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Abstract

Construction of a physiologically
based pharmacokinetic model for

some environmental phenols

Jeong Weon Choi
Department of Environmental Health
The Graduate School of Public Health

Seoul National University

It is important to know the exposure levels of environmental phenolic
compounds considering their exposure frequency and toxicity. Physiologically
based pharmacokinetic (PBPK) model is one of the tools for predicting the daily
intake value. Most of the PBPK models were developed for single chemical so
several models are required to do exposure assessment for several chemicals. A
simple PBPK model was developed for several environmental phenols (methyl
paraben, ethyl paraben, propyl paraben, benzophenono-3, triclosan, bisphenol
A, bisphenol S) that provides a description of kinetics of those chemicals in
human. Since those phenolic compounds share similar chemical structure and
pharmacokinetic characteristics, constructing a unified model for them would
reduce the cost and time. Structure of the developed model consists of liver,
skin, rest-of-the-body and blood compartments. Once the chemical comes into

the liver compartment, metabolism happens and the metabolites excretes into
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feces or urine after moving to the blood compartment. The model parameters
were optimized using data of published pharmacokinetic studies in humans.
Then to confirm the validity, the model was applied to other human kinetic data
not used in the model calibration except benzophenone-3. Model simulations
were visually fitted well to the experimental data of most of the target chemicals
except propyl paraben. It appears that the model under-predicted accumulated
urinary amount of total propyl paraben. The results of this study is meaningful
that the constructed model can be applied to various phenolic compounds with
one model structure and it can be used to predict more elaborate intake values
that can reflect the physiochemical characteristics of human body. In addition,
the result of this study implicated that the model structure could explain
pharmacokinetic behavior of various phenols so it could be considered that the
extended application of the model to other phenols sharing similar

pharmacokinetic properties.
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1. Introduction

Environmental phenol is a group of phenolic compounds widely used in
many consumer products, personal care products, and food packaging.
Parabens are used as antimicrobial preservatives in cosmetics, personal care
products, foodstuffs, and pharmaceuticals (Guo and Kannan, 2013; Mortensen
et al., 2014). Triclosan (TCS) also has antimicrobial activity so they used in
personal care products, household items, medical devices, and clinical settings
(Fang et al., 2010). Benzophenone-3 (BP3) is mainly used as sunscreen agents
found in cosmetic products (Janjua et al., 2008; Kim and Choi, 2014) and
plastic surface coatings for food packaging as sunscreen agents (Kim et al.,
2016). Bisphenol A (BPA) is used to manufacture polycarbonate plastic and
epoxy resins and thermal paper (Liu et al., 2017). As BPA is known to be
harmful, the production and application of BPA analogues such as bisphenol S
(BPS), and —F (BPF) are on the rise these days (Chen et al., 2016). Therefore,
general exposure route of environmental phenols is ingestion of food,
beverages, and dermal contact of consumer products and personal care products.
In addition, oral mucosal exposure through dental care products (e.g.,
toothpaste, mouthwash) is another route of exposure for phenols (Geens et al.,
2009). In addition, many environmental phenols are known as endocrine
disruptors based on in vitro and in vivo studies (Dekant and Volkel, 2008;

Skledar et al.; 2016; Kim and Choi, 2014).

These environmental phenols mentioned above share similar
pharmacokinetic behavior and metabolic pathway. Human in vivo and in vitro
studies have been conducted to investigate the metabolism and

pharmacokinetic profiles of these compounds. The common metabolic pathway
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is phase II metabolism in the liver, yielding glucuronided and sulfated
conjugates. Once the chemicals absorbed into the body, most of them are
rapidly metabolized and eliminated within 24 h. Urinary excretion of the
metabolites is the main elimination route in humans (Ye et al., 2007; Moos et
al., 2016; Gonzalez et al., 2002; Sandborgh-Englund et al., 2006; Thayer et al.,
2015; Volkel et al., 2002; Oh et al., 2018).

Due to the ubiquitous nature and toxicity of the environmental phenols, it is
important to know the exposure levels of them in the population. Human
exposure to environmental phenols can be estimated by measuring urinary
concentrations of these compounds and their metabolites. The advantage of
using biomonitoring data is that it can reflect internal exposure.
Physiologically-based pharmacokinetic (PBPK) model can be a useful tool to
convert urinary concentrations of the compounds into daily intake values. Shin
et al. (2010) predict the oral BPA intake of Korean pregnant women using the
median blood BPA concentration of the population. Yang et al. (2015) also
estimated daily oral intake of BPA for adult humans using their model. They
conducted Monte Carlo simulation to evaluate the inter-individual variability
of model predicted internal dose metrics (Cmax and AUC) of serum

unconjugated BPA at steady state in the general adult U.S. population.

According to the report of Ministry of Food and Drug Safety (MFDS) of
Korea, PBPK models developed for a hundred of chemicals (MFDS, 2011).
Several PBPK models have been developed to describe the pharmacokinetic
behavior, metabolism and disposition of phenolic compounds (Yang et al., 2015;
Fisher et al., 2011; Kawamoto et al., 2007; Teeguarden et al., 2005; Shin et al.,
2004; Campbell et al., 2015; Maharjan et al., 2015). Each model has a variety
of structures depending on each purpose. Most of the PBPK models are
developed for individual chemicals or same group of chemicals, like parabens

7



(Campbell et al., 2015). However, constructing a model that can encompass a
certain class of chemicals with similar structure and pharmacokinetic properties

can save the cost and time required for exposure assessment.

The objective of this study is to construct the PBPK core model for seven
environmental phenols; methyl paraben (MP), ethyl paraben (EP), propyl
paraben (PP), BP3, TCS, BPA, BPS. These chemicals share a similar structure
of phenolic ring (Figure 1), metabolic pathway and pharmacokinetic behavior.
The purpose of the model is to describe the pharmacokinetic behavior of
phenols in humans with single model structure. Model calibration and
validation were performed using human pharmacokinetic data (MFDS, 2013,

2016; Sandborgh-Englund et al., 2006; Thayer et al., 2015; Oh et al., 2018).
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2. Materials and Methods

2.1. Datasets

In case of MP, EP and PP, time-course kinetic datasets for oral exposure were
used to develop the model. MFDS (2013) reported the data of 7 male volunteers
orally exposed to 2.5 mg/kg of isotope labeled MP, EP and PP (ds-MP, ds-EP,
ds-PP) respectively. Serum was collected from 0 to 8 h after exposure and urine
was collected from 0 to 24 h after exposure. MFDS (2013) dataset was used to
optimize the oral exposure of the model and the other dataset was used to
validate the model. MFDS (2016) reported the data of 7 volunteers orally
exposed to 40 mg of ds-PP. Serum and urine samples were collected and the
sample collection time was much longer than MFDS (2013), from 0 to 72 h
after exposure. For MP and EP, MFDS (2013) data of three subjects without
missing data points were used to calibrate the model and data from remaining
four subjects were used to evaluate the model. For PP, MFDS (2013) data was
used for model calibration and MFDS (2016) data was used for model

evaluation.

For BP3, MFDS (2016) reported serum and urine data after single oral
exposure. Five male volunteers were exposed to 2 mg of deuterated BP3 (ds-
BP3) via the oral route of exposure. At this time, serum and urine samples were
collected at certain time intervals during 0-72 h after exposure. In the serum
time course data, most of them were below the limit of detection (LOD) (0.5

ng/mL) after 8 h so they were excluded from the analysis.

For TCS, MFDS (2016) reported serum and urine data obtained from oral

exposure experiments. One adult male was exposed to 4 mg of deuterated TCS
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(ds-TCS) and both serum and urine were collected during 0-72 h after exposure.
Sandborgh-Englund et al. (2006) reported the TCS in plasma and urine after
single oral administration of 4 mg TCS by swallowing an oral mouthwash
solution from 10 Swedish people. The samples were collected before and up to
8 days after exposure. Data from one adult male was used for model calibration

and data from 10 Swedish people were used for model evaluation.

Datasets of bisphenols were also from controlled dosing studies. Thayer et
al. (2015) gave a single oral dose of 100 pg/kg deuterated BPA (ds-BPA) to 14
volunteers. After dosing, the serum and urine samples were conducted until 24
h after exposure. Oh et al. (2018) reported the BPS in serum and urine after
single oral administration of 0.00875 mg/kg deuterated BPS (ds-BPS) from
seven volunteers. The samples were collected before and up to 72 h after
exposure. For BPA, data from five subjects with more time points and longer
sample collection time were used for model calibration and the others were used
for model evaluation. For BPS, data of four subjects without missing data points
were used to optimize the model and data from remaining three subjects were

used to evaluate the model.
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2.2. Model construction

2.2.1. Model construction procedure

The overall procedure of PBPK model construction is illustrated in Figure 2.
Each step before the model formulation was to construct the model structure,
which can reflect the appropriate absorption, distribution, metabolism, and
excretion (ADME) of the target compound. Information of toxic mechanisms,
biochemical properties, and physiological properties of the target compound
were gotten from the literatures. Then model structure was described in
differential equations and model parameters were estimated using human
pharmacokinetic (PK) datasets. Finally, model simulation performed and
evaluated with the other PK datasets. Details of each step of the workflow are
described in following sections. Coding, all parameter fits and simulations were

conducted using Berkeley Madonna ver.8.3.23.0 (University of California).

2.2.2. Model compartments

The structure of the human PBPK model for environmental phenols is shown
in Figure 3. Tissue compartments include liver, skin, blood and rest-of-the-body
compartments. The selection of compartments was based on both kinetic and
metabolic considerations and model’s potential use for dose reconstruction and

exposure assessment of environmental phenols.

A liver compartment is involved to reflect the metabolism of phenols, and
describe the oral exposure. Considering that exposure to environmental phenols
via the skin is one of the important route, a skin compartment was included to
describe the dermal absorption. A blood compartment was also included

because it describes the systemic circulation and excretion through the urine,
12



the commonly used biological fluid to measure the phenol exposure. The rest-

of-the-body compartment (all other organs and tissues not considered

individually) was included to complete mass balance. Each compartment was

interconnected by the systemic circulation and described as flow limited.
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Figure 2. Overall procedure of PBPK model construction. After making the
model structure and equations, the model was fitted into the human PK data.
Then the calibrated model was validated by the other datasets.
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2.2.3. Model parameters

The physiological parameters such as tissue volumes and blood flows (Table
1) were obtained from the literatures (Brown et al.,1997; Corley et al., 2000).

Fractional tissue values and blood flows were scaled using body weight.

Kinetic parameters about metabolism were all visually fitted value. All of the
phenolic compounds included in this model are commonly conjugated with
glucuronide or sulfate in the liver. This phase II metabolism is major metabolic
pathway of some bisphenol derivatives and TCS, however, in the case of
parabens and BP3, other metabolic processes (e.g., hydrolysis, demethylation)
occur mainly (Abbas et al., 2010; Kim and Choi, 2014). Therefore, kinetic
parameters related to metabolism were divided into two types. Once
metabolites are formed in the liver compartment, they are either transferred to
the blood compartment or excreted into the feces by first order rate constant
(KfM1b, KfM2b, KfM1f, KfM2f). The transferred metabolites in blood are
then excreted into urine and these processes were also described in first order

rate constant (KeM1u, KeM2u).

Tissue:blood partition coefficients (PCs) were obtained from the literatures
(Campbell et al., 2015; Doerge et al., 2011; Maharjan et al., 2015) or predicted.
Campbell et al. (2015) and Maharjan et al. (2015) predicted the PCs of MP, PP,
and TCS in humans using the computational method. Doerge et al. (2011)
analyzed BPA concentration in multiple tissues and serum from adult rats and
calculated PC. PCs of liver could be obtained from the literatures but PCs of
skin and rest-of-the-body were based on the values of other slowly-perfused-
tissue compartments and modified to fit visually well. The model estimated the
PCs of EP, BP3, and BPS but initial values were based on the PCs of MP, PP or

BPA, which are belonging to similar groups. Skin:vehicle PCs were obtained

14



from Roy et al. (1996).

Skin and oral mucosal permeability coefficient were derived from other
studies (Seo et al., 2017; MFDS, 2013, 2016) or predicted. The studies
evaluated the permeation of MP, PP, BP3, and TCS in human cadaver epidermis
using a Franz diffusion cell method. Since EP, BPA, and BPS did not have skin

permeability coefficient data, the values were set to MP.

2.2.4. Chemical uptake and metabolism

Oral absorption was based on a pseudo-physiological compartment
description representing gastrointestinal (GI) tract. Absorption from the GI tract
was modeled using a first-order rate constant. The equation for the GI tract

compartment is as follows:

dAGI
—— = ~(Ka X AGI + Kop X AGI)

where Ka is the oral absorption rate constant (/hr), AGI is the amount of phenol

in Gl tract, and Kef'is the fecal excretion rate constant (/hr) of parent compound.

Phase II metabolism and other metabolic reaction of the phenols were
described using first-order rate equations to minimize the number of model
parameter. All parameter values were fitted with human PK data considering
the metabolic characteristic of each compound. For example, major metabolite
of BP-3 is BP-1 produced by O-demethylation, while the metabolites produced
by phase Il metabolism are produced at a low rate. Therefore, the values of the
parameters related to the phase I metabolism are smaller than those of other

metabolism related parameters.

Dermal absorption was described as a rate of penetration through the skin
15



(Fick’s law of diffusion) and the rate of delivery and clearance via systemic
blood circulation (Corley et al., 2000). Dermal mass flux is most naturally
described by Fickian diffusion equation and passive diffusion is fundamental
mechanism of dermal mass transport (Roy, 1998). The equation for the skin

compartment is as follows:

dAS A,

W=(K’p 1000) (———)+QS><(C — CvS)

Mw P

where Kpis the skin permeability constant for each phenolic compounds (cm/h),
Ae is the surface area exposed (cm?), DMXx is the concentration of phenol in
vehicle (mg/L), MW is the molecular weight of the phenol (g/mol), Cs is the
concentration of the phenol in skin (mmol/L), Ps_v is the skin:vehicle partition
coefficient, QS is the blood flow to the skin (L/h), Ca is the concentration of
phenol in arterial blood, and CvS is the concentration of phenols in venous

blood draining the skin.

Oral mucosal absorption was based on a pseudo-physiological one
compartment description representing oral mucous. Oral mucosa exposure,
actually, is not a major route of exposure like ingestion, contact, and inhalation.
However, considering the need of oral mucosa exposure assessment of paraben
and TCS by oral care products (e.g., toothpaste, mouthwash), the oral mucosa
exposure route was reflected in the model. Intra oral administration could avoid
first-pass metabolism and other interactions in the GI tract. Moreover, as the
oral mucosa is highly vascular region, transmucosal absorption could provide
fast access directly to the systemic circulation (Patel et al., 2012; Xia et al.,
2015) and it occurs only by passive diffusion (Boroujerdi, 2001). To reflect the
physiological characteristic, when the chemical absorbed via oral mucous, the

passive diffusion happens into the oral mucous compartment and the first order
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absorption occurred in the blood compartment. The equation for the oral

mucous compartment is as follows:

dARO K x A, ><01\/1x
dt = (Kp, 1000) MW

— K4 o X ARO

where Kp o is the oral mucous permeability constant for each phenolic
compounds (cm/h), Ao is the surface area exposure (cm?), OMx is the
concentration of phenol in vehicle (mg/L), MW is the molecular weight of the
phenol (g/mol), Cv is the concentration of the phenol in venous blood (mmol/L),
Po v is the oral mucous:vehicle partition coefficient, Ka o is the absorption
rate constant of phenol to blood compartment, and ARO is amount of phenol in

oral mucous (mmol).

Table 1. Physiological parameters of model

Parameters Values Source

Tissue volumes

BW Body weight (kg) Subject-specific where provided
VBc Blood (%BW) 0.0428 Brown et al., 1997

VLc Liver (%BW) 0.026 Brown et al., 1997

VSc Skin (%BW) 0.051 Corley et al., 2000

Blood flows

QCc Cardiac output 16.5 Brown et al., 1997

(1/hr/kg)
QSc Skin (%QC) 0.058 Brown et al., 1997
QLc Liver (%QC) 0.226 Brown et al., 1997

17
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2.2.5. Urinary and fecal excretion

The absorbed compounds are excreted from the body through urine or feces.
Urinary and fecal excretion of phenolic compounds and their metabolites were
described using first-order rate equation. Free form of the compound in the
feces was excreted directly from the GI tract (Kef) and metabolized forms
(KfM1f, KfM2f) were excreted via bile from the liver compartment. In this
model, enterohepatic recirculation was not considered because of a high
threshold for biliary elimination in humans (Vélkel et al., 2002). Both free (Keu)
and metabolized form (KeM1lu, KeM2u) of the compound in the urine exit
through kidney and it described as excreting from the blood compartment. The
value of the parameters related to metabolites could consider the metabolic
characteristic of each compound. The constants of each compounds were
determined by visual fitting to achieve agreement with time-course data of each

compound.
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2.3. Sensitivity analysis

A local sensitivity analysis was implemented to assess the impact of
individual model parameter changes on the model output. The normalized
sensitivity coefficient (NSC) was calculated by the following equation (Yang et
al., 2015):

_0:i-0)/0

where O is the model output resulting from the original parameter value, O; is
the model output resulting from the 1% increase in the parameter value, P is the
original parameter value, and P; is the parameter value increased by 1%.
Parameters with maximum absolute NSC values exceeding 0.1 is considered
sensitive. If absolute NCS values are greater than 1, it indicates that the
parameters with the values have a high impact on model output. Positive NCS
values mean direct correlation between the model output and each parameter,
while negative NCS values suggest that the model output is inversely correlated
with each parameter. The sensitivity analysis was performed assuming the adult
received a single oral dose of 100 pg/kg target compounds. The model output
was the accumulated amount of total compound (parent compound plus
conjugated compound) in urine for 72 h. Time course data of target compounds
showed that the half-life of the longest half-life was about 10 h, so it was

estimated that the chemicals were almost excreted in the body within 72 h.
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3. Results

3.1. Model calibration

Most of the kinetic parameters were manually adjusted to arrive at a visually
best-fit for the observed data. Terminology and values of chemical specific
parameters are shown in Tables 2-8 for MP, EP, PP, BP3, TCS, BPA and BPS.
Most of them are fitted and optimized values using the experimental data.
Because Ka o and Kp o are the parameters related to oral mucosal exposure,

the values did not fitted and it did not affect the simulations.

Figures 4-6 show model predictions and observations of serum time courses
and accumulated urinary excretion of ds-MP, d4-EP, and d4-PP in adult humans
after a single oral dosing of 2.5 mg/kg d4-MP, d4-EP, and d4-PP (MFDS, 2013).
The model was generally capable of tracking accumulated excretion profile of
parabens into urine, but serum time-concentration profiles of d4-MP and d4-EP
at later time points were somewhat underestimated. Figure 7 shows model
predictions and observations of serum time courses and accumulated urinary
excretion of ds-BP3 in adult humans after a single oral dose of 2 mg ds-BP3
(MFDS, 2016). The predictions did not fit well with the urine and blood data,
but the tendency of the time course seemed to be good. Figures 8 shows model
predictions and observations of serum time courses and accumulated urinary
excretion of d;-TCS in one adult human after a single oral dosing of 4 mg ds-
TCS (MFDS, 2016). Simulations of accumulated urinary excretion profiles
after oral exposure in general tracked experimental data. Serum ds;-TCS
concentration time courses of oral exposure did not fitted well but it provides a

good description of the time course for TCS in the serum. Figure 9 shows model

21



predictions and observations of serum time courses and accumulated urinary
excretion of d¢-BPA in adult humans after a single oral dosing of 100 pg/kg de-
BPA (Thayer et al., 2015). Simulation of both serum concentration and urine
excretion profile generally tracked observed data. Figure 10 shows model
predictions and observations of serum time courses and accumulated urinary
excretion of d4-BPS in adult humans after a single oral dosing of 0.00875 mg/kg
ds-BPS. Simulation of wurinary excretion profile accurately tracked
experimental data. In case of the serum concentration profile, simulation

showed a tendency to follow the trend of the experimental data.
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Table 2. Chemical specific parameters for methyl paraben

Parameters Values Source

Partition coefficients (unitless)

PL Liver/blood 1.8 Campbell et al., 2015
PS Slowly perfused tissue/blood 1.8 Campbell et al., 2015
PT Rest of the body/blood 0.55 Fit?

Ps v Skin/vehicle 1.94 Roy et al., 1996

Kinetic parameters (/hr)

Ka Absorption from GI tract 1.5 Fit?

Ka o Absorption from oral mucous -

Kp Skin permeability coefficient 9.0e-5 Seo et al., 2017

Kp o Oral mucosal permeability coefficient -

Keu Urinary excretion rate (free form) 0.01 Fit?

Kef Fecal excretion rate (free form) 0.03 Fit?

KfM1b Forming of conjugated metabolites 0.5 Fit?
(glu./sulf.) into blood

KfM2b  Forming of other metabolites into 1.0 Fit?
blood

KeMlu Excretion of conjugated metabolites 6.0 Fit?
(glu./sulf.) into urine

KeM2u Excretion of other metabolites into 10.0 Fit?
urine

KfMI1f Forming of conjugated metabolites 0.8 Fit?
(glu./sulf.) into feces

KfM2f Forming of other metabolites into 1.6 Fit?
feces

“Visual fit were obtained by optimizing the value for each parameter in question against
available data with all other parameters held constant.
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Table 3. Chemical specific parameters for ethyl paraben

Parameters Values Source

Partition coefficients (unitless)

PL Liver/blood 1.85 Campbell et al., 2015
(Estimated)”

PS Slowly perfused tissue/blood 1.85 Campbell et al., 2015
(Estimated)”

PT Rest of the body/blood 0.5 Fitb

Ps v Skin/vehicle 1.94 Roy et al., 1996

Kinetic parameters (/hr)

Ka Absorption from GI tract 1.8 Fit?

Ka o Absorption from oral mucous -

Kp Skin permeability coefficient 9.0e-5 Seo et al., 2017°¢

Kp o Oral mucosal permeability coefficient -

Keu Urinary excretion rate (free form) 0.2 Fit?

Kef Fecal excretion rate (free form) 0.01 Fitb

KfM1b Forming of conjugated metabolites 0.3 Fit?
(glu./sulf.) into blood

KfM2b  Forming of other metabolites into 0.5 Fit?
blood

KeMlu Excretion of conjugated metabolites 5.0 Fit?
(glu./sulf.) into urine

KeM2u Excretion of other metabolites into 7.0 Fit
urine

KfM1f Forming of conjugated metabolites 0.3 Fit?
(glu./sulf.) into feces

KfM2f Forming of other metabolites into 4.0 Fit?
feces

“Initial value was based on the value of the MP and PP and then adjusted.

b Visual fits were obtained by optimizing the value for each parameter in question
against available data with all other parameters held constant.

¢ Values were set to MP.

24



Table 4. Chemical specific parameters for propyl paraben

Parameters Values Source

Partition coefficients (unitless)

PL Liver/blood 1.88 Campbell et al., 2015
PS Slowly perfused tissue/blood 1.88 Campbell et al., 2015
PT Rest of the body/blood 0.5 Fit?

Ps v Skin/vehicle 1.94 Roy et al., 1996

Kinetic parameters (/hr)

Ka Absorption from GI tract 3.0 Fit?

Ka o Absorption from oral mucous -

Kp Skin permeability coefficient 9.0e-5 Seo et al., 2017

Kp o Oral mucosal permeability coefficient -

Keu Urinary excretion rate (free form) 0.3 Fit?

Kef Fecal excretion rate (free form) 0.01 Fit?

KfM1b Forming of conjugated metabolites 0.5 Fit?
(glu./sulf.) into blood

KfM2b  Forming of other metabolites into 6.0 Fit?
blood

KeMlu Excretion of conjugated metabolites 0.7 Fit?
(glu./sulf.) into urine

KeM2u Excretion of other metabolites into 5.0 Fit?
urine

KfM1f Forming of conjugated metabolites 2.0 Fit?
(glu./sulf)) into feces

KfM2f  Forming of other metabolites into 7.0 Fit?
feces

“Visual fit were obtained by optimizing the value for each parameter in question against
available data with all other parameters held constant.
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Table 5. Chemical specific parameters for benzophenonone-3

Parameters Values Source
Partition coefficients (unitless)
PL Liver/blood 1.88 Campbell et al., 2015
(Estimated)”
PS Slowly perfused tissue/blood 1.83 Campbell et al., 2015
(Estimated)”
PT Rest of the body/blood 1.5 Fit®
Ps v Skin/vehicle 1.94 Roy et al., 1996
Kinetic parameters (/hr)
Ka Absorption from GI tract 3.5 Fit®
Ka o Absorption from oral mucous -
Kp Skin permeability coefficient 1.21e-4 MFDS, 2016
Kp o Oral mucosal permeability coefficient -
Keu Urinary excretion rate (free form) 2.5 Fit?
Kef Fecal excretion rate (free form) 1.0 Fit?
KfM1b Forming of conjugated metabolites 3.5 Fitb
(glu./sulf.) into blood
KfM2b Forming of other metabolites into 6.0 Fit?
blood
KeMlu Excretion of conjugated metabolites 1.0 Fitb
(glu./sulf.) into urine
KeM2u Excretion of other metabolites into 5.0 Fit®
urine
KfM1f Forming of conjugated metabolites 0.8 Fit?
(glu./sulf)) into feces
KfM2f Forming of other metabolites into 2.5 Fit?

feces

“Initial value was based on the value of the PP and then adjusted.
bVisual fit were obtained by optimizing the value for each parameter in question against
available data with all other parameters held constant.
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Table 6. Chemical specific parameters for triclosan

Parameters Values Source
Partition coefficients (unitless)
PL Liver/blood 0.55 Mabharjan et al., 2015
PS Slowly perfused tissue/blood 0.77 Mabharjan et al., 2015
PT Rest of the body/blood 53 Fit?
Ps v Skin/vehicle 1.94 Roy et al., 1996
Kinetic parameters (/hr)
Ka Absorption from GI tract 1.2 Fit?
Ka o Absorption from oral mucous -
Kp Skin permeability coefficient 1.37e-3  MFDS, 2016
Kp o Oral mucosal permeability coefficient -
Keu Urinary excretion rate (free form) 0.01 Fit?
Kef Fecal excretion rate (free form) 0.01 Fit?
KfM1b Forming of conjugated metabolites 5.0 Fit?
(glu./sulf.) into blood
KfM2b  Forming of other metabolites into 1.2 Fit?
blood
KeMlu Excretion of conjugated metabolites 0.4 Fit?
(glu./sulf.) into urine
KeM2u Excretion of other metabolites into 0.2 Fit?
urine
KfM1f Forming of conjugated metabolites 4.2 Fit?
(glu./sulf.) into feces
KfM2f Forming of other metabolites into 1.2 Fit?

feces

“Visual fit were obtained by optimizing the value for each parameter in question against
available data with all other parameters held constant.

27



Table 7. Chemical specific parameters for bisphenol A

Parameters Values Source

Partition coefficients (unitless)

PL Liver/blood 0.73 Doerge et al., 2011
PS Slowly perfused tissue/blood 2.7 Doerge et al., 2011
PT Rest of the body/blood 2.0 Fit?

Ps v Skin/vehicle 1.94 Roy et al., 1996

Kinetic parameters (/hr)

Ka Absorption from GI tract 3.0 Fit?

Ka o Absorption from oral mucous -

Kp Skin permeability coefficient 9.0e-5 Seo et al., 2017°¢

(Set to MP)

Kp o Oral mucosal permeability coefficient -

Keu Urinary excretion rate (free form) 1.5 Fit?

Kef Fecal excretion rate (free form) 0.01 Fit®

KfM1b Forming of conjugated metabolites 8.5 Fit
(glu./sulf.) into blood

KfM2b  Forming of other metabolites into 1.0 Fit?
blood

KeMlu Excretion of conjugated metabolites 3.0 Fitb
(glu./sulf.) into urine

KeM2u Excretion of other metabolites into 1.0 Fit
urine

KfM1f Forming of conjugated metabolites 1.0 Fit?
(glu./sulf)) into feces

KfM2f Forming of other metabolites into 0.1 Fit?
feces

“The initial value was set as brain value (2.8 & 0.8) and adjusted within the standard
deviation range.

bVisual fit were obtained by optimizing the value for each parameter in question against
available data with all other parameters held constant.

¢ Value was set to MP (Seo et al., 2017)
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Table 8. Chemical specific parameters for bisphenol S

Parameters Values Source

Partition coefficients (unitless)

PL Liver/blood 0.73 Doerge et al., 2011
(Set to BPA)*

PS Slowly perfused tissue/blood 2.7 Doerge et al., 2011
(Set to BPA)*

PT Rest of the body/blood 3.2 Fitt

Ps v Skin/vehicle 1.94 Roy et al., 1996

Kinetic parameters (/hr)

Ka Absorption from GI tract 1.3 Fit®

Ka o Absorption from oral mucous -

Kp Skin permeability coefficient 9.0e-5 Seo et al., 2017¢

(Set to MP)

Kp o Oral mucosal permeability coefficient -

Keu Urinary excretion rate (free form) 2.2 Fit?

Kef Fecal excretion rate (free form) 0.01 Fit?

KfM1b Forming of conjugated metabolites 5.0 Fit?
(glu./sulf.) into blood

KfM2b Forming of other metabolites into 0.6 Fit?
blood

KeMlu Excretion of conjugated metabolites 7.0 Fitb
(glu./sulf.) into urine

KeM2u Excretion of other metabolites into 2.0 Fitb
urine

KfM1f Forming of conjugated metabolites 1.0 Fit?
(glu./sulf)) into feces

KfM2f  Forming of other metabolites into 0.1 Fit?
feces

?Value was set to BPA (Doerge et al., 2011)

bVisual fit were obtained by optimizing the value for each parameter in question against
available data with all other parameters held constant.

¢ Value was set to MP (Seo et al., 2017)
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Figure 4. Model calibration of d4-methyl paraben. Observed (mean + SD)
urinary excretion profiles and serum concentration-time profiles (n=3) and
simulated values (solid line) after single oral dosing of 2.5 mg/kg d4-MP to adult
humans.
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Figure 5. Model calibration of ds-ethyl paraben. Observed (mean + SD)
urinary excretion profiles and serum concentration-time profiles (n=3) and
simulated values (solid line) after single oral dosing of 2.5 mg/kg d4-EP to adult
humans.
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3.2. Model validation

After fitting the model, the model was applied to the blood time courses and
accumulated excretion profile in urine of other groups of people. If the model
predictions and the observed values did not match, the model parameters have

been refined.

Figure 11, 12 show model predictions and observations of blood time courses
and accumulated urinary excretion of ds~-MP and d4-EP in adult humans after a
single oral dosing of 2.5 mg/kg d4-MP and ds-EP. While the model provided
good descriptions of accumulated urinary excretion amount of ds-MP and ds-
EP, observations of serum time courses at later time points were somewhat
underestimated. Figure 13 shows model predictions and observations of blood
time courses and accumulated urinary excretion of d4-PP in adult humans after
a single oral dosing of 40 mg d4-PP. Observations of urine data were a bit
underestimated and predictions of serum time courses eliminated faster than

observations at later time points.

Figure 14 shows model predictions and observations of blood time courses
and accumulated urinary excretion of TCS in adult humans after a single oral
dosing. Simulations of accumulated excretion of total TCS in urine showed that
TCS was eliminated more slowly than the observed value, but within the
standard deviation range except one point of 12 hours. On the other hand,

predictions of blood time course showed similar trend with observations.

Figure 15 shows model predictions and observations of blood time courses
and accumulated urinary excretion of ds-BPA in adult humans after a single oral

dosing of 0.1 mg/kg ds-BPA. Simulations of urine d¢-BPA excretion profiles in
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general tracked experimental data, but serum ds-BPA concentration profiles

were slightly underestimated at the early time points and final time point.

Figure 16 shows model predictions and observations of blood time courses
and accumulated urinary excretion of d4-BPS in adult humans after a single oral
dosing of 0.00875 mg/kg ds-BPS. Model predictions of accumulated urinary
excretion and serum concentration profiles were in good agreement with

collected data.
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Figure 11. Model validation of ds-methyl paraben. Observed (mean + SD)
urinary excretion profiles and serum concentration-time profiles (n=4) and
simulated values (solid line) after single oral dose of 2.5 mg/kg ds-MP to adult
humans.
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Figure 12. Model validation of ds-ethyl paraben. Observed (mean = SD)
urinary excretion profiles and serum concentration-time profiles (n=4) and
simulated values (solid line) after single oral dose of 2.5 mg/kg ds-EP to adult
humans.
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Figure 14. Model validation of triclosan. Observed (mean = SD) urinary
excretion profiles and serum concentration-time profiles (n=10; Sandborgh-
Englund et al., 2006) and simulated values (solid line) after single oral dose of
4 mg TCS in mouthwash to adult humans.
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Figure 15. Model validation of d¢-bisphenol A. Observed (mean = SD)
urinary excretion profiles (n=6) and serum concentration-time profiles (n=9)
(Thayer et al., 2015) and simulated values (solid line) after single oral dose of
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3.3. Sensitivity analysis

Sensitivity analysis of the PBPK model was performed for all model
parameters and parameters for which the calculated absolute values of NSC
were greater than 0.1 are shown in Table 9. The output evaluated was
accumulated urinary amount of total compound over a period of 72 h in adult
humans after single oral dosing of 100 pg/kg. Sensitivity coefficients of less
than 0.1 in absolute value were omitted from the table. It can be seen that of the
21 parameters in the model, 8 have less impact on risk predictions based on the
dose metric. The parameters related to the metabolism in the liver (KfM1b,
KfM2b, KIM1f, KfM2f) were sensitive, and only body weight (BW) was
identified to have the most apparent impact on model. However, it needs to be
considered that the sensitive analysis performed in this study did not take into
account the potential interactions between parameters because the parameters

were tested individually.
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Table 9. Normalized sensitivity coefficients for PBPK model predictions of
accumulated amount total compound in urine

Parameter MP EP PP BP3 TCS BPA BPS
BW 1.0 1.0 1.0 1.0 1.0 1.0 1.0
VBc - 0.5 0.4 03 - - 0.1
VLc - -0.5 -0.5 -0.3 0.1 - -0.1
VSc - - - - - - -

QCc - - 0.1 0.1 - - -

QSc - - - - - - -

QLc - - 0.1 0.1 - - -

PL - - - - - - -

PS - - - - - - -

PT - - - - -0.1 - -

Ps v - - - - - - -
KiM1f -0.2 -0.1 -0.1 -0.1 -0.3 -0.1 -0.1
KfM2f -0.4 -0.7 -0.4 -0.2 -0.1 - -
KfM1b 0.8 0.4 0.5 0.3 0.6 0.1 0.1
KfM2b -0.3 -0.1 -0.4 -0.4 -0.1 -0.1 -0.1
KeMlIu - - - - - - -
KeM2u - - - - - - -

Ka - - - 02 - - -

Keu - 0.5 0.4 03 - - 0.1
Kp - - - - - - —

Kef - - - -02 - - -

“Parent compound plus conjugated compound

—: Less than 0.1 in absolute value.
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4. Discussion

Considering the toxicity, usage and exposure frequency of phenolic
compounds, it is important to know how much they are exposed. The PBPK
model can be used as a tool to predict exposure. In this study, the human PBPK
model for seven environmental phenols (MP, EP, PP, BP3, TCS, BPA, BPS)
was constructed. The model structure included oral, dermal, and oral mucosal
exposures routes to reflect diversity of exposures in environmental phenols.
However, only oral exposure route was validated in the present study due to the
lack of data. Several PK datasets used for model calibration and evaluation
encompass serum concentration and urinary excretion profiles collected in
adult humans following a single dose of chemical (MFDS, 2013, 2016;
Sandborgh-Englund et al., 2006; Thayer et al., 2015; Oh et al., 2018). Model
parameters of each phenol were optimized using the time course data in humans.
Because there is not enough human experiment data, most of the chemicals
were subdivided into model optimization and evaluation subjects in one
experimental group except PP and BP3. PP had datasets from two different
populations so one was used to model calibration and the other was used to
model validation. On the other hand, BP3 had only one dataset but all data (n=5)

was used to estimate model parameter.

Most of the chemicals (MP, EP, TCS, BPA, BPS) were visually well fitted to
the simulated and observed data. It demonstrated that the pharmacokinetics of
some environmental phenols could be explained by the developed PBPK model
structure. However, the simulation of BP3 and PP with optimized parameters
could not track the validation dataset (MFDS, 2013, 2016) well (Figure 12, 13).

In case of PP, urine data showed a difference of about two times between the
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simulation value and the experimental values. In reality, the average fractional
urinary excretion (Fyg) of total PP in MFDS (2013) data was 3.8% and in MFDS
(2016) data was 8.6%. However, considering the Fyg of five individuals, the
range was 6.8-10%, so if number of the population was larger, it would be
acceptable to show the difference of about 2 times. Time-course data of BP3
were used for model calibration and model validation could not be performed.
Because the main exposure route of BP3 is dermal contact, most human
exposure studies expose the chemical through the skin contact (Gonzalez et al.,
2002; Janjua et al., 2008), not ingestion. In addition, it was hard to perform
model fitting and validation with only five persons, since the pattern of serum
BP3 time-course data were very different for each person. Not only sunscreen
but also dust and food are other sources from which BP3 exposure occurs
(Frederiksen et al., 2013; Wang et al., 2013; Kim et al., 2016), and further

studies on the pharmacokinetic behavior through oral ingestion are needed.

In a strict manner, the PBPK model should be validated using the data not
used in the development and parameterization of the model. Each of the model
parameters would have been estimated from separate experiments and the
model should then be tested using time-course data (Clewell et al., 2000).
However, in practice, there were not enough human pharmacokinetic data to
use. For this reason, in many cases, PBPK models are developed using animal
experimental data and extrapolated to the human. Nevertheless, there are
physiological differences between animals and human and it causes the
discrepant pharmacokinetic properties. For example, enterohepatic
recirculation of BPA glucuronide results in a slow excretion rate (Volkel et al.,
2002) and BPA glucuronide excretes predominantly via the bile into the feces
in rats (Tominaga et al., 2006). Therefore, this study is worthwhile in terms of

being based on human pharmacokinetic data and estimating the human-
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optimized parameters for various exposure routes in the target chemicals. The
developed PBPK model could be applied to estimate exposure dose and might

be contribute to reducing uncertainty in exposure assessment.

While the general PBPK model can only describe one chemical, the
developed model tried to describe several chemicals with similar characteristics
as one model structure. Therefore, the model structure has a relatively simple
structure, which has fewer compartments than other models and describe
common metabolism. For example, Fisher et al. (2011) included gonad and
brain compartments to predict the dosimetry in the target organ and used the
Michaelis-Menten equation to describe the phase II metabolism of BPA.
Campbell et al. (2015) included different hydrolysis rate of each tissue
compartments (liver, GI tract, skin) in their model to describe the chemical
specific metabolism of paraben by microsomal proteins. In this case, more
elaborating description of the chemical behavior would be possible, but it will
be difficult to describe a number of chemicals using one model. Despite these
limitations, the fitted and simulated value showed generally good agreement
with the data considering that the structure of the model was simple compared

to the number of applied chemicals and the diversity of exposure routes.

Furthermore, since it has been confirmed that the structure of the developed
model could be applied to various phenolic compounds, the applicability of the
model to other phenols with similar pharmacokinetic characteristics might be

considered.
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5. Conclusions

The human PBPK model for seven environmental phenols was developed in
this study. Firstly, a simple model structure was constructed to explain the
multiple exposure routes and the various chemicals with similar
pharmacokinetic properties. Then model parameters for each phenol were
optimized and evaluated using urine excretion profile and blood concentration-
time data from human. As a result, the model in general tracked the kinetic
behavior of target chemicals except PP and BP3. Even though some limitations
still exist, the human PBPK model for environmental phenols can be a useful
tool for reconstructing exposure dose from human biomonitoring data.

Eventually, it can contribute to the more realistic exposure assessment.
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