). The half-life (t;/, hr) was
calculated using elimination rate constant (Ke, hr!) based on Eq. (6).
Bioavailability (F) is the percentage of free BPA that reaches the sys-
temic circulation and is calculated based on Eq. (7). For calculating F,
both oral and IV exposure was simulated at the dose of 1 pg/kg BW/day.
Mean Residence time (MRT, hr) was defined by the average time a
molecule stays in the body (Eq. (8)). In Eq. (8), AUMC represents (Area
under the first moment curve), c represents the concentration of
chemical in the plasma, and t represents the time.

[

AUCy_» = / C*dt %)
11
In(2
typ= r;(( ) (6)
el

F= A Ucﬂml *DOSKIV

= 7
Dose,y AUCy 2

AUMC _ t¥c(r)
AUC (1)

MRT = (8)

AUC: area under curve, t: time, c: concentration, t;/o: half-life, In:
logarithmic, K¢j: elimination rate constant, AUCpy: area under curve
from intravenous exposure, MRT: mean residence time, and AUMC: area
under first moment time curve.

2.4. Ontogeny based pediatric PBPK model based on sex

After developing the pediatric PBPK Model for boys, the same model
was further refined for girls. The physiological parameters were changed
based on dynamic equations (mentioned in supp file, Eqgs. S1-S20). In
biochemical parameters, only metabolic parameters were changed
keeping rest of the parameters similar to the adult model. The metabolic
sex differences present in girls, can be understood by changes in Phase II
metabolism, especially UGTs and SULTs. For instance, a study by Gal-
lagher et al., 2010 took human liver specimens (n = 103) and analyzed
mRNA expression of seven UGT2B genes in males and females. Some
UGT genes like UGT2B7, UGT2B15, were expressed more in men with
other UGTs expressed significantly in females. UGT2B7 and UGT2B15
are mainly responsible for the glucuronidation of BPA in human beings
(Gallagher et al., 2010). For SULT enzymes, the SULT1A1l expression
varies among sexes and also by season as studied by several authors
(Nowell and Falany, 2006; Marazziti et al., 1998). Based on literature
evidence, it was observed that glucuronidation could be higher in boys
and sulfation in girls (Gallagher et al., 2010; Kim et al., 2003; Kur-
ebayashi, 2003; Neumann et al., 2016). Taking these evidences into
account, scaling factor was set for girls (Table 1 supp. File). Further,
pharmacokinetic parameters (Bioavailability, MRT, AUC and half-life)
were calculated similarly as mentioned before in Section 2.3. These
pharmacokinetic parameters calculated by ontogeny-based girls PBPK
model was compared with ontogeny-based boys PBPK model.

2.5. Exposure reconstruction using child cohorts

Reverse dosimetry computes the external exposure from internal
organ/plasma concentration or biomarker level in urine (Lin et al.,
2020). In this study, the PBPK model was used to reconstruct daily
exposure from two cohorts. The HELIX (Human Early-Life Exposome,
http://www.projecthelix.eu/es) cohorts include 6 population-based
birth cohorts in Europe (Spain, France, Greece, UK, Norway, and
Lithuania). Details about this cohort can be found here (Maitre et al.,
2018; Magnus et al., 2016; Vrijheid, 2013). From this cohort, the data of
children were used for the present study, which was collected from 1999
to 2010. Measured BPA concentrations were extracted for 1357 children
(753 boys and 604 girls) at 6-11 years of age after excluding outliers. For
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the two cohorts, only data for BPA levels in urine was available. There
was no data available for BPA level in blood of the children. Total BPA
(conjugated and free) was determined in a pool of equal amounts of two
spot urine samples collected at bedtime and in the morning. Creatinine
concentration was measured for all urinary samples to conduct adjust-
ment with respect to urinary dilutions. Details of the analytical pro-
cedure can be found elsewhere (Tamayo-Uria et al., 2019; Haug et al.,
2018). BPA urinary concentrations, and the child’s weight and height
measured using regularly calibrated instruments (Maitre et al., 2018),
were considered for reverse dosimetry in the PBPK Model. The other
cohort used was the Austrian PBAT cohort in which data was collected
from 2010 to 2012, that is part of the Human Biomonitoring for EU
(HBM4EU) project. Aggregate data from this cohort was available for
boys and girls aged 6-10 years (n = 253, 138 boys and 115 girls) and
was downloaded from the website and further used for reconstructing
the exposure from total BPA (HBM4EU, 2021).

For calculating cumulative urine, Eq. (9) was considered which
include spot urine, spot creatinine, and total urinary creatinine. Value
for total urinary creatinine was obtained from the article published by
Remer et al. (2002) in which the author has calculated the values based
on sex, body weight and the height of children. Reconstructed exposure
(pg/kg BW/day) was calculated using the Markov Chain Monte Carlo
(MCMC) simulation considering cumulative urine. Oral dose was
considered as a parameter to be estimated by the model and it was
randomly distributed using uniform distribution. Total BPA urine con-
centration was used as a likelihood parameter that follows a normal
distribution with 10 percent variation (Table S3 supp file). Individual
simulation was run for each child considering their specific BW, height,
sex information, and cohorts’ urine concentration (total number of
participants: 1359). Then, from the individual output, which is the
reconstructed exposure, median, 5th and 95th percentiles value was
calculated separately for boys and girls in case of Helix cohort. For the
PBAT cohort, since there was no individual data, the variation in 24-h
urinary creatinine was taken for capturing the distribution (B: 4.47 +
0.092 mmol/d, g: 5.04 + 1.22 mmol/d) (Remer et al., 2002). The
reconstructed exposure for both boys and girls was compared with TDI
set by EFSA for BPA. The simulation was performed using the MCSIM
version 6.2.0. Correlation between data (experimental data point) and
predicted was checked by calculating r? for all the individual
simulations.

Spot Urine

Cumulative Urine = *Total Urinary Creatinine 9

Spot Creatinine
2.6. Sensitivity analysis

We performed the sensitivity analysis for both boys and girls PBPK
model using the R package FME. FME package allows to run the complex
model containing ODE (ordinary differential equation), producing
output as a function of input parameter (Soetaert and Petzoldt, 2010).
This package allows for varying the input parameter by 1% up and
down, keeping all other parameters constant. In FME, the sensitivity
matrix contains dimensionless sensitivity of the parameter to the model
output whose (i,j)th element S;j contains:
dy: _ w6

= 10
6@/ wy; ( )

Here, y; is the output variable, ©j is the parameter, wyj is the scaling
of variable y; which is usually equal to its value and w@; is thr scaling of
variable j which is usually equal to parameter value. Also, the parame-
ters can be ranked based on importance of the parameter for the output
variable. The higher is the absolute sensitivity value, the higher will be
the ranking.
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3. Results
3.1. Age dynamic based adult PBPK model showed good accuracy

The refined adult PBPK model predictions of free BPA and its
metabolite concentration in plasma were compared with plasma data
from the 12 healthy volunteers after a single oral administration, ob-
tained from Thayer et al. (2015) (see Supp Fig. S8). The predictive ac-
curacy of the model was calculated by the Pearson correlation, which
showed that the simulated data fits well with the observed data, within a
2-fold deviation from observed values with r value > 0.95 and p value
less than 0.05 (Supp file, Fig. S9).

3.2. An ontogeny scaling based pediatric PBPK model showed the critical
differences in pharmacokinetic characteristics vs classical body-weight
scaling

Pharmacokinetic parameters were calculated and compared with the
adult PBPK and the two different pediatric PBPK models: 1) the classical
body-weight scaling and 2) the ontogeny scaling. The plasma concen-
tration of free BPA for the same amount of exposure was comparatively
higher in children with ontogeny scaling than in adults, and however,
the body-weight-based scaling predicted free BPA for the same amount
of exposure almost as much as in adults (Fig. S10 in supplementary file).
However, BPAG plasma concentration were almost similar in the adult
and two pediatric models but BPAS plasma concentration was

A. 100-

7.51

Half-life (hours)
o
O

0.0-

Braln Fa(
Organ

C.

Plasma leer Kldney Skm

Value

Bioavailability

Gonads

Environmental Research 215 (2022) 114074

significantly higher in children with ontogeny-based scaling than with
body-weight based scaling and the adult PBPK model (Supplementary
Fig. S10). Fig. 2 showed pharmacokinetic parameters like AUC, t; 2,
bioavailability, and MRT for free BPA for different organs. The trend for
half-life was adult > pediatric PBPK with ontogeny scaling > pediatric
PBPK with body-weight scaling. An increased terminal half-life was seen
in gonads compared to other organs for both children and adults (t;,2 =
6-9 h in gonads, t;,2 = 4.5-6 h for plasma) (Fig. 2 A). The AUC for
ontogeny was highest followed by adult and body-weight scaling in all
the organs (Fig. 2B): in case of plasma, the AUC for ontogeny based
pediatric model was approximately 17% higher, and the classical body-
weight-based model was approximately 13% lower than the adult model
(Fig. 2B). Bioavailability was also high in children with ontogeny scaling
followed by body-weight and adult model (Fig. 2C), but mean residence
time was highest in adults compared to children (Fig. 2C). Overall, the
pediatric PBPK model based on ontogeny showed the critical differences
in pharmacokinetic of short-acting chemical (BPA), which could not
have been explained by simply considering the body-weight-based
scaling.

3.3. Impact of sex difference on pharmacokinetics characteristic

Further, the ontogeny-based PBPK model for boys and girl (UGT,
SULT, and physiology changes) was taken for sex-specific differences in
pharmacokinetics for similar exposure. Plasma concentration of free
BPA was higher in girls than boys (Supplementary Fig. S11).

Kldney SKln

AUC
°
3

Gonads

Braln Fat
Organ

Plasma Lrver

age
Child_BW
Child_Ont
Adult

MRT
Parameter

Fig. 2. Comparison for different pharmacokinetic parameters in children (based on body-weight and ontogeny scaling) and adults at the dose of 1 ug/kg BW/day. 3
A. represents half-life (t;,,) for different organs, B. represents area under curve (AUC) for 7 organs (plasma, liver, brain, fat, kidney, skin and gonads), and C.
represents bioavailability (F) and mean residence time (MRT) for free BPA in children and adult. Bioavailability (F) is in % and MRT is in hours in Fig. 2C.
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Glucuronidation of BPA was slightly higher in boys, however sulfation
was comparatively more in girls (Supplementary Fig. S11). Free BPA
half-life was almost similar in boys and girls (girls, t; /2 = 4.38 h vs. boys,
t1/2 = 4.63 h) in plasma and all other organs (Fig. 3). The trend followed
by half-life was gonads > fat > kidney > liver > plasma > brain > skin.
The mean residence time was slightly higher in boys, but bioavailability
and AUC were found to be slightly more in girls (Supplementary
Figs. S12 and S13).

3.4. Daily exposure in boys and girls: reverse dosimetry

The ontogeny-based gender-specific PBPK model was used to
calculate daily exposure to total BPA for both the boys and girls. Fig. 4
represents the daily dose calculated from the HELIX and the PBAT co-
horts for different countries in Europe. Exposure was found to be a little
higher in girls than boys for all countries except Greece and Norway. The
median daily intake was lowest in France (girls: 0.045, boys: 0.040 pg/
kg BW/day) and highest in Austria (girls: 0.254, boys: 0.218 pug/kg BW/
day). Average daily intake estimates for all the cohorts ranged from
0.0138 to 0.294 (P5:P95) with a median of 0.0723 pg/kg BW/day. The
P95 value was approximately thirteen times lower than the temporary
total daily intake (t-TDI) set by EFSA in 2015, which was 4 pg/kg BW/
day (EFSA Panel on Food Contact Materials Flavourings and Processing
Aids (CEF) 2015). In 2021, EFSA drastically decreased the TDI for BPA to
0.04 ng/kg BW/day recently opened for comments. Now, median value
of daily intake is comparatively 1500 times higher than recent TDI
established by EFSA (Bisphenol A: EFSA draft opinion proposes lowering
the tolerable daily intake 2021). For the model verification we again
checked the model with forward dosimetry taking the predicted recon-
structed exposure as an input and simulated the total cumulative urine
and compared with the cohort data. Correlation was checked by calcu-
lating the r2, which was found to be 0.95 (Fig. S15, Supp file).

3.5. Sensitivity analysis

Sensitivity analysis has been carried out for all the biochemical pa-
rameters used for developing the pediatric PBPK Model for both boys
and girls. Table S4 (Supp file) represents the statistics of parameter
sensitivity results along with ranking. Ranking for sensitivity varies in
boys and girls for many parameters like conjugation, fat and gonads
partition coefficient etc. but the mean value for the parameters was quite
similar. Fig. 5 represents the mean sensitivity coefficient for boys and
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girls respectively. Liver_plasma partition coefficient is highly sensitive
for both sex with a sensitivity coefficient of —1 suggesting that 10%
increase in the partition may reduce the plasma concentration by 10%.
Fat_plasma partition coefficient is more sensitive in girls than boys. The
mean sensitivity coefficient of Vmax is negative, and Km is positive for
both sexes, implicating both the parameters have opposite impact on the
output plasma concentration.

4. Discussion

This study was the first to investigate the pharmacokinetic differ-
ences between pediatric population considering sex differences with
different scaling approaches and adults using the PBPK model for BPA.
The development of pediatric PBPK model based on adult model
considering 2 approaches: 1) body-weight scaling and 2) ontogeny
Scaling. In the present study, data from two different cohort studies was
taken and used to estimate daily exposure for boys and girls. Overall, the
pediatric PBPK model with ontogeny scaling greatly improves the un-
derstanding of toxicokinetic and risk assessment for short-acting mole-
cules like BPA based on sex and age.

The adult model was validated and then extrapolated for the pedi-
atric population following the classical approach of building PBPK.
Overall, free BPA metabolizes and eliminates faster in adults as
increased levels of BPAS and BPAG were seen. Individual adult PBPK
simulations showed not much difference in plasma time profile of free
BPA, indicating physiological parameters have little impact on BPA
elimination. However, for two subjects, the data did not fit well which
could be explained by enzymatic polymorphism leading to high vari-
ability of the glucuronidation and sulfation metabolic processes (Skledar
et al.,, 2015; Hanioka et al., 2008). It can be overcome by optimizing the
excretion rate for metabolites for those individuals, but this was outside
the scope of this paper.

In the pediatric PBPK model, AUC for plasma and all other organs
was higher in ontogeny-based scaling representing the underestimation
of risk from short-acting chemicals in the case of children with body
weight-based scaling. A higher AUC of the free BPA indicates higher
systemic exposure to the chemical and comparatively lower metabolism.
As mentioned already in the methodology that glucuronidation is lower
in children, and sulfation is comparatively higher in children than
adults, but the important point is glucuronidation is the major metabolic
pathway for BPA (Karrer et al., 2018), which may be responsible for
higher AUC in children. Overall, the model indicated that the

4 Sex
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2-
0-

Kidney Skin Gonads

Fig. 3. Half-life for boys and girls based on ontogeny scaling PBPK Model at the dose of 1 pg/kg BW/day.



D. Deepika et al.

Environmental Research 215 (2022) 114074

Austria® France Greece
0.20- * 0.6- .
0- ' $
0.30 . .
0.15- s
* L
0.4-
‘ .
0.25- | 0.10-
02 '
‘ 0.05- )
0.20- | l |
|
1 1 0700 L 1 ! 0 D B ! 1
o Boys Girls Boys Girls Boys Girls
ke
§ Lithuania Norway Spain
'con . 0.4- .
e » 04- L]
g 04 : :
~ L * s $ 0.3-
03-
2 03- $ $ $ . ¥ Sex
2 | | 0.2- B3 Boys
a 02- 0.2
b i
1] EI Girls
S 01- 0.1- 01-
© |_[_| |
=]
5 o0 | oo L oo- .
g Boys Girls Boys Girls Boys Girls
(8]
N UK
06-
L ]
n 4
0.4- -
| N
0.2 1
OO L 1 1
Boys Girls
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creatinine levels. X-axis represents country and y-axis represents daily intake levels (ug/kg BW/day) for boys and girls.

body-weight scaling approach might lead to an underestimation of the
risk.

The estimated half-life was found to be higher in the gonads followed
by adipose tissue and other organs, for both pediatric and adult model.
This estimate could be correlated with other research finding that go-
nads are highly sensitive to the BPA exposure, which is known to be an
endocrine disruptor (Berger et al., 2018; Braun and Hauser, 2011; Fer-
guson et al., 2014; Forner-Piquer et al., 2020; Santangeli et al., 2016).
This suggests that BPA has potential to affect the developing female and
male reproductive systems in children. This finding is in accordance
with literature in which Ferguson et al. demonstrated an association
between BPA exposure and increased sex hormone-binding globulin
(SBHG) levels and reduced free and total testosterone levels in boys
(8-14 years) along with several other studies finding links between BPA
exposure and varying onset of puberty (Berger et al., 2018; Braun and
Hauser, 2011; Ferguson et al., 2014; Forner-Piquer et al., 2020; San-
tangeli et al., 2016). In all the organs, shorter half-life in children than in
adults was in correlation with MRT, emphasizing on the importance of
calculating the PK parameters. Nevertheless, bioavailability and AUC

were higher in children with ontogeny scaling than in adults. A higher
AUC and bioavailability mean that a greater amount of chemical is
present in systemic circulation and hence more risk. The possible reason
for increased bioavailability may be due to decreased extent of meta-
bolic capabilities in the liver and intestine in children than adults which
was also seen in case of the infant PBPK model for BPA (Karrer et al.,
2018). This points towards the question: Should we set a separate TDI
for children and adults as children may be more susceptible to risk?
However, further research is needed in this area to reach a conclusion.

Sex differences in growing children were represented by PK param-
eters with half-life (t;/5), bioavailability, AUC, MRT and plasma
concentration-time curve. The model simulated that bioavailability,
AUC and plasma concentration were higher in girls than in boys based
on ontogeny-scaling PBPK model. All these parameters are correlated
and the reason behind higher value in girls may be the relatively slower
conversion of free BPA to BPAG. The elimination half-life was found to
be similar in boys and girls in almost all organs. However, further
experimental studies are needed to understand in detail the human sex
toxicokinetic differences. The model predicted a comparatively higher
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Fig. 5. Sensitivity Coefficient for boys and girls. A) Sensitivity plot for boys, B) Sensitivity plot for girls. All the biochemical parameter used for developing PBPK
Model has been used for the sensitivity analysis. Analysis has been done with FME Package.

half-life in the gonads than in other organs, which is consistent with
literature findings demonstrating BPA exposure associated with varia-
tion in puberty onset in girls (Berger et al., 2018), highlighting the
advantage of such a model in tissue dosimetry based risk assessment.
Two biomonitoring studies reported higher urine BPA levels in
school age children that adults (Abraham and Chakraborty, 2019;
Covaci et al., 2015). Study by Covaci et al. has shown 5 out of 6 countries
in Europe with having more than 87% population exposed to BPA above
the limit of quantification (LOQ) and children with higher exposure than
adults (Covaci et al., 2015). Exposure reconstruction through model for
these two cohorts showed that exposure is slightly higher in girls than
boys for most countries. One possible reason behind this higher exposure
can be that girls are getting more exposed than boys through everyday

use products. A recent study by Robles-Aguilera et al., 2021 showed
sex-related differences in exposure concluding that a higher risk of di-
etary exposure in boys was not from BPA but other analogues, but the
girls aged under 14 years were at higher risk for increased BPA dietary
exposure, especially overweight and obese girls. A critical finding from
the pediatric PBPK model is that even with similar exposure in boys and
girls, the risk can be slightly higher in girls due to less metabolism in
younger girls than boys. The study by Sonnenberg et al. has reported
pre-pubertal exposure with phthalates and BPA associated with pubertal
timing in girls (mean age: 8.8 years) observed in 472 subjects with no
association for boys (Kasper-Sonnenberg et al., 2017). An important
outcome of developing ontogeny and sex-specific pediatric models is to
better understand the toxicity, metabolic pathway and exposure in
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children of growing age.

At last, the reconstructed exposure by the PBPK model for children
was compared with the t-TDI established by EFSA in 2015 for BPA (4 pg/
kg BW/day) and it was found to be lower than the t-TDI (EFSA Panel on
Food Contact Materials Flavourings and Processing Aids (CEF) 2015). It
points towards that there may not be any risk or adverse effects involved
with the exposure of BPA in human beings. This may not be true. Several
epidemiological studies published over the years showed positive asso-
ciations between BPA exposure and health outcome in children (Healy
et al., 2015). But, recent drastic lowering of TDI by EFSA in 2021 (0.04
ng/kg BW/day) which is open for comments, reconstructed exposure by
PBPK is approximately 1500 times higher in children pointing towards
multiple health concerns ranging from immune effects to neurotoxicity
(Bisphenol A: EFSA draft opinion proposes lowering the tolerable daily
intake 2021). Further, pediatric PBPK Model can be combined with
toxicodynamic to understand the signaling mechanism involving estro-
gen, aryl hydrocarbon and thyroid hormone receptors (Sharma et al.,
2017). This could help in improving the understanding towards adverse
effects involved with BPA exposure taking into account toxicokinetic for
children.

Interpolation of the pediatric PBPK model from an adult is the most
widely used and preferred approach by scientists and regulatory bodies,
based on body-weight scaling. In this model, we tried to incorporate
ontogeny-specific metabolic parameters to improve the model. This is
the first model to consider sex-specific differences in children for BPA.
We did not see major differences between genders but, more metabolic
and absorption data on sex-specific differences is required to further
confirm this. This model also aids in calculating the external exposure
which can be from various sources, which is often difficult to calculate
during experimental studies. Simulating daily exposure through urine
data is another strength of the pediatric PBPK model replacing blood
collection for short acting chemicals. PBPK models can predict the
aggregate exposure which may be from multiple sources. However, the
limitation of these models is the inability to predict route of exposure
(oral, dermal, inhalational or sublingual exposure). Further refinement
of the model by including separate exposure sources and dermal com-
partments can help overcome some of the limitations. Overall, the pe-
diatric PBPK model provides a framework to integrate the sex
differences and consider pediatric population for the risk assessment in
case of such short-acting chemicals. Also, toxicologists should take into
account sex-related differences while developing research protocols for
environmental chemicals since boys and girls may have quite different
effects on the health even with the same exposure.

5. Conclusion

In summary, the BPA pediatric PBPK model was developed for
dosimetry assessment and predicting the tissue concentration-time
profile in plasma and other organs. At the same exposure, the
ontogeny-based pediatric PBPK model showed children might be at
higher risk than adults (higher AUC and higher bioavailability in all the
organs), which could not be explained by classical body-weight scaling.
AUC and bioavailability were slightly higher in girls than boys sug-
gesting free BPA is more present in girls for the same exposure. Further,
the reconstructed daily exposure was found to be higher than the TDI
recently established by EFSA and reconstructed daily exposure from a
large cohort was found to be slightly higher in girls than boys. Overall,
this study presents an example of how ontogeny based pediatric PBPK
model can show a larger difference in kinetics than traditional approach
which further warrants using this kind of model would improve the risk
assessment. Also, it is one step forward towards incorporating sex-
specific differences in the PBPK model improving the translation of risk.
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