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A previously developed physiologically based pharmacokinetic (PBPK) model for bisphenol A (BPA) in adult
rhesus monkeys was modified to characterize the pharmacokinetics of BPA and its phase II conjugates in adult
humans following oral ingestion. Coupled with in vitro studies on BPA metabolism in the liver and the small in-
testine, the PBPK model was parameterized using oral pharmacokinetic data with deuterated-BPA (d6-BPA) de-
livered in cookies to adult humans after overnight fasting. The availability of the serumconcentration time course
of unconjugated d6-BPA offered direct empirical evidence for the calibration of BPA model parameters. The
recalibrated PBPK adult human model for BPA was then evaluated against published human pharmacokinetic
studies with BPA. A hypothesis of decreased oral uptake was needed to account for the reduced peak levels ob-
served in adult humans, where d6-BPAwas delivered in soup and food was provided prior to BPA ingestion, sug-
gesting the potential impact of dosing vehicles and/or fasting on BPA disposition. With the incorporation of
Monte Carlo analysis, the recalibrated adult human model was used to address the inter-individual variability
in the internal dose metrics of BPA for the U.S. general population. Model-predicted peak BPA serum levels
were in the range of pM, with 95% of human variability falling within an order of magnitude. This recalibrated
PBPK model for BPA in adult humans provides a scientific basis for assessing human exposure to BPA that can
serve to minimize uncertainties incurred during extrapolations across doses and species.

Published by Elsevier Inc.
1. Introduction

Bisphenol A (BPA), a high-production-volume industrial chemical
used as a monomer in the production of polycarbonate plastics and
epoxy resins, is present in a variety of consumer products, such as
food containers and medical devices (EFSA, 2014; FDA, 2014a; Willhite
et al., 2008). In the U.S., more than 90% of the population has detectable
levels of BPA in their urine (Calafat et al., 2008), suggesting that human
exposure to BPA is widespread. The primary route of human exposure
to BPA is through the diet, with marginal contributions from non-food
sources (Geens et al., 2012; WHO, 2011; EFSA, 2014). Currently, the di-
etary intake of BPA, estimated by the U.S. Food and Drug Administration
(FDA), is 0.2–0.5 μg/kg body weight (BW)/day (mean-90th percentile)
for the U.S. population aged 2 years and older (FDA, 2014b).

In vivo and in vitro studies have been conducted to investigate the
metabolism and disposition of BPA in humans (Coughlin et al., 2012;
Kuester and Sipes, 2007; Kurebayashi et al., 2010; Mazur et al., 2010;
Trdan Lusin et al., 2012; Volkel et al., 2005; Völkel et al., 2002). After
istration, National Center for
079, United States.
oral administration of BPA in a hard gelatin capsule, BPA was rapidly
and completely absorbed (Volkel et al., 2005; Völkel et al., 2002). The
primary metabolic pathway for BPA in the liver is via phase II conjuga-
tion, yielding an extensive production of BPA glucuronide (BPAG) and
a small amount of BPA sulfate (BPAS) (Kurebayashi et al., 2010). In ad-
dition, glucuronidation of BPA in the human small intestine has been
characterized (Mazur et al., 2010; Trdan Lusin et al., 2012). Because of
extensive first-pass metabolism, serum levels of unconjugated BPA fol-
lowing oral ingestion are very low, leading to undetectable levels in the
original human study (Völkel et al., 2002). Urinary excretion of the con-
jugated BPA is the predominant elimination route for BPA in humans
(Teeguarden et al., 2011; Teeguarden et al., 2015; Thayer et al., 2015;
Volkel et al., 2005; Völkel et al., 2002).

Due to the ubiquitous nature of BPA, the potential effects associated
with BPA exposure, alongwith someunusually high serum levels of BPA
reported in humans, have been the focus of debate surrounding BPA
safety (LaKind et al., 2012; Lang et al., 2008; Melzer et al., 2010; Silver
et al., 2011; Teeguarden et al., 2013; Teeguarden et al., 2011). One im-
portant element to better address and help resolve these controversies
is to characterize the processes underlying the pharmacokinetic behav-
ior of BPA in humans. Physiologically based pharmacokinetic (PBPK)
modeling, with the integration of physiological and biochemical infor-
mation into a mechanistic framework, has been commonly used in
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human health risk assessment to describe quantitatively the pharmaco-
kinetics of chemicals and their metabolites in humans.

Several PBPKmodels have been developed to characterize the phar-
macokinetics of BPA in humans following oral exposure (Edginton and
Ritter, 2009; Fisher et al., 2011; Mielke and Gundert-Remy, 2009,
2012; Partosch et al., 2013; Teeguarden et al., 2005). However, because
of the lack of adequately sensitive analytical methods for unconjugated
BPA, no kinetic data sets were available in humans to inform the time
course for serum (plasma) BPA concentrations. The initial data set
(Völkel et al., 2002) used for model calibration only reported serum
concentration and urinary excretion time profiles for BPAG, but not for
unconjugated BPA. Therefore, model parameters for unconjugated
BPA, the active parent compound, in existing human PBPK models, e.g.
BPA metabolic constants, could not be directly calibrated based upon
available human kinetic data. Considerable efforts have been made to
address this issue. For example, in the human PBPK model developed
by Edginton and Ritter (2009), systemic clearance of BPA was set to
the lower bound needed to maintain serum unconjugated BPA levels
below the limit of detection (10 nM) in the human study (Völkel
et al., 2002). This is a conservative estimate and represented the
“worst-case scenario” as the authors noted (Edginton and Ritter,
2009). Fisher et al. (2011) and Teeguarden et al. (2005) estimated inter-
nal dose levels of BPA in humans by scaling of model parameters cali-
brated against available pharmacokinetic data collected in
experimental animals (monkeys and rats) to humans. In addition, an
in-vitro-to-in-vivo extrapolation (IVIVE) approach has been applied to
derive BPA metabolic constants from in vitro metabolism data (Mielke
and Gundert-Remy, 2009, 2012; Partosch et al., 2013). Despite these ef-
forts, because of the lack of justification using kinetic data where the
time course of serumBPA concentrations is available, there exists uncer-
tainty in the calibration of BPA model parameters, e.g. parameters de-
scribing the oral uptake of BPA and metabolism of BPA in the liver and
the small intestine.

In the current paper, the previously developed monkey BPA PBPK
model by Fisher et al. (2011) ismodified to describe thepharmacokinet-
ic behavior of orally derived BPA in humans, and used to assess human
exposure to BPA. The newly collected human kinetic data sets
(Teeguarden et al., 2015; Thayer et al., 2015) used for model develop-
ment characterized for the first time serum concentration and urinary
excretion profiles of deuterated-BPA (d6-BPA) and its phase II conju-
gates d6-BPAG and d6-BPAS in adult humans following a single oral
dose of d6-BPA. The capability to quantify unconjugated BPA in human
biological specimenswithout background interference offers direct em-
pirical evidence for the estimation of BPAmodel parameters, i.e. param-
eters describing the oral uptake of BPA and BPA conjugation in the liver
and the small intestine. Also, the quantification of individual BPAG and
BPAS concentrations, instead of BPAG alone or total BPA conjugates,
providesmore specific information on the description of BPA detoxifica-
tion via glucuronidation and sulfation in a quantitative manner. Monte
Carlo analyses were then incorporated into the recalibrated PBPK
model to address inter-individual kinetic variability, and to assess the
distribution of BPA internal dose metrics relevant to the estimated
daily BPA intake derived from food ingestion (FDA, 2014b) and the uri-
nary biomonitoring data (Lakind and Naiman, 2008).

2. Materials and methods

2.1. Key pharmacokinetic studies

The data sets used for model calibration were taken from a recent
clinical study, in which six adult men and eight adult women were
given a single oral dose of 100 μg/kg d6-BPA via a vanilla wafer cookie
after overnight fasting (referred to as cookie data) (Thayer et al.,
2015). The use of stable isotope labeled BPA circumvented potential
contamination from the laboratory environment and BPA-containing
materials encountered during sampling and analysis. After dosing,
blood samples (total 29 time points) were collected over a period of
72 h and serum was separated. In addition, all urine specimens voided
during the course of blood collections were also collected, for which
the time and the volume of eachmicturition were recorded. Concentra-
tions of d6-BPA, d6-BPAG, and d6-BPAS in serum and urine were deter-
mined for each individual using LC–MS/MS methods (Churchwell
et al., 2014; Doerge et al., 2011; Twaddle et al., 2010). The cumulative
urinary excretion was calculated as the sum of the products of the con-
centration in each voided sample and the corresponding voided vol-
ume. In three subjects (1 male and 2 females), urinary excretion over
a period of three days was extremely low (less 55% of the administered
dose). Therefore, a separate round of dosing was performed for these
three subjects where only serial urine specimens were collected, from
which it was determined that essentially quantitative excretion had
also occurred (Thayer et al., 2015). The time courses of serum concen-
tration and urinary excretion profiles collected from the other 11 sub-
jects (5 males and 6 females) during the first round of dosing were
used for model calibration.

The second round of urinary excretion data, along with the serum
concentration profiles collected from the first round of dosing, in these
three subjects, 1 male and 2 females (Thayer et al., 2015), were used
for model evaluation. In addition, another three pharmacokinetic stud-
ies with BPA in adult humans were used for model evaluation. In the
first study (Völkel et al., 2002), the time courses of plasma concentration
and urinary excretion of deuterated-BPA (d14-BPA) and d14-BPAGwere
evaluated in adult humans, three female subjects (A, B, C) and three
male subjects (E, F, G), after a single oral dosing of 5 mg d16-BPA in a
hard gelatin capsule. Plasma samples were collected at 4-h intervals
over 32 h for the measurement of d14-BPA and d14-BPAG concentra-
tions, and urine samples were collected at 6-h intervals over 42 h for
the analysis of urinary excretion of d14-BPA and d14-BPAG. In the second
part of the study, an additional three male subjects (M, N, O) together
with themale subject G were dosed orally with 5 mg d16-BPA and plas-
ma samples (8 time points) were collected over 6 h for the measure-
ment of d14-BPA and d14-BPAG concentrations.

An LC–MS/MS method was employed for the measurement of d14-
BPA and d14-BPAG concentrations in plasma and urine. Levels of d14-
BPA were always below the limit of detection in both plasma (10 nM)
and urine (6 nM) samples for all subjects, and only d14-BPAG concentra-
tions were measurable. Individual data for urinary excretion of d14-
BPAG in 6 subjects (A, B, C, E, F, and G) and the time course of plasma
concentrations of d14-BPAG in subjects M, N, O, and G were kindly pro-
vided by Drs. Völkel, Dekant and Popa-Henning (Fisher et al., 2011).

Another data set used for model evaluation was from Volkel et al.
(2005), in which the kinetics of urinary excretion from adult humans
exposed to BPA was investigated using an HPLC–MS/MS method. Back-
ground BPA in blanks or injected solvents was reduced to below the
limit of detection (2.5 pmol/ml) using the optimized gradient method.
Six subjects, three men and three women, were given a single oral
dose of BPA (25 μg/person) in 50ml ofwater. Urine specimenswere col-
lected at defined intervals (four time points) over a period of 7 h after
dosing and voided volumes were recorded. Concentrations of BPA in
most samples were below the limit of detection (2.5 pmol/ml) and
only the kinetics of excretionwith urine of BPAG and total BPA after glu-
curonidase treatment were reported (Volkel et al., 2005).

The final data set used for model evaluation was from a recent phar-
macokinetic study (Teeguarden et al., 2015), where measurements of
unconjugated d6-BPA and its phase II metabolites (d6-BPAG and d6-
BPAS) in serum and urine were carried out in ten adult men following
a single oral dosing of 30 μg/kg of d6-BPA delivered in a commercial to-
mato soup (referred to as soup data). Volunteers were not required to
fast overnight and breakfast was provided before BPA ingestion. Blood
samples were drawn at defined intervals over a 24 h period (16 time
points) after ingesting the soup. The average period of time for soup in-
gestion was 9.2 min. Voided urine was collected at intervals corre-
sponding to the timing of blood draws over a period of 13 h and then
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as volunteered at timepoints up to 24h after ingestion,with voided vol-
umes recorded. Concentrations of unconjugated d6-BPA (Patterson
et al., 2013), d6-BPAG, and d6-BPAS (Churchwell et al., 2014) in serum,
as well as total d6-BPA (Twaddle et al., 2010) in urine, were measured.
The accumulated urinary excretion was obtained as the sum of the
products of the concentration in each voided sample and the corre-
sponding voided volume. The time courses of serum concentrations of
d6-BPA, d6-BPAG, and d6-BPAS, together with the cumulative excretion
of total d6-BPA in the urine, were used for model evaluation.

2.2. PBPK model for BPA and its phase II metabolites

An eight-compartment PBPK model for BPA (serum, liver, fat, go-
nads, richly perfused tissues, slowly perfused tissues, brain, and skin)
and two single-compartment (volume of distribution, Vbody) sub-
models for BPAG and BPAS were constructed (Fig. 1). In accordance
with the original model (Fisher et al., 2011), the selection of compart-
ments was based on kinetic considerations (e.g. liver) and the model's
potential use for internal dose metrics estimation (e.g. brain and go-
nads). Different from the original model, a skin compartmentwas intro-
duced for the future assessment of dermal exposure, considering that
exposure to BPA via the skin may be of interest for certain sub-
populations such as cashiers (Biedermann et al., 2010; Zalko et al.,
2011). The phase II metabolites, BPAG and BPAS, were simply described
as a single non-physiological compartment given that these conjugates
display no known estrogenic activity (Matthews et al., 2001; Shimizu
et al., 2002). Ten percent of BPAG derived from the small intestine and
the liver was assumed to be secreted into the gut through the bile
ducts, and undergo enterohepatic recirculation (EHR) as assumed pre-
viously by Teeguarden et al. (2005), whereas the remaining 90% of
BPAG formedwas taken up into the volume of the distribution (system-
ic circulation) in the BPAG sub-model. Such an assumption is critical to
describe the lingering of serumd6-BPAG levels, as well as serumd6-BPA
levels, at later time points. With no information to assume otherwise,
BPA sulfation was assumed to occur only in the liver and the resulting
BPAS was taken up completely into the systemic circulation. No biliary
excretion of BPAS was assumed to occur.
Fig. 1. Schematic depicting the adult human PBPK model for bisphenol A (BPA) and its phase II
subject to presystemicmetabolism in the liver and the small intestine, resulting in the formatio
the liver (MET, 90%) is directly taken up into the volume of distribution in theBPAG sub-model,w
subsequent enterohepatic recirculation (EHR).
The physiological model parameters for adult humans were taken
from the published literature or set to the study-specific values
(Table 1), with the exception of the percent body fat (VFatC), which
was estimated using a linear regression equation as a function of age
and natural log transformed body mass index (BMI) (Jackson et al.,
2002). BMI was calculated as weight in kilograms divided by height in
meters squared.

VFatC femaleð Þ ¼ −102:01þ 39:96� lnBMIþ 0:14� ageð Þ=100 ð1aÞ

VFatC maleð Þ ¼ −103:94þ 37:31� lnBMIþ 0:14� ageð Þ=100 ð1bÞ

Tissue-to-serum distribution ratios for BPA used in the original
model (Fisher et al., 2011) were used in this study (Table 2). For skin,
the partition coefficient was adopted from (Mielke et al., 2011), where
it was calculated using the algorithm developed by Schmitt (Schmitt,
2008).

Coding and simulations were performed using the acslX program,
version 3.0.2.1 (The Aegis Technologies Group, Inc., Huntsville, Ala-
bama). Model code is provided in the Supplementary data section and
m files containing data and plot commands are available upon request.

2.3. Model development

2.3.1. BPA: hepatic metabolism. Based upon in vitrometabolism studies
of BPA in the liver, an IVIVE approach was employed to derive model pa-
rameters representing hepatic glucuronidation and sulfation of BPA,
which were described using Michaelis–Menten equations. The Michaelis
constant (Kmliver, nM) for hepatic BPA glucuronidation was set equal
to the reported Km value of 45,800 nM, experimentally determined
using pooled male and female human liver microsomes (Coughlin et al.,
2012) (Table 3). The maximum reaction velocity for hepatic
glucuronidation (VmaxliverC) was derived from a reported in vitro max-
imal velocity of 4.71 nmol/min/mg protein (Coughlin et al., 2012), by ac-
counting for microsomal protein content of the human liver (32 mg
microsomal protein/g liver) (Barter et al., 2007) and model predicted
liver weight (2.132 kg, for a man with body weight of 82 kg). No sex
metabolites, BPA glucuronide (BPAG) and BPA sulfate (BPAS). Orally administered BPA is
n of BPAG and BPAS. Themajority of BPAG in the liver derived from the small intestine and
ith a small portion (10%) secreted into the small intestine via the bile ducts and undergoes



Table 1
Physiological model parameters.

Parameters Values References

Body weight, BW (kg) Study specific Experimental data
Cardiac output, QCC (L/h/kg0.75) 15.87 Fisher et al. (2011))
Blood flows (fraction of cardiac
output)
Fat (QFatC) 0.053/0.091a Edginton et al. (2006)
Liver (QLiverC) 0.24 Fisher et al. (2011)
Brain (QBrainC) 0.11 Brown et al. (1997)
Skin (QSkinC) 0.058 Brown et al. (1997)
Gonads (QGonadC) 0.00054/0.00022a Edginton et al. (2006)
Richly perfused (QRC) 0.76 − QLiverC −

QBrainC
Slowly perfused (QSC) 0.24 − QFatC −

QGonadC − QSkinC
Tissue volumes (fraction of body
weight)
Plasma (VPlasmaC) 0.0435 Fisher et al. (2011)
Fat (VFatC) Calculated Jackson et al. (2002)
Liver (VLiverC) 0.026 Brown et al. (1997)
Brain (VBrainC) 0.02 Brown et al. (1997)
Skin (VSkinC) 0.0371 Brown et al. (1997)
Gonads (VGonadC) 0.0007/0.0027a Fisher et al. (2011)
Richly perfused (VRC) 0.33 − VLiverC −

VBrainC
Slowly perfused (VSC) 0.60 − VFatC −

VSkinC − VGonadC

a Male/female.

Table 3
Chemical specific model parameters.

Parameters Values References

BPA
Hepatic glucuronidation

Kmliver (nM) 45,800 Coughlin et al. (2012)
VmaxliverC (nmol/h/kg0.75) 707,537 Coughlin et al. (2012)

Hepatic sulfation
Kmlivers (nM) 10,100 Kurebayashi et al.

(2010)
VmaxliversC (nmol/h/kg0.75) 11,657 Kurebayashi et al.

(2010)
Gastric emptying (GEC, L/h/kg−0.25) 3.5 Fisher et al. (2011),

Kortejarvi et al. (2007)
Oral uptake, from small intestine to
liver (K1C, L/h/kg−0.25)

2a Optimize

Glucuronidation in enterocytes
KmgutC (nM) 58,400 Trdan Lusin et al. (2012)
VmaxgutC (nmol/h/kg0.75) 22,750 Trdan Lusin et al. (2012)

Urinary excretion (KurinebpaC,
L/h/kg0.75)

0.06 Optimize

BPAG
Uptake from enterocytes into the liver
(KGIinC, L/h/kg−0.25)

50 Visual fit

Volume of distribution (VbodyC,
fraction of body weight)

0.0435 Set to plasma volume
(Fisher et al., 2011)

Fraction of BPAG in the liver delivered
to systemic circulation (MET)

0.9 Teeguarden et al. (2005)

Urinary excretion (KurineC, L/h/kg0.75) 0.35 Optimize
Enterohepatic recirculation (EHR)

EHR as BPA (Kenterobpa1C,
L/h/kg−0.25)

0.2 Visual fit

EHR as BPAG (EHRrateC, L/h/kg−0.25) 0.2 Visual fit

BPAS
Volume of distribution (VbodysC,
fraction of body weight)

0.0435 Set to plasma volume
(Fisher et al., 2011)

Urinary excretion (KurinebpasC,
L/h/kg0.75)

0.03 Optimize

a A decreased K1C value of 0.51 L/h/kg−0.25 is needed when BPA is delivered in com-
mercial tomato soup (Teeguarden et al., 2015).
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differencewas observed in the glucuronidation of BPA in human livermi-
crosomes (Elsby et al., 2001). The fraction unbound in the microsomes
was not accounted for in the calculation of the in vivo values.

To describe the sulfation of BPA in the liver, the Michaelis constant
(Kmlivers, nM) was set to the reported Km value of 10,100 nM, exper-
imentally determined using cryopreserved hepatocytes of humans
(Kurebayashi et al., 2010). The maximum reaction velocity for hepatic
sulfation (VmaxliversC) was derived from a reported in vitro maximal
velocity of 149 nmol/h/g liver (Kurebayashi et al., 2010), by accounting
for model predicted liver weight (2.132 kg, for a man with bodyweight
of 82 kg).
2.3.2. BPA: oral uptake and gastrointestinal (GI) tract metabolism. After
oral administration, gastric emptying of BPA into the small intes-
tine was described using a first order gastric emptying constant
(GEC, L/h/kg−0.25) set to a value of 3.5 L/h/kg−0.25 (Fisher et al.,
2011; Kortejarvi et al., 2007). BPA emptied from the stomach
lumen into the small intestine lumen was assumed to be immedi-
ately available within enterocytes by passive diffusion, where BPA
is either rapidly absorbed into the portal blood supply (Völkel
et al., 2002) or subject to glucuronidation in the GI tract (Trdan
Lusin et al., 2012), as described in the original monkey BPA PBPK
model (Fisher et al., 2011).
Table 2
Estimated tissue-serum distribution coefficients for BPA. Tissue-serum distribution coeffi-
cients for BPA were set to in vivo tissue-serum distribution ratios obtained in adult rats
(Fisher et al., 2011), with exception of the skin (Mielke et al., 2011).

Tissues Partition coefficients
(tissue/serum)

Fat (Pfat) 5.0
Brain (Pbrain) 2.8
Richly perfused tissues (set to brain) (Prich) 2.8
Slowly perfused tissues (set to muscle) (Pslow) 2.7
Gonads (Pgonads) 2.6
Skin (Pskin) 5.7
Liver (Pliver) 0.73
The oral uptake of BPA from enterocytes into the portal blood supply
and the liver was described as a first order process (K1C, L/h/kg−0.25),
obtained by visual fitting and optimization to achieve agreement with
serum concentration profiles of d6-BPA in adult humans orally dosed
with 100 μg/kg of d6-BPA (Thayer et al., 2015). Optimization was
conducted using the Levenberg–Marquardt algorithm in all cases. To
ensure the robustness, consistent convergence of parameter values
was tested with starting values of K1C varied from one-half to 2 times
the starting value.

Phase II metabolism of BPA via glucuronidation in the GI tract was
described using a Michaelis–Menten equation. For which, theMichaelis
constant (KmgutC, nM) was set equal to a value of 58,400 nM, deter-
mined using human intestinal microsomes (Trdan Lusin et al., 2012).
The maximum reaction velocity (VmaxgutC) was derived from in vitro
maximal velocity of 1.4 nmol/min/mg protein to account for microsom-
al protein content of the human intestine (3 mg/g tissue) and the
weight of the human intestine (30 g/kg body weight) (Trdan Lusin
et al., 2012).With no information to assume otherwise, glucuronidation
of BPA was expected to occur within enterocytes located in various re-
gions of the small intestine (duodenum, jejunum and ileum). Therefore,
the sum of regional weights (volumes) of the enterocytes in the duode-
num (18.2 g), jejunum (65.8 g), and ileum (38.3 g) (Paine et al., 1997;
Yu et al., 1996) was considered as the volume of BPA distribution in
the small intestine and used for the calculation of BPA concentration
in the small intestine.

2.3.3. BPA: urinary excretion. Small amounts of unconjugated d6-BPA
(b0.1% of administered dose) were detected in the urine of adult
humans orally dosed with d6-BPA (Teeguarden et al., 2015; Thayer
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et al., 2015). As such, excretion of BPA into the urine was introduced to
the currentmodel. Urinary excretion of BPAwas described using a clear-
ance term from blood (KurinebpaC, L/h/kg0.75), which was determined
by visual fitting and optimization using the Levenberg–Marquardt algo-
rithm to achieve agreement with serum concentration and urinary ex-
cretion profiles of d6-BPA in adult humans after a single oral dose of
100 μg/kg d6-BPA (Thayer et al., 2015).

BPA concentration (ConurineBPA, nM) in each voided urine was
simulated as

ConurineBPA ¼ AurineBPA=Vurine ð2Þ

where AurineBPA (nmol) is model simulated amount of BPA accumulated
in the bladder over the time between the current void and the previous
void, and Vurine (L) is the measured volume of the urine for the current
void (Bartels et al., 2012).

2.3.4. BPAG: formation, distribution and systemic circulation. The rate of
BPAG formation equals to the rate of BPA glucuronidation in the liver
and the small intestine (Fisher et al., 2011). Consistent with the previ-
ous assumption (Teeguarden et al., 2005), ninety percent (MET) of the
resulting BPAG in the liver derived from glucuronidation in the small in-
testine and the liver was assumed to be taken up immediately into the
systemic circulation (volume of distribution, VbodyC), whereas the re-
maining ten percent was assumed to be secreted into the gastrointesti-
nal tract (GI tract) via the bile duct (see below for details).

Uptake of BPAG produced in the small intestine to the liver via the
portal vein was described using a first order term (KGIinC, L/h/
kg−0.25), obtained by visual fitting to the time course of serum d6-
BPAG concentration in adult humans orally dosed with 100 μg/kg d6-
BPA (Thayer et al., 2015). Optimization using the Levenberg–Marquardt
algorithmwas attempted, but failed to converge. Therefore, the visually
fitted KGIinC value was used.

Given that BPAG is highly soluble in water (Melzer et al., 2010), the
volume of distribution (VbodyC, L/kg) for BPAG was initially set to the
value of total body water volume (0.6 L/kg) in adult humans (Davies
and Morris, 1993) and then reduced to better predict serum d6-BPAG
concentrations in adult humans orally dosed with 100 μg/kg d6-BPA
(Thayer et al., 2015). An optimized VbodyC value of 0.025 L/kg, using
the Levenberg–Marquardt algorithm, was then set equal to the plasma
volume (0.0435 L/kg) for adult humans.

Excretion of BPAG from the systemic circulation into urine was de-
scribed using an optimized systemic clearance term (KurineC, L/h/
kg0.75), obtained by simultaneous fitting to the time course of serum
d6-BPAG concentration and cumulated urinary excretion profiles of
d6-BPAG after oral dosing of 100 μg/kg of d6-BPA in adult humans
(Thayer et al., 2015). Optimization was carried out using the
Levenberg–Marquardt algorithm.

Ten percent of BPAG in the liver derived from glucuronidation in the
liver and the small intestine were assumed to be secreted into the GI
tract via the bile duct. The resulting d6-BPAG in the terminal region of
the small intestine was assumed to undergo deconjugation through
the action of bacterial β-glucuronidase in the small intestine, resulting
in the formation of unconjugated BPA, which was either reabsorbed
into the liver via portal vein (EHR for BPA, Kenterobpa1C, L/h/kg−0.25),
or converted to BPAG within enterocytes and then reabsorbed into the
systemic circulation (EHR for BPAG, EHRrateC, L/h/kg−0.25) as described
previously (Yang et al., 2013). In accordance with the previous rat
model (Yang et al., 2013), these processes were grouped and simply de-
scribed using “non-physiological composite” first order terms. The
values of Kenterobpa1C and EHRrateCwere determined by visualfitting
to serum d6-BPAG and d6-BPA concentration profiles in adult humans
orally administered with 100 μg/kg d6-BPA (Thayer et al., 2015). Opti-
mization was conducted using the Levenberg–Marquardt algorithm,
but no successful convergence was achieved.
2.3.5. BPAS: formation, distribution and systemic circulation. The for-
mation of BPAS was assumed to occur in the liver (Kurebayashi
et al., 2010), but not in the small intestine due to the lack of direct
empirical evidence. In accordance with BPAG, the volume of distri-
bution (VbodyC, L/kg) for BPAS was set equal to the value of plasma
volume (0.0435 L/kg) in adult humans (Fisher et al., 2011). Systemic
clearance term for BPAS (KurinebpasC, L/h/kg0.75) was obtained by
visual fitting and optimization using the Levenberg–Marquardt algo-
rithm to achieve agreement with the time course of serum d6-BPAS
concentration and cumulated urinary excretion profiles of d6-BPAS
after oral administration of 100 μg/kg d6-BPA in adult humans
(Thayer et al., 2015).

2.4. Assessment of model performance

To assess model performance, the mean relative deviation (MRD)
and the average fold error (AFE) were calculated to provide a measure-
ment of prediction precision and bias with equal value to under- and
over-predictions, using Eqs. (3) and (4), respectively (Edginton et al.,
2006; Ito and Houston, 2005; Riley et al., 2005; Vogt, 2014).

MRD ¼ 10

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
i¼1

log predictedð Þ− log observedð Þð Þ2

n

vuut
ð3Þ

AFE ¼ 10

Xn
i¼1

log predictedð Þ− log observedð Þð Þ
n

���������

��������� ð4Þ

where predicted is the model predicted value, observed is the reported
value, and N represents the number of observations. These figures of
merits (ARD andAFE)were calculated for the time course of serum con-
centrations and the amount excreted in each voided urine, but not the
cumulative amount to avoid the bias because of accumulation.

2.5. Sensitivity analysis

A local sensitivity analysis was implemented using the built-in
functionality of acsIX to assess the impact of model parameter per-
turbations on the model output, i.e. model predicted serum BPA con-
centrations, as a function of time. A single oral dose of 100 μg/kg of
d6-BPA was simulated for adult humans. The normalized sensitivity
coefficient (NSC) was calculated by the following equation (Clewell
et al., 1994):

NSC ¼ Oi−Oð Þ=O
Pi−Pð Þ=P ð5Þ

where O is the model output resulting from the original parameter
value, Oi is the model output resulting from the 1% increase in the pa-
rameter value, P is the original parameter value, and Pi is the parameter
value increased by 1%. A positive NSC suggests a direct correlation be-
tween themodel output and the corresponding parameter, while a neg-
ative NSC indicates the model output is inversely associated with the
specific parameter. Parameters with maximum absolute NSC values
over a 24 h period exceeding 0.1 were considered to be sensitive. A
NSC value of 1 indicates that the changes in the model parameter and
the model output display a 1 to 1 relationship. Those parameters with
maximum absolute NSC values greater than 1 were considered to
have a high impact on model output.
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2.6. Monte Carlo analysis

Monte Carlo simulations were implemented to evaluate the impact
of uncertainty and inter-individual variability on human BPA pharma-
cokinetics. Normal distribution of model parameters was assumed for
blood flows and tissue volumes; while cardiac output, partition coeffi-
cients, and chemical specific model parameters were assumed to be
log-normally distributed (Clewell et al., 2000; Shankaran et al., 2013;
Sterner et al., 2013; Tan et al., 2006) (Table 4). Model parameters are
randomly varied around the values (central tendencies) established
during model calibration. Probabilistic distributions (variability) of
model parameter values are derived from previous reported inter-
individual variability (Clewell et al., 2000; Delic et al., 2000;
Shankaran et al., 2013; Tan et al., 2006). Ofwhich, the coefficients of var-
iation (CV, the ratio of standard deviation to mean) of 9% and 20% were
assumed for cardiac output and partition coefficients, respectively,
while a CVof 30%was assumed for the restmodel parameters (chemical
Table 4
Parameter distributions used in the Monte Carlo analysis.

Parameters Mean SD Lower
bound

Upper
bound

Distribution

Blood flows (fraction of cardiac output)
QCC, L/h/kg0.75 15.87 1.4 13.1 18.7 Lognormal
QFatC 0.053 0.016 0.021 0.084 Normal
QLiverC 0.24 0.072 0.099 0.38 Normal
QBrainC 0.11 0.033 0.045 0.17 Normal
QSkinC 0.058 0.017 0.024 0.092 Normal
QGonadC 0.00054 0.00016 0.00022 0.00086 Normal
QRC 0.41a 0.123 0.16892 0.65108 Normal
QSC 0.12846a 0.039 0.05293 0.20399 Normal

Tissues volumes (fraction of body weight)
Body weight (BW, kg) 82.3 26.4 30.6 134 Normal
VPlasmaC 0.0435 0.013 0.0179 0.0691 Normal
VFatC 0.21 0.063 0.087 0.33 Normal
VLiverC 0.026 0.008 0.011 0.041 Normal
VBrainC 0.02 0.006 0.008 0.03 Normal
VSkinC 0.0371 0.011 0.0153 0.0589 Normal
VGonadC 0.0007 0.0002 0.0003 0.001 Normal
VRC 0.284a 0.085 0.117 0.451 Normal
VSC 0.3492a 0.105 0.1439 0.5545 Normal

Partition coefficients for BPA
Pfat 5.0 1 3.0 6.96 Lognormal
Pbrain 2.8 0.56 1.7 3.9 Lognormal
Prich 2.8 0.56 1.7 3.9 Lognormal
Pslow 2.7 0.54 1.64 3.76 Lognormal
Pgonads 2.6 0.52 1.58 3.62 Lognormal
Pskin 5.7 1.14 3.47 7.93 Lognormal
Pliver 0.73 0.146 0.44 1.02 Lognormal

BPA
Kmliver (nM) 45,800 13,740 18,870 72,730 Lognormal
VmaxliverC
(nmol/h/kg0.75)

707,537 212,261 291,505 1,123,569 Lognormal

Kmlivers (nM) 10,100 3030 4161 16,039 Lognormal
VmaxliversC
(nmol/h/kg0.75)

11,657 3497 4803 18,511 Lognormal

GEC (L/h/kg−0.25) 3.5 1.1 1.4 5.6 Lognormal
K1C (L/h/kg−0.25) 2 0.6 0.8 3.2 Lognormal
KmgutC (nM) 58,400 17,520 24,061 92,739 Lognormal
VmaxgutC
(nmol/h/kg0.75)

22,750 6825 9373 36,127 Lognormal

KurinebpaC (L/h/kg0.75) 0.06 0.018 0.025 0.095 Lognormal

BPAG
KGIinC (L/h/kg−0.25) 50 15 20.6 79.4 Lognormal
VbodyC (fraction of body
weight)

0.0435 0.013 0.0179 0.069 Lognormal

KurineC (L/h/kg0.75) 0.35 0.105 0.144 0.556 Lognormal
Kenterobpa1C
(L/h/kg−0.25)

0.2 0.06 0.08 0.32 Lognormal

EHRrateC (L/h/kg−0.25) 0.2 0.06 0.08 0.32 Lognormal

a Calculated (please refer to model codes for details).
specific model parameters, blood flows and tissue volumes) unless oth-
erwise specified. The variability for the metabolic constants of hepatic
glucuronidation was estimated from reported individual values in the
literature (Kuester and Sipes, 2007), with CVs of 36% and 28% for
Kmliver andVmaxliverC, respectively. To ensure physiological plausibil-
ity, the upper and lower bounds of each distribution, were truncated at
1.96 times the standard deviation (SD) above and below the mean
values (95% of distribution). Distributions of bodyweight for the general
adult human population aged 20 years and older were obtained from
the National Health and Nutrition Examination Survey (NHANES) III
data set (Ogden et al., 2004), and truncated at the 2.5th and 97.5th per-
centiles as well to comprise 95% of the distribution (Shankaran et al.,
2013; Tan et al., 2006). The upper bound of the fraction of BPAG in the
liver derived from the small intestine and the liver taken up into the sys-
temic circulation (MET) was set to 1. The model was run 1000 times
with model parameters randomly sampled from the defined distribu-
tions. To ensure the physiological plausibility of randomly selected
physiological parameters, i.e. the sum of the fractional blood flows
equals 1 and the sum of the fractional tissue volumes equals 0.93, ran-
domly selected physiological model parameters were adjusted in a frac-
tional manner tomaintainmass balance (Covington et al., 2007; Sterner
et al., 2013).

2.7. Assessment of human exposure to BPA

CoupledwithMonte Carlo analysis, the human BPA PBPKmodel was
employed to estimate the inter-individual variability in internal dose
metrics (serumpeak concentration (Cmax) and daily area under the con-
centration–time curve (AUC)) of BPA at steady state for the U.S. general
population (men) aged 20 years and older relevant to the following ex-
posure scenarios. The FDA reported an updated estimate of BPA dietary
intake of 0.2–0.5 μg/kg/day (mean-90th percentile) for the adult U.S.
population aged 2 years and older (FDA, 2014b). Based on the National
Health and Nutrition Examination Survey (NHANES) 2003–2004 bio-
monitoring urine data, the estimated total aggregate daily BPA exposure
was 0.05–0.27 μg/kg BW/day (median-95th percentile) for U.S. popula-
tions aged 6 years and older (Lakind and Naiman, 2008). The estimated
intake values derived from the NHANES 2003–2004 biomonitoring
urine data are higher than estimates based on other NHANES survey
data (2005–2010) (CDC, 2014). To represent the ingestion of BPA with
meals, BPA dosing was simulated as an intermittent process, i.e., at
three divided doses over a period of 12 h, whereas for the remaining
12 h no exposure occurred.

3. Results

3.1. Model calibration

Fig. 2A and Fig. 3A show model predicted and observed serum d6-
BPA concentration time courses and cumulative excretion profiles of
d6-BPA in urine in adult humans following a single oral dose of
100 μg/kg d6-BPA delivered in cookies (Thayer et al., 2015).
Glucuronidation of d6-BPA in the liver was described using a
Michaelis–Menten affinity constant (Kmliver) of 45,800 nM and a
VmaxliverC value of 707,537 nmol/h/kg0.75; whereas for sulfation of
d6-BPA in the liver, the Michaelis–Menten affinity constant (Kmlivers)
was set to a value of 10,100 nM with a VmaxliversC value of 11,657
nmol/h/kg0.75 (Table 3). In the small intestine, glucuronidation of d6-
BPA was described with a Michaelis–Menten affinity constant
(KmgutC) of 58,400 nM and a VmaxgutC value of 22,750 nmol/h/kg0.75.

With gastric emptying first order constant (GEC) fixed at a value of
3.5 L/h/kg−0.25 (Fisher et al., 2011; Kortejarvi et al., 2007), oral uptake
of BPA (K1C) into the portal blood and the liver was set to a value of 2
L/h/kg−0.25, obtained by optimization to fit serum d6-BPA concentra-
tions after oral administration of 100 μg/kg d6-BPA in adult humans
(Thayer et al., 2015). EHR of d6-BPA (Kenterobpa1C) was set to a



Fig. 2. Concentration–time profiles after oral dosing of adult humans (n = 11) with
100 μg/kg of deuterated BPA (d6-BPA) (Thayer et al., 2015). A: Simulated individual
(solid lines) and observed (mean ± SD) serum d6-BPA concentrations; B: simulated indi-
vidual (solid lines) and observed (mean±SD) serumd6-BPAG concentrations; C: simulat-
ed individual (solid lines) and observed (mean ± SD) serum d6-BPAS concentrations.
Simulations of individual patients were performed using individual body weights while
keeping other model parameters constant.

Fig. 3. Urinary excretion profiles after oral dosing of adult humans (n = 11) with
100 μg/kg deuterated BPA (d6-BPA) (Thayer et al., 2015). A: Simulated individual (solid
lines) and observed individual (○) and mean (●) cumulative excretion of d6-BPA in
urine; B: simulated individual (solid lines) and observed individual (○) andmean (●) cu-
mulative excretion of d6-BPAG in urine; C: simulated individual (solid lines) and observed
individual (○) and mean (●) cumulative excretion of d6-BPAS in urine.
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visually fitted first order constant of 0.2 L/h/kg−0.25 and systemic excre-
tion of d6-BPA to urinewas described with an optimized clearance term
(KurinebpaC) of 0.06 L/h/kg0.75 to achieve agreementwith time courses
of serum d6-BPA concentration and cumulative excretion of d6-BPA in
urine in adult humans (Thayer et al., 2015).

As shown in Fig. 2A, model predicted serum d6-BPA levels were in
excellent agreement with measurements following oral exposure to
100 μg/kg d6-BPA (Thayer et al., 2015), with MRD ranged from 1.5 to
2.7 (mean, 1.9) and AFE ranged from 1.0–2.5 (mean, 1.5). Results of
MRD and AFE values for each simulation are provided in Supplementary
data (Table S1). With some exceptions, the model was also capable of
tracking cumulative excretion of d6-BPA into urine following a single
oral dose of 100 μg/kg d6-BPA (Thayer et al., 2015) (Fig. 3A), with aver-
ageMRDof 6.5 (1.8–31.1) and average AFEof 1.8 (1.0–5.9). The variabil-
ity in the urinary data is reflected in the range of MRD and AFE values.
The model predicted that the majority (approximately 70%) of orally
administered d6-BPA was subject to first-pass metabolism in the small
intestine, whereas the remaining (about 30%) was taken up into the
portal blood supply, reaching the liverwhere itwas subject to additional
first pass metabolism.
Fig. 2B and Fig. 3B show model predicted and observed serum con-
centration profiles and urinary excretion data of d6-BPAG in adult
humans following a single oral dose of 100 μg/kg d6-BPA (Thayer
et al., 2015). Ten percent of d6-BPAG arising from the glucuronidation
in the liver and the small intestine was assumed to undergo biliary ex-
cretion and subsequent enterohepatic recirculation (Teeguarden et al.,
2005), with the volume of distribution for d6-BPAG (VbodyC) fixed to
a value of 0.0435 L/kg, corresponding to the volume of plasma in adult
humans (Fisher et al., 2011). Systemic clearance of d6-BPAG into urine
(KurineC) was set to an optimized value of 0.35 L/h/kg0.75, and EHR of
d6-BPAG was described with a visually fitted first order constant
(EHRrateC) value of 0.2 L/h/kg0.75, to achieve agreement with serum
concentration and cumulative urinary excretion profiles of d6-BPAG col-
lected in adult humans dosed with 100 μg/kg d6-BPA (Thayer et al.,
2015). As shown in Fig. 2B, model simulated serum d6-BPAG concentra-
tions were in line with collected kinetic data with MRD of 1.8 (1.5–2.1)
and AFE of 1.2 (1.0–1.5). Also, the model in general tracked the kinetic
behavior of d6-BPAG in urine with MRD of 7.8 (1.5–63.3) and AFE of
1.8 (1.1–7.6), except that observations at later time points were some-
what overestimated (Fig. 3B),

Fig. 2C and Fig. 3C show model predicted and observed serum con-
centration profiles and urinary excretion data of d6-BPAS in adult



Fig. 4.Urinary excretion and concentration–time profiles after oral dosing of adult humans
with 5 mg d16-BPA (Völkel et al., 2002). A: Simulated (solid lines) and observed (●) indi-
vidual cumulative excretion of d14-BPAG in urine (n = 6); B: simulated (solid lines) and
observed (●) individual plasmad14-BPAG concentrations (n=4); C: simulated individual
(solid lines) and observedmale and female (mean±SD) plasma d14-BPAG concentrations
(n = 9) as well as simulated individual plasma d14-BPA concentrations.

Fig. 5.Urinary excretion profiles after oral dosing of adult humans (n=6)with 25 μg BPA
(Volkel et al., 2005). Solid lines depict individual simulations and closed circles (●) repre-
sent mean values of observations of cumulative excretion of BPAG in urine.
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humans following a single oral dose of 100 μg/kg d6-BPA (Thayer et al.,
2015). With the volume of distribution for d6-BPAS (VbodysC) set to a
value of 0.0435 L/kg, corresponding to the volume of plasma in adult
humans, systemic clearance of d6-BPAS into urine was described using
an optimized KurinebpasC value of 0.03 L/h/kg0.75, obtained by fitting
to the collected serum concentration and urinary excretion profiles of
d6-BPAS (Thayer et al., 2015). Simulations of serum d6-BPAS concentra-
tion profiles accurately tracked experimental data, except that at the
early time points serum d6-BPAS concentrations were slightly
underestimated [MRD, 2.0 (1.5–3.0); AFE, 1.5 (1.1–1.9)] (Fig. 2C).
Model simulated urinary d6-BPAS kinetic profiles in general agreed
with the collected data (Fig. 3C), with MRD of 6.4 (1.3–48.4) and AFE
of 1.3 (1.0–1.7).

Model predictions of time courses of serum concentration, cumula-
tive urinary excretion, as well as concentrations of d6-BPA, d6-BPAG,
and d6-BPAS in urine for each individual are provided in Supplementary
data (Fig. S1).

3.2. Model evaluation

Völkel et al. (2002) reported plasma concentration and urinary
excretion-time profiles of d14-BPAG in adult humans after a single oral
dosing of 5 mg d16-BPA in a hard gelatin capsule over a period of up to
42 h. The calibrated adult humanmodel adequately reproduced the cu-
mulative excretion of d14-BPAG into urine (Fig. 4A) with MRD of 3.8
(2.8–5.4) and AFE of 2.4 (1.8–2.9).While themodel provided a good de-
scription of plasma d14-BPAG concentration profiles for the first 4 h, ob-
servations at later time points were somewhat underestimated, as
shown in Fig. 4B with average MRD of 2.9 (2.0–3.7) and average AFE
of 1.4 (1.0–1.5), and in Fig. 4C with average MRD of 4.8 and average
AFE of 2.5. Consistent with the original study (Völkel et al., 2002),
model predicted serum d14-BPA concentrations were below the limit
of detection (10 nM) (Fig. 4C).

Fig. 5 shows model predictions and observations of cumulative ex-
cretion of BPAG in urine over a period of 7 h in adult humans following
a single oral dose of 25 μg BPA in 50ml ofwater (Volkel et al., 2005). The
model accurately tracked experimental observations with MRD of 2.7
and AFE of 1.6.

In addition, the concentration time courses in serum, alongwith uri-
nary excretion profiles, of d6-BPA and its phase II metabolites, collected
from two separate rounds of dosing (100 μg/kg d6-BPA delivered with
cookies) in three subjects (Thayer et al., 2015), were used for model
evaluation. Model predicted serum d6-BPA [MRD, 1.6 (1.5–1.7); AFE,
1.1 (1.0–1.3)] (Fig. 6A), d6-BPAG [MRD, 1.9 (1.4–2.5); AFE, 1.4 (1.1–
2.0)] (Fig. 6B), and d6-BPAS [MRD, 2.1 (1.5–3.1); AFE, 1.4 (1.1–2.0)]
(Fig. 6C) concentration profiles were in excellent agreement with col-
lected data, and the model also tracked the kinetic behaviors of d6-
BPAG [MRD, 2.0 (1.6–2.4); AFE, 1.1 (1.0–1.1)] (Fig. 6D) and d6-BPAS
[MRD, 4.3 (1.8–5.7); AFE, 2.0 (1.1–2.9)] (Fig. 6E) in urine.

Teeguarden et al. (2015) assessed twenty-four hour human serum
and urine profiles of d6-BPA and its phase II metabolites (d6-BPAG and
d6-BPAS) in adult men over 24 h following a single oral dosing of
30 μg/kg d6-BPA via a commercial tomato soup. When using the cali-
brated adult human model based on the cookie data (Thayer et al.,
2015), serum d6-BPA concentrations were over-predicted except for
the last time point (Fig. 7A). In attempt to achieve a better fit of serum
d6-BPA concentration time course, the oral uptake rate constant (K1C)
was reduced from a value of 2 to 0.51 L/h/kg−0.25, obtained by optimi-
zation. The revised model accurately reproduced the serum kinetics of
d6-BPA [MRD, 1.8 (1.3–2.4); AFE, 1.5 (1.0–1.9)] (Fig. 7A), and tracked
the time courses of serum d6-BPAG [MRD, 2.0 (1.7–3.2); AFE, 1.4 (1.2–
2.2)] (Fig. 7B) and d6-BPAS concentrations [MRD, 2.3 (1.6–3.4); AFE,
1.7 (1.0–3.3)] (Fig. 7C). Simulations of cumulative excretion of total
d6-BPA in urine were also in line with collected data (Fig. 7D), with
MRD of 2.7 (1.6–6.4) and AFE of 1.5 (1.1–2.0). Model predictions of
serum concentration profiles of d6-BPA, d6-BPAG, and d6-BPAS, as well



Fig. 6. Concentration–time (left panel) and urinary excretion (right panel) profiles after oral dosing of adult humans (n = 3) with 100 μg/kg d6-BPA (Thayer et al., 2015). A: Simulated
individual (solid lines) and observed individual (○) and mean (●) serum d6-BPA concentrations; B: simulated individual (solid lines) and observed individual (○) and mean (●) serum
d6-BPAGconcentrations; C: simulated individual (solid lines) and observed individual (○) andmean (●) serumd6-BPAS concentrations; D: simulated individual (solid lines) and observed
individual (○) andmean (●) cumulative excretion of d6-BPAG inurine; E: simulated individual (solid lines) and observed individual (○) andmean (●) cumulative excretion of d6-BPAS in
urine.
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as cumulative urinary excretion of total d6-BPA for each individual are
provided in Supplementary data (Fig. S2).

3.3. Sensitivity analysis

Sensitivity analysis indicated that model predicted serum d6-BPA
concentrations over a period of 24 h in adult humans after oral dosing
of 100 μg/kg d6-BPA were sensitive to model parameters as listed in
Table 5, for which the calculated maximum absolute value of NSC was
greater than 0.1. Also, parameters describing cardiac output (QCC),
blood flow to rapidly (QRC) and slowly perfused tissues (QSC), hepatic
glucuronidation (Kmliver, VmaxliverC), gastric emptying (GEC), oral
uptake (K1C), glucuronidation in the GI tract (VmaxgutC), and the per-
cent of BPAG in the liver taken up into the systemic circulation (MET)
were identified to have more apparent impact on model predicted
serum d6-BPA concentration time course (with maximum absolute
NSC values greater than 1). Also, among these sensitive parameters,
the volume of the liver (VliverC) and partition coefficient of BPA for
the liver (Pliver) impacted BPA serum concentration profiles only for
the very early time points (within 5 min after dosing), and metabolic
constants describing hepatic sulfation of BPA (VmaxliversC and
Kmlivers) altered BPA serum concentrations only for the last few mi-
nutes, while the rest of these sensitive parameters impacted BPA
serum concentrations over a wider time range (Supplementary data,
Fig. S3).

3.4. Assessment of human exposure to BPA

To represent maximal exposure, the oral uptake constant (K1C, 2 L/
h/kg−0.25) determined based on the cookie data (Thayer et al., 2015),



Fig. 7. Concentration–time and urinary excretion profiles after oral dosing of adult humans (n= 10) with 30 μg/kg d6-BPA (Teeguarden et al., 2015). A: Simulated individual (lines) and
observed (mean ± SD) serum d6-BPA concentrations; B: simulated individual (lines) and observed (mean± SD) serum d6-BPAG concentrations; C: simulated individual (lines) and ob-
served (mean ± SD) serum d6-BPAS concentrations; D: simulated individual (lines) and observed individual (○) and mean (●) cumulative excretion of total d6-BPA in urine. Mono-
chrome discontinuous lines depict model predictions with the calibrated human model based on cookie data (Thayer et al., 2015) and red solid lines depict model predictions with the
revised model based on the soup data (Teeguarden et al., 2015), i.e. oral uptake constant (K1C) reduced from 2 L/h/kg−0.25 to 0.51 L/h/kg−0.25. Model predictions of serum d6-BPAG con-
centration time course and cumulative excretion of d6-BPAG in urine using the calibrated model and the revised model were largely overlapped.
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instead of the lesser one (0.51 L/h/kg−0.25) derived from the soup data
(Teeguarden et al., 2015),was used herein for the application of the cur-
rent human BPA PBPK model for the assessment of human exposure to
BPA.

Monte Carlo simulations were conducted to evaluate the inter-
individual variability of model predicted internal dose metrics (Cmax

and daily AUC) of serumunconjugated BPA at steady state in the general
U.S. population aged 20 years and over, with probabilistic distributions
for physiological and chemical-specific model parameters derived from
the literature. Fig. 8 shows the distributions of serum peak levels (Cmax)
and daily AUC of BPA at steady state associatedwith estimated daily oral
intake of BPA for adult humans (0.2–0.5 μg/kg/day, mean-90th percen-
tile) by U.S. FDA (FDA, 2014b) and the aggregative exposure of BPA es-
timated based on NHANES BPA biomonitoring data (0.05–0.27 μg/kg
Table 5
Sensitive model parameters. Parameters with absolute NSC values greater than 1 are
highlighted in bold.

Physiological
parameters

BW, QCC, QLiverC, QFatC, QRC, QSC, VliverC, VfatC, VRC,
VSC

Partition coefficients Pfat, Prich, Pslow, Pliver
Chemical specific model
parameters

Kmliver, VmaxliverC, Kmlivers, VmaxliversC, GEC, K1C,
KmgutC, VmaxgutC, MET, Kenterobpa1C, EHRrateC
BW/day (median-95th percentile) (Lakind and Naiman, 2008). In gen-
eral, 95% of predicted human viability in the internal dose metrics of
BPA (Cmax and daily AUC) falls within an order of magnitude
(Table 6). The predicted peak serum BPA levels were in the range of
pM, consistent with that calculated previously using multiple empirical
approaches (Teeguarden et al., 2013).

4. Discussion

In the present study, the previously developed PBPK model for BPA
in rhesus monkeys (Fisher et al., 2011) was modified to characterize
the pharmacokinetic behaviors of BPA and its conjugates in adult
humans after oral administration of BPA. New pharmacokinetic data
sets used for model calibration and evaluation encompass serum con-
centration and urinary excretion profiles collected in adult humans fol-
lowing a single oral dose of d6-BPA,where serumd6-BPA concentrations
were measured for the first time (Teeguarden et al., 2015; Thayer et al.,
2015). These kinetic data sets, alongwith in vitro studies on BPAmetab-
olism in the liver and the small intestine (Coughlin et al., 2012;
Kurebayashi et al., 2010; Trdan Lusin et al., 2012), provide direct empir-
ical evidence for the determination of BPA model parameters. Com-
pared with existing human PBPK models, where systemic clearance of
BPA was either set to represent the “worst-case scenario” (Edginton



Fig. 8.Monte Carlo simulations of inter-individual variability for the general U.S. population. Distribution of model predicted peak serum levels (Cmax) and daily area under the concen-
tration time curve (AUC) for BPA at steady state in the general U.S. population under different exposure scenarios: A, estimated daily dietary intake of BPA at 0.2 μg/kg (mean) (FDA,
2014b); B, estimateddaily dietary intake of BPA at 0.5 μg/kg (90th percentile) (FDA, 2014b); C, estimated aggregate daily total exposure of BPA at 0.05 μg/kg (median) (Lakind andNaiman,
2008); D, estimated aggregate daily total exposure of BPA at 0.27 μg/kg (95th percentile) (Lakind and Naiman, 2008).
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and Ritter, 2009), based on IVIVE (Mielke and Gundert-Remy, 2009,
2012; Partosch et al., 2013), or scaled from monkey (Fisher et al.,
2011) and rat (Teeguarden et al., 2005)models, the currentmodelmin-
imized uncertainties in BPA model parameter determination with the
availability of empirical human experimental data. Therefore, the cur-
rent model would be better for human exposure assessment to reduce
uncertainties incurred during extrapolation across doses and species.
However, due to the absence of knowledge on the exact disposition of
BPA and its metabolites in the body, for example, measurements of por-
tal vs systemic concentrations of BPA, understanding of the kinetics of
BPA and its metabolites in the liver and the GI tract, some of the
predictionsmade using ourmodel are non-identifiable and only labora-
tory animal data are available.

In accordance with the original monkey model (Fisher et al., 2011),
first pass metabolism (glucuronidation) of BPA in the small intestine
was introduced in the current model to account for the relatively low
levels of systemic d6-BPA and rapid appearance of high levels of d6-
BPAG in serum after oral administration of d6-BPA (Teeguarden et al.,
2015; Thayer et al., 2015). Glucuronidation of BPA in the gastrointesti-
nal (GI) tract has been documented with human intestinal microsomes
(Mazur et al., 2010; Trdan Lusin et al., 2012) and human intestinal cell
line (Audebert et al., 2011). The recalibrated human PBPK model for



Table 6
Predicted percentiles of the distribution of serum BPA dose metrics in adult humans.

Exposure levels
(μg/kg/day)

Percentiles of serum peak levels (Cmax, pM)

2.5 5 15 25 50 75 85 95 97.5

Estimated daily dietary intake (FDA, 2014b)
0.2 (mean) 1.4 1.7 2.3 2.7 3.9 5.5 6.4 8.6 9.8
0.5 (90th
percentile)

3.6 4.1 5.6 6.7 9.2 13.1 15 20.9 23.7

Estimated aggregate daily total exposure (Lakind and Naiman, 2008)
0.05 (median) 0.35 0.42 0.58 0.69 0.95 1.33 1.58 2.14 2.40
0.27 (95th
percentile)

1.9 2.2 3 3.6 5.2 7.2 8.4 11.2 12.6

Exposure levels
(μg/kg/day)

Percentiles of daily AUC (pM∗h per day)

2.5 5 15 25 50 75 85 95 97.5

Estimated daily dietary intake (FDA, 2014b)
0.2 (mean) 14.6 17.5 25.4 30.6 44.4 64.8 79.1 105.4 124.9
0.5 (90th
percentile)

35.1 43.8 62 73 107.8 155.2 186.3 253.4 287.2

Estimated aggregate daily total exposure (Lakind and Naiman, 2008)
0.05 (median) 3.6 4.3 6.4 7.6 10.9 15.9 19.2 26.6 31.2
0.27 (95th
percentile)

19 23.4 32.9 40.6 59.4 86 102 140.2 160.3
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BPA predicted that in adult humans approximately 70% of orally dosed
d6-BPA is subject to glucuronidation in the small intestine, which is
somewhat less than that (90%) predicted in adult monkeys (Fisher
et al., 2011). Of note, the fitting of the BPAG absorption was affected
by thepercent biliary excretion and BPA glucuronidation rate, that is op-
timization of a first order absorption rate using BPAG concentrations as
the outcome metric is greatly dependent on other factors.

With the availability of serum concentration and urinary excretion-
time profiles of d6-BPAG and d6-BPAS in adult humans following a sin-
gle oral dose of 100 μg/kg d6-BPA, the kinetic behavior of BPAG and
BPAS, instead of total BPA conjugates as described in the original mon-
key model (Fisher et al., 2011), were characterized in the current
model. Coupled with in vitro studies on BPA conjugation using human
livermicrosomes (Coughlin et al., 2012) and cryopreserved hepatocytes
(Kurebayashi et al., 2010), hepatic glucuronidation and sulfation of BPA
were described with Michaelis–Menten equations. Model simulations
suggested that themajority (93%) of oral BPA taken up into the liver un-
dergoes glucuronidation,whereas only a small portion (7%) is subject to
sulfation. As a caveat, evidence for the presence of diconjugated forms of
BPA in human serum and urine (12–15%) was observed in the most re-
cent human studies (Thayer et al., 2015; Teeguarden et al., 2015). The
volume of distribution for BPAG and BPAS in this paper is apparent vol-
ume of distribution with no physiological meaning. The processing of
the conjugates appears to be complex and involves both the liver and
gastrointestinal tract. Several model parameters in this model, describ-
ing GI tract metabolism and EHR, are not identifiable because of the lack
of data. In the paper of Edginton and Ritter (2009), the predicted distri-
bution volume of BPAG (0.43 L/kg) is close to total body water volume
(0.6 L/kg) in adult humans (Davies and Morris, 1993).

An issue arose when we attempted to describe the kinetic behavior
of serum d6-BPAG, which required an assumption to account for de-
creased systemic clearance of d6-BPAG at later time points. BPAG is
identified as a potential human MRP3 substrate (Mazur et al., 2012).
Weak expression of MRP3 has been observed on the basolateral mem-
branes of human kidney cells (Hilgendorf et al., 2007) and tissues
(Scheffer et al., 2002). However, attempts to describe the time course
of serum d6-BPAG concentration data with the assumption of renal re-
absorption were not successful (simulations not shown). Based on the
previous BPA PBPK model developed by Teeguarden et al. (2005), we
hypothesized that a small fraction (10%) of BPAG in the liver derived
from the small intestine and the liver undergoes biliary excretion and
subsequent EHR. Such an assumption was necessary to describe the
lingering of serum d6-BPAG levels, as well as serum d6-BPA levels, at
later time points. Despite the lack of direct evidence to support this hy-
pothesis, biliary excretion and enterohepatic recirculation have been re-
ported in humans formany other glucuronidated compounds (Caldwell
and Greenberger, 1971; Herman et al., 1989; Hiller et al., 1999; Miller,
1984; Pedersen and Miller, 1980; Rollins and Klaassen, 1979).

Similar to what has been suggested for monkeys in the original mon-
keymodel by Fisher et al. (2011), the exact processes controlling the com-
plex kinetic behavior of BPAG in humans remain uncertain. The current
assumption that BPAG undergoes biliary excretion and subsequent EHR
may be inappropriate, given that BPAG does not appear to be a substrate
for humanMRP2, MDR1, and BCRP (Mazur et al., 2012), which are major
hepatic canalicular transporters responsible for biliary excretion of
chemicals (Morrissey et al., 2012). Also, since gall bladder emptying in
humans is not a continuous process but occurs atmeal times only, the as-
sumption of biliary excretion along with enterohepatic recirculation, in
theory, could result in bumps in the BPA curve. An alternative explanation
for the decreased systemic clearance of BPAG at later time points could be
that BPAG in the intestinal mucosa is transported back into intestine by
transporters, deconjugated by bacteria, and reabsorbed into portal vein
as BPA. In addition, the slower terminal phase of BPAG could be due to
the larger volume of distribution, thus slowing the terminal phase.

When the recalibrated adult human BPA PBPKmodel was evaluated
against other kinetic data with BPA, where the time course of serum
concentration and urinary excretion profiles of BPAG were collected in
adult humans dosed with 5 mg d16-BPA in a hard gelatin capsule
(Völkel et al., 2002) and 25 μg BPA in 50 ml of water (Volkel et al.,
2005), model predictions were in general in line with experimental ob-
servations (Fig. 4 and Fig. 5), suggesting the robustness of the current
model with regards to the description of the kinetic behavior of BPAG.
However, attempts to describe the time courses of serum d6-BPA and
d6-BPAS concentrations in adult humans dosed with d6-BPA in soup
(Teeguarden et al., 2015) using the current model calibrated with the
cookie data (Thayer et al., 2015) were not successful, and observations
fell outside bounds expected when inter-individual variability was con-
sidered (data not shown). The fasting conditions and dosing vehicles
used in the study of Teeguarden et al. (2015) differ from the cookie
study (Thayer et al., 2015), which could impact BPA disposition, in par-
ticular during the absorption phase. To achieve better agreement with
serum d6-BPA and d6-BPAS concentration profiles collected in the
soup study (Teeguarden et al., 2015), the oral uptake rate constant
(K1C) was decreased from 2 kg0.25/h to 0.51 kg0.25/h, implying that
oral uptake of BPA may differ depending on the oral dosing vehicles
(cookies versus soup) and/or fasting conditions (fed versus fasted
state). In addition, the temperature and the composition of the soup
as well as the time to take it may also affect vehicle effect on BPA
absorption.

Parameters describing oral uptake of BPA (K1C) and glucuronidation
of BPA in the small intestine (KmgutC, VmaxgutC) were demonstrated
to exhibit substantial impact on model-predicted serum BPA levels, in
particular during the absorption phase (Table 5 and Fig. S3). Impact of
dosing vehicles on the disposition of BPA, e.g. gastric emptying time,
transient time in the small intestine, as well as metabolism of BPA in
the GI tract, was also proposed in the monkey BPA PBPK model
(Fisher et al., 2011).More studies are needed tounderstand fully the im-
pact of dosing vehicles (cookies versus soup) and fasting conditions
(fasting versus fed state) on BPA kinetics and to reduce the uncertainty
in the estimation of BPA model parameters.

As pointed out by Teeguarden et al. (2015), a significant positive as-
sociation was observed between body mass index (BMI) and AUC0 → ∞

as indicated by linear correlation analysis. In the current human PBPK
model for BPA, a linear correlation between logBMI and the fraction of
body weight for fat volume (VfatC) (Jackson et al., 2002) was used to
calculate body fat volume. Analysis of the individual data from the cook-
ie study (Thayer et al., 2015) and the soup study (Teeguarden et al.,
2015) suggested that the volume of body fat (Vfat) is linearly linked



Fig. 9.Comparisons ofmodel simulated serumd14-BPA concentration time course after oral dosing of 5mgd16-BPA in hard capsules (Völkel et al., 2002) using the currentmodel calibrated
with the cookie data (Thayer et al., 2015) and the revisedmodel based on the soup data (Teeguarden et al., 2015) as well as existing human BPA PBPKmodels (Edginton and Ritter, 2009;
Fisher et al., 2011; Mielke and Gundert-Remy, 2009; Teeguarden et al., 2005). Simulations using the existing human BPA PBPK models were obtained by digitization from (Edginton and
Ritter, 2009; Fisher et al., 2011; Mielke and Gundert-Remy, 2009; Teeguarden et al., 2005). LOD, limit of detection.
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with BMI values, with a correlation coefficient of 0.96 (N= 24). There-
fore, the positive association observed between BMI and AUC0 → ∞

(Teeguarden et al., 2015) could be in part explained by the linear corre-
lation between BMI and the volumeof fat (Vfat). As amoderate lipophil-
ic chemical, distribution of BPA into the larger volume of fat would
reduce the clearance of BPA, thus yielding the increased AUC0 → ∞.

Plasma concentration and cumulative urinary excretion data of d14-
BPAG in adult humans administeredwith a single oral dose of 5mg d16-
BPA (Völkel et al., 2002) were the primary data set used for model de-
velopment in previous human BPA PBPK models (Edginton and Ritter,
2009; Fisher et al., 2011; Mielke and Gundert-Remy, 2009; Teeguarden
et al., 2005), where serumd14-BPA concentration time course datawere
not available but simulated in these models. To compare model perfor-
mance of the currentmodel with the existing human BPA PBPKmodels,
simulations of plasma d14-BPA concentration time course (Völkel et al.,
2002)with thesemodelswere evaluated. As shown in Fig. 9, the current
model calibrated with the cookie data (Thayer et al., 2015) and the re-
vised model based on soup data (Teeguarden et al., 2015), together
with the original monkeymodel (Fisher et al., 2011), predicted relative-
ly lower peak levels of d14-BPA in plasma compared with the other
models (Edginton and Ritter, 2009; Mielke and Gundert-Remy, 2009;
Teeguarden et al., 2005). Such dissimilarity suggests the impact of con-
sidering first pass metabolism of BPA in the small intestine on model
predictions. Also, model predicted peak plasma d6-BPA levels derived
from Teeguarden et al. (2015) differ from those derived from Thayer
et al. (2015) and Fisher et al. (2011), emphasizing the impact of dosing
vehicles and fasting on the absorption phase of BPA.

In this study, the recalibrated human BPA PBPK model was used to
estimate the inter-individual variability of internal dose metrics of BPA
for the general population based on the estimated daily intake of BPA
in the United States (FDA, 2014b; Lakind and Naiman, 2008). Model
predicted peak serum BPA levels fell within the range of pM, with 95%
of human variability ranged within an order of magnitude, suggesting
that an uncertainty factor of less than 10 would be reasonable to ac-
count for the inter-individual variability in pharmacokinetics. Also,
model predicted internal dose levels of BPA were consistent with
those calculated using multiple empirical approaches (Teeguarden
et al., 2013), and raised questions concerning the plausibility of a
small subset of high serum BPA levels reported in literature.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.taap.2015.10.016.
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