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Abstract Environmental bisphenol A (BPA) exposure has
been linked to a variety of adverse health effects such as de-
velopmental and reproductive issues. However, establishing a
clear association between BPA and the likelihood of human
health is complex yet fundamentally uncertain. The purpose of
this study was to assess the potential exposure risks from
environmental BPA among Chinese population based on five
human health outcomes, namely immune response,
uterotrophic assay, cardiovascular disease (CVD), diabetes,
and behavior change. We addressed these health concerns by
using a stochastic integrated risk assessment approach. The
BPA dose-dependent likelihood of effects was reconstructed
by a series of Hill models based on animal models or epide-
miological data. We developed a physiologically based phar-
macokinetic (PBPK) model that allows estimation of urinary
BPA concentration from external exposures. Here we showed
that the daily average exposure concentrations of BPA and
urinary BPA estimates were consistent with the published da-
ta. We found that BPA exposures were less likely to pose
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significant risks for infants (0—1 year) and adults (male and
female >20 years) with <10 °-fold increase in uterus weight
and immune response outcomes, respectively. Moreover, our
results indicated that there was 50 % risk probability that the
response outcomes of CVD, diabetes, and behavior change
with or without skin absorption would increase 10~*~107%
fold. We conclude that our approach provides a powerful tool
for tracking and managing human long-term BPA susceptibil-
ity in relation to multiple exposure pathways, and for
informing the public of the negligible magnitude of environ-
mental BPA pollution impacts on human health.

Keywords Environmental bisphenol A (BPA) - Endocrine
disrupters - PBPK modeling - Human health - Risk assessment

Introduction

Bisphenol A (BPA) is categorized as one of the endocrine
disrupters by the United States Environmental Protection
Agency (USEPA) and has one of the highest volumes of pro-
duced chemicals of 5-6 billion pounds each year (CDC 2013).
BPA, known as a plastic monomer and plasticizer, is mainly
used in manufacturing polycarbonate plastic and epoxy resins
and plastic consumer products including toys, drinking con-
tainers, tubing, consumer electronics, etc (Vandenberg et al.
2007). BPA is also used in the production of dental sealant and
medical materials (Kubwabo et al. 2009; Zimmerman-Downs
et al. 2010). The up-to-date tolerable daily intake (TDI) set by
the European Food Safety Authority (EFSA) has been
lowered from 50 to 4 pg kg™ ' day ™' based on newly incorpo-
rated investigation and experimental data with potential un-
certainties considered (European Food Safety Authority
(EFSA)).
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Moreover, the molecular mechanism for BPA revealed a
variety of pathways that induced cell responses at very low
concentrations (Michatowicz et al. 2015; Naciff et al. 2010;
Welshons et al. 2006). Several researches hypothesized that
exposure during the early life period to BPA may increase the
risk of infertility, weight loss, or behavior change (Braun et al.
2009, 2014; Li et al. 2011; Miao et al. 2011). On the other
hand, a previous study indicated the association between uri-
nary BPA excretion and the incidence of heart disease, diabe-
tes, or abnormal expression of liver enzymes (Melzer et al.
2010).

BPA exposure through daily meal was considered an im-
portant part of the total body burden. Most of the BPA was
leached from epoxy-coated canned foods or polycarbonate
baby bottles (Brenn-Struckhofova and Cichna-Markl 2006;
Maragou et al. 2007; Noonan et al. 2011). Meanwhile, high
levels of BPA were detected from migration via the food pack-
age wrap or thermal paper (Biedermann et al. 2010; Duffy
et al. 2006). In addition to food or drink ingestion, other ex-
posure pathways of environmental BPA should not be
neglected. Stahlhut et al. (2009) found that a higher urinary
BPA concentration was detected while investigating the BPA
elimination rate of the participant. Therefore, the nonfood
route may also be taken into consideration in the exposure
pathway.

In general, inhalation was minor in total exposure due in
part that airborne BPA was relatively low compared to that of
food intake. On the other hand, skin absorption of BPA was
likely to be an important route because BPA-containing ther-
mal paper was often used in stores (Biedermann et al. 2010;
Kaddar et al. 2008; Marquet et al. 2011; Rocha et al. 2015).
Biedermann et al. (2010) indicated that when holding thermal
printing paper for 5 s, nearly 1 pg of BPA (0.2—-6 pug) could
migrate into the forefinger and the middle finger if skin was
rather dry, whereas 10-fold of BPA transfer was measured if
skin was wet or greasy. To date, however, until recently, in-
vestigations of skin absorption and metabolic mechanisms of
BPA have been incorporated in risk assessment protocols
(EFSA 2015).

The physiologically based pharmacokinetic (PBPK) model
was developed to provide insights into the tissue distribution
of BPA in humans. Moreover, the daily intake of BPA into the
human body via different routes can be calculated through the
PBPK model. The PBPK model was originally established
based on the data from rats and could be extrapolated to pre-
dict steady-state concentrations of BPA in human tissues after
multiple intravenous instillations (Cho et al. 2002). To date,
other chemicals like acetone, isopropanol, hydroquinone, etc.
with skin absorption were applied in the PBPK model (Bois
et al. 2010; Gajewska et al. 2014); however, there were only
scarce studies considering BPA skin absorption in the PBPK
model (Mielke et al. 2011; Mielke and Gundert-Remy 2012;
Shin et al. 2010, 2004).

@ Springer

Although studies related to consumer exposure have raised
concerns about the health effects of BPA sources, there has
been no systematic attempt to examine and assess under what
exposure pathways would various effects be expected to arise.
Therefore, this study aimed to quantify the urinary BPA con-
centration distributions from various exposure pathways in
Chinese residents through a PBPK model. Different health
outcomes have been examined by the constructed Hill models.
Monte Carlo simulation was also performed to estimate the
BPA concentration distributions within the human body for a
better understanding of the potential BPA exposure-associated
impacts on age- and gender-specific human health risks with
or without skin absorption.

Materials and methods
General framework

Based on the USEPA risk assessment protocol (USEPA
1998), the proposed approach for estimating risk of BPA
through different pathways is depicted in Fig. 1. In brief, we
categorized people potentially being exposed to BPA into four
subgroups based on their life stages and corresponding differ-
ent dietary habits. Exposure pathways including food, drink,
and inhalation were integrated to estimate the total external
exposure. On the other hand, dose-response profiles of five
health outcomes of animal models or human epidemiological
data were constructed.

Specifically, the risks of immune response and uterine
weight increase derived from animal experiments were eval-
uated. Internal urinary concentration of BPA estimated by
applying the PBPK model either with skin absorption consid-
ered was further implemented to assess other health outcomes
including human behavior change and increased odds ratio in
cardiovascular disease (CVD) and diabetes derived from epi-
demiological analyses. Combining exposure and dose-
response profiles, the probabilistic risks with respect to each
outcome were estimated.

Exposure analysis

Populations with potentials of BPA exposure were categorized
into four subgroups based on different age groups as infants I
and IT as well as adult male and female due to variety in dietary
habits which would impact much on determining external
BPA exposures (Miyamoto and Kotake 2006; von Goetz
et al. 2010) (Fig. 2). Specifically, the crucial exposure routes
for infant [ aged 0—6 months may include baby bottle, toy, and
milk simulant. The BPA concentration in breast milk that
ranged 0.28-0.97 ng mL™" with a mean of 0.61 ng mL™" is
much lower than that in infant simulant from the report of Sun
et al. (2004). For infant II subgroup aged 7—12 months, baby
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food needs to be supplied as an additional food supplement.
People older than 20 years were further divided into adult
male and female according to significant differences in food
intake and breathing rate.

In practice, the intake from air, water, and food media can
be calculated as follows:

]i:GiXCi, (1)

where /; is the BPA intake rate (ug kg ' day '), G; is the
ingestion rate (m® day ' or L day ' or kg day '), and C; is
the BPA concentration (g m ° or ug L™ or pg kg ') where
the subscript “i” denotes the exposure media such as air, wa-
ter, or food items.

The BPA migration from consumer articles including in-
fant feeding bottles, toys, and microwave food was calculated
as follows:

I;=D; xTj, (2)

where J; is the BPA intake rate from the consumer product (ug
kg ' day ), D; is the migration rate (ug em “min ' orug L™
or ug kg ') from the consumer product, and T; is the contact
time (min cm?” day ') or frequency (L day ' or kg day ') to the
consumer product where “j” denotes the consumer product
such as infant feeding bottles, toys, or microwave food.

Eventually, both BPA intake rates, /; and [, shown in
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Egs. (1) and (2) were integrated as inputs to the PBPK model
to estimate internal BPA exposure based on various exposure
routes and sources.

Human BPA-PBPK modeling

The PBPK model adopted from Shin et al. (2004) was origi-
nally implemented to illustrate the dynamic transport of BPA
from intravenous instillation or oral administration that could
reflect the mechanisms including glucuronidation, biliary ex-
cretion, and enterohepatic recirculation (Fig. 3). The equations
and associated model parameters used in the present study are
shown in Tables S1 and S2 (see Supplementary materials). In
this study, 20 compartments (organs and tissues) were includ-
ed in our proposed PBPK model. On the other hand, scenarios
(70 kg male or female) with or without 1 h skin absorption of
BPA from sources such as thermal papers were taken into
account. The external dose of BPA from oral administration
or skin absorption was converted into urinary BPA concentra-
tion through the human BPA-PBPK model.

Because we adopted the study by Shin et al. (2010, 2004)
to model the urinary BPA levels after several scenarios being
considered, we proposed that the urinary BPA is determined
as the free BPA concentration. In brief, the input BPA dose is
metabolized by several glucuronides, whereas the free BPA
concentration in urine and other tissues can be estimated by
our PBPK model. However, our selected endpoints were
adopted from published epidemiological studies in which their
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Adult male and female

data might only be performed as total BPA concentration in
urine.

Therefore, we transferred the free BPA concentration into
the corresponding total BPA concentration in urine (in kidney
compartment) as follows (Zhang et al. 2011):

_Gux 9,
DI = (a) (3)

where DI is the daily intake rate (ug day '), C, is the urinary
BPA concentration (ug L"), Q, is the urinary excretion rate
(L day "), and « is the meta ratio (dimensionless, i.e.,
BPAG/(free BPA + BPAG). The adopted value of Q, is
1.7 L day ' (Zhang et al. 2011) and « is fitted as 0.9995. It
was evidenced that the free BPA in urine is likely to be less
than 0.01 % (Krishnan et al. 2010; Lacroix et al. 2011).

Dose-response analysis

A three-parameter Hill equation was used to optimally fit the
data adopted from animal or epidemiological studies to obtain
dose-response relationships. The Hill model captures the rela-
tionship between external or urinary BPA concentration and
health outcome as follows:

Enax C"

L - 4
EC50n+Cn’ ( )

where C is the external or urinary concentration of BPA (ug
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Fig. 3 Schematic of the
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Among various health outcomes associated with BPA ex-
posure, we selected five representative ones: immune re-
sponse, reproduction, cardiovascular disease, diabetes, and
behavior change (Kundakovic and Champagne 2011; Mileva
et al. 2014). Specifically, Yamasaki et al. (2000) and Yoshino
et al. (2003) performed in vivo experiments with a wide con-
centration range of BPA being considered. On the other hand,
a strong association was shown between maternal urinary
BPA concentration and child externalizing behaviors in 2-
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year-old female children determined by the Behavioral
Assessment System for Children (BASC-2) score (Braun
etal. 2009). An epidemiological study of cross-sectional anal-
ysis based on the National Health and Nutrition Examination
Survey (NHANES) during the period 2003-2006 found that
the increase of urinary BPA concentration also caused the
elevation of the odds ratio in CVD and diabetes (Lang et al.
2008). Health outcomes were selected whenever the values of
the fitted Hill coefficient were larger than 1.

Risk characterization

Exceedance risk could be calculated as the external or
urinary BPA concentration distributions (P(Dgpa))
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multiplied by the conditional probability of the effect
for health outcomes given a certain BPA concentration
P(E|Dgpa) as,

R(E(Dgps)) = P(Dgpa) % P(E’DBPA), (5)

where R(E(Dgpp)) is the probabilistic risk of the adverse
health outcome at a specific BPA concentration Dgpy.
Notably, the adjusted factor was set as 1000 when ani-
mal data was used to evaluate long-term human health
risk by linear extrapolation.

To quantify the variability of BPA exposure from a
variety of routes, the lognormal distribution model was
used to estimate the total exposure of BPA from food
and nonfood sources including water, air, toy, or ther-
mal paper from data mostly adopted from investigations
in Chinese. The Monte Carlo simulation was used to
quantify the uncertainty and variability of the data by
performing 10,000 iterations to obtain the 95 % confi-
dence interval (CI) using the Crystal Ball software
(Version 2000.2, Decisioneering Inc., Denver, CO,
USA). The three-parameter Hill model was applied to
construct the dose-response profile by using
TableCurve 2D (Version 5.0, AISN Software Inc.,
Mapleton, OR, USA).

Results
Environmental BPA exposure

The total external and urinary concentrations of BPA
from different subgroups in China were calculated by
accounting the entire intake from different routes.
Through multiplication of each media concentration dis-
tribution represented by lognormal distribution (Table 1)
and the age-specific daily intake for each food category
(Table 2), the total concentration distributions of expo-
sure on each age-specific subgroup in China could be
determined (Fig. 4).

Integrating all possible exposure routes, the distribution of
daily intake for adult male had a geometric mean (gm) of
2.50 ug day ' with a geometric standard deviation (gsd) of
1.87, whereas for infant II, the highest concentration distribu-
tion among all subgroups was obtained with a gm of
4.75 pg day ' and a gsd of 1.74. On the other hand, the
urinary concentration distribution of BPA was obtained from
external concentration distribution via the PBPK model. The
estimated urinary concentration distribution of BPA for the
male adult was 1.03 ug L™ with a gsd of 1.48, whereas for
the female adult, a gm of 1.21 pg L' with a gsd of 1.59 was
obtained.

Table 1 Investigation of BPA concentrations from various sources
Source BPA concentration Reference
Min Max Median 90th-tile
Infant
PC baby bottle (ng L") 38 4112 395.29 1436.29 Li et al. (2010)
Infant formula (ug L") 0.1 13.2 1.15 441 Biles et al. (1997)
Baby food (g kg ") 0 5 0.22 1.24 Miyamoto and Kotake
(2006)
Toy (ng cm > min") 0 204 143 6.18 Sun et al. (2006)
Adult
Bottled water (ng LY 17.6 285 70.8 152.5 Li et al. (2010)
Soft drinks (ug kg ") 0.5 2.3 von Goetz et al. (2010)
Canned food (ug kg ") 0.21 1.04 0.47 0.73 Xiao et al. (2007)
Meat (pg kgfl) 0.33 7.08 1.53 3.56 Shao et al. (2007a)
Fish (g kg ") 0.27 1.01 0.52 0.75 Shao et al. (2007a)
Vegetable (ug kg ") 043 6.37 1.66 3.48 Ren and Jiang (2010)
Eggs (ugkg ") 0.35 10.45 1.91 4.87 Shao et al. (2007b)
Cereals (ug kg ™) 35 11.0 von Goetz et al. (2010)
Microwave (ug kg ") 5 19 9.75 14.08 Lim et al. (2009)
Air (ng m ) 0 234 0.15 0.69 Fu and Kawamura

(2010)
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Table 2 Age- and body weight-specific daily intakes of infants and adults selected consumers

Consumer Infant 1 Infant 11 Adult Reference
Male Female
Age (years) 0-0.5 0.5-1 >20 >20 Wang et al. (2010)
Body weight (kg) 6 9 66 58
Formula amount per 180-200 180220 Meiji Dairies Corporation
feeding (mL) (2002)
Number of formula 5 5 Meiji Dairies Corporation
feeding (times day ") (2002)
Baby food (g day ") 300 Assumed
Toy (mouthing time)* 41.7 73.9 Miyamoto and Kotake
(2006)
Bottled water (L day ") 2 2 Li et al. (2010)
Soft drinks (mL day ) 29 29 Zhang et al. (2005)
Canned food (g day ")° 5.5 5.5 Market investigation
Meat (g day ") 54 59 Villegas et al. (2007)
Zhang and Ho (2009)
Fish (g day ") 39 45 Villegas et al. (2007)
Zhang and Ho (2009)
Vegetable (g day ") 342 348 Villegas et al. (2007)
Zhang and Ho (2009)
Eggs (g day ") 25 24 Villegas et al. (2007)
Zhang and Ho (2009)
Cereals (g day ™) 361 269 Villegas et al. (2007)
Zhang and Ho (2009)
Microwave (g day ') 12.6 12.6 von Goetz et al. (2010)
Air (m® day ')° 32 43 19.1 17.4 Travis (1987)

?The surface area of the toy is set as 10 cm?
® From http://www.highbeam.com/doc/1G1-66101015.html
¢ Breath rate (m® day ') =20 x (body weight (kg)/70)**

Dose-response assessment

The Hill model was used to optimally fit to the dose-
response data of BPA (Table 3 and Fig. 5). The five health
outcomes, namely immune response and uterotrophic as-
say from animal experiments as well as CVD, diabetes,
and behavior change from epidemiological investigation
were selected in dose-response profiles.

The median effective BPA concentration estimates
(ECso) were 811 (95 % CI 693-933) pug kg ', 408
(388-426) mg kg ', 15.00 (11.86-18.13) pg L',
10.83 (10.51-11.16) ug L', and 1.59 (1.21-1.97) pg
L' for immune response, uterine increased weight,
CVD, diabetes, and behavior change, respectively. The
values of the Hill coefficient that ranged from 1.06 to
3.10 were chosen for positive cooperativity. In this
study, the larger values of the Hill coefficient were
found for the outcomes from epidemiological investiga-
tion (n=2.29-3.10) than those for the outcomes from
animal data (n=1.06-1.43).

Risk estimates

The exceedance risk was calculated separately with or without
skin absorption (Figs. 6 and 7, Table 4). Figure 6 shows the
curves on exceedance risks that were depicted only from
animal data without skin absorption, whereas Fig. 7 reveals
the curves of exceedance risks that were drawn from epidemi-
ological data with or without skin absorption. Table 4 lists
the risk values of five health outcomes at exceedance proba-
bilities of 0.2, 0.5, and 0.8, respectively, in Chinese popula-
tion. Our findings suggested that BPA exposures were unlike-
ly to pose significant risks for infants (0—1 year) and adults
(male and female >20 years) with less than 10 °-fold increase
for uterus weight gain and immune response outcomes,
respectively.

Moreover, results showed that approximate 10*~10"2-fold
increase was estimated for CVD, diabetes, and behavior
change outcomes with and without skin absorptions at the
exceedance risk probability of 0.5. On the other hand, no
significant difference between the urinary concentration of
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BPA with and without skin absorption at steady state was
found (Supplementary Fig. S1).

Discussion
Exposure and dose-response modeling

The precise exposure estimation was the crucial step for accu-
rate assessment of the risk. Until now, two approaches were
often used to determine the daily BPA intake. The aggregated
approach accounted for all possible exposure routes, but some
exposure routes were still negligible. This approach may pro-
duce the derivation for correct risk assessment to compensate
for the poor or incomplete exposure data. On the other hand,
the backward approach was considered as a more precise es-
timation due to existing functional relationships between BPA
ingestion and urinary excretion based on experimental data or
the PBPK model.

However, we can hardly confirm each exposure pathway
using the backward approach. The daily average BPA intake
(ng kg™ day ") for Chinese in this study was similar to the
Swiss reported by von Goetz et al. (2010) (male
30.4 ng kg ' day ' and female 33.0 ng kg ' day ).
However, an obvious difference was found in Japanese (male
and female 430 ng kg™' day ') (Miyamoto and Kotake 2006),
implicating the varieties in dietary habits among different
countries. Dekant and Voélkel (2008) concluded that the daily
intake of BPA was considered below 6 pg per person
(<0.1 ug kg™ day ') in the majority of adult populations

Fitted parameters Data source

12 =0.99; Eppax = 0.62-fold, ECso =811
(95 % CI 693-933) ug kg ', n=1.06,
baseline =0.26 (dimensionless)

2 =0.99; Eppax = 0.72-fold, ECso =408
(388-426) mg kg™!, n=1.43,
baseline=27.7 mg

Yoshino et al. (2003)

Yamasaki et al. (2000)

2 =0.99; Eppax = 6.16-fold, ECso=15.00
(11.86-18.13) ug L™, n=2.67,
baseline OR = 1.0 (dimensionless)

2 =0.99; Eppax = 3.66-fold, ECso=10.83
(10.51-11.16) ug L ™", n=3.10,
baseline OR = 1.0 (dimensionless)

2 =0.96; Epax = 0.19-fold, ECso=1.59
(121-1.97) ug L', n=2.29,

Table 3  Summary of Hill-based fitting results to data in the animal studies for BPA in the low-dose exposure ranges
Species Exposure Response
Mice Oral dose 0, 3, 30, 300, Immune response: anti-
(adult) 3000 pg kg ! HEL IgG (1/1000 dilution)
Rat Oral dose 0, 40, 160, Reproduction: uterotrophic assay
(neona- 800 mg kg '
tal)
Human Urine 0.8, 2.23, 4.56, Cardiovascular disease: odds ratio of
(adult) 11.06 pg L™ cardiovascular disease
Human Urine 0.8, 2.23, 4.56, Diabetes: odds ratio of diabetes
(adult) 11.06 ug L'
Human Urine 0.8, 1.4, 2.1, Behavior: BASC-2 score
(adult 47 pgL™'®
female)

baseline =42.2 (dimensionless)

Exposure: Melzer
et al.
(2010); effect: Lang
et al. (2008)

Exposure: Melzer
etal.
(2010); effect: Lang
et al. (2008)

Braun et al. (2009)

# Urinary BPA had been adjusted back to the original measurement with average adjusted factor of 1.0 adopted from Zhang et al. (2011) for the Chinese

subgroup
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using backward calculation. Meanwhile, the median daily in-
take of the overall population was nearly 34 ng kg ' day '
based on the backward calculation of the 2005-2006
NHANES urinary detection (Lakind and Naiman 2011).

Therefore, most of the data estimated by the forward
(von Goetz et al. 2010) and backward approaches (Chen
et al. 2016; Dekant and Volkel 2008; Lakind and
Naiman 2011; Miyamoto and Kotake 2006) revealed
similar daily intake compared with our estimated
results (Table 5). On the other hand, the median adult
male and female urinary BPA concentrations estimated
by our proposed PBPK model are appropriate compared
with the monitoring data from Zhang et al. (2005) for
Chinese and Asians.

Meanwhile, the Hill model-based dose-response data along
with fitted coefficients can be used to infer risk probability
(Braun et al. 2009; Lang et al. 2008; Yamasaki et al. 2000;
Yoshino et al. 2003). The lowest external dose or quartile
urinary concentration that led to health effects was suggested
as baselines. Moreover, we estimated Hill-based dose-re-
sponse relationships for the total increased proportion of inci-
dence of health outcome at certain BPA concentrations.

We showed that the fitted dose-response curves of five
health outcomes had good coefficients of determination
(#*>0.95), revealing a significant association of the cumula-
tive proportion of incidence of health outcomes with BPA
concentration. The values of ECsq in urinary BPA concentra-
tion producing epidemiological responses ranged from 1.59 to
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Fig. 6 Estimated exceedance risk curves with 95 % CI based on BPA
daily intake. a, b Anti-hexanoyl-lys (HEL) IgG antibody elevated effect
as immune response for adult male and female, respectively. ¢, d Uterine
weight elevated effect as reproduction effect for infant I and infant II,
respectively

15.02 ng L '. Besides, the value of ECsy in the external dose
for increasing uterus weight was nearly 500-fold higher than
that for inducing immune response.

BPA guideline and risk assessment

Miyamoto and Kotake (2006) indicated that Japanese
aged 1-6 years had the highest BPA exposure with the
highest exposure (95th percentile) of 3.9 and
4.1 ug kg'' day ' for males and females, respectively,
approximate to TDI of 4 pg kg~ day™'. On the other
hand, von Goetz et al. (2010) found that the highest
BPA exposure occurred at the infant population with
1.7 ug kg™ ' day ' (aged 0.5-1 year), which occupied
42.5 % of TDI. In our study, the highest BPA exposure
occurred at infant II subgroup (0.5-1 year) with the
highest exposure of 1.4 pg kg™ day ', which is similar
to the value from von Goetz et al. (2010).

Braun et al. (2011) investigated 389 pregnant women,
and the highest BPA was found to be 2.8 ug g~ of
creatinine-standardized urinary BPA concentration mea-
sured from cashiers, which was significantly higher than
that from other occupations (1.2-2.1 ug g ). Therefore,
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skin absorption through contact with thermal printer pa-
per may be a critical route in determining the internal
BPA burdens. The cashiers had 1.47-fold higher urinary
BPA concentration compared to the unemployed popula-
tion with 1.9 pg g ' urinary BPA concentration.

The conversion ratios for skin absorption into venous
blood were estimated to be 0.006 % for female and male
adults (Braun et al. 2011). From a skin absorption study,
Biedermann et al. (2010) estimated the worst exposed
case with a daily intake rate of 71 pg day ', whereas
Marquet et al. (2011) estimated approximately
40 pg day '. They occupied approximately 12.5-25 %
of the TDI under the above estimation. There are no
increased adverse probabilities compared with the risk
estimation without skin absorption. The risk curves
shown in Figs. 5, 6, and 7 were the critical results for
public policy.

Limitations and implications

The present model has some limitations related to the
inherent problems of uncertainty, variability, and data
gaps. Besides, the most relevant exposure sources that
contributed to all the exposure routes of BPA were
difficult, if not impossible, to obtain completely. As a
result, the strength and robustness of the proposed con-
structed Hill models as well as the PBPK model could
be greatly improved to predict health risk more
precisely.

Some endpoints such as semen activity exhibiting a
U-shape dose-response relationship may not be suitable
for this model. The cause of this phenomenon may link
to more complex mechanisms that are needed to be fur-
ther investigated. However, our parsimonious model pro-
vided essential approaches in scientific risk evaluation
and was flexible enough to integrate effects applicable
at different environmental criteria.

There were several implications in our established
model. First, the skin model simulated by realistic as-
sumption via the PBPK model can help us to correctly
estimate risk from skin absorption through the physiolog-
ical process. Second, the dose-response profiles were se-
lected from other health outcomes associated with BPA.
They could be applied in the hazard-based toxicity stud-
ies to assess risks in particular aspects. Furthermore, our
approach combining the Hill model and the PBPK model
can serve as a theoretically based assessment than tradi-
tional hazard quotient models to achieve scientific
evidence.

Meanwhile, some chemicals such as phthalate or dioxin
also raised great concern on estrogenic effects. Their po-
tential risk can also be evaluated by our approach in a
similar manner. Our results showed that urinary BPA
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estimates by the PBPK model can be validated by compar-
ing with recently published biomonitoring studies, indicat-
ing that a well-established model and key parameters can
depict a real-world setting in BPA estimation. In our mod-
el, skin absorption can be easily involved in our PBPK
model and results show insignificant contribution to BPA
body burden compared with that from oral dose
administration.

Behavior response: BASC-2 score (fold)

Conclusions

We developed an age- and gender-specific PBPK model either
with skin absorption being considered that allows the assess-
ment of environmental BPA exposure in a Chinese population
based on five health responses, namely immune response,
uterotrophic assay, CVD, diabetes, and behavior change. We
reconstructed the Hill-based dose-response relationships
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Table 4  Estimated BPA-associated responses in fold increase compared with control

Exceedance risk

0.8

0.5

0.2

Without skin absorption

Immune response (male/female)
Uterus weight increase (infant I/infant II)
Cardiovascular disease (male/female)
Diabetes (male/female)
BASC-2 (female)®

With skin absorption
Cardiovascular disease (male/female)

Diabetes (male/female)

BASC-2 (female)®

1.06 (0.92-1.26)*x 10°®
1.10 (0.95-1.30)x 10°®
0.97 (0.91-1.04) x 107"
131 (1.23-1.41) x 10712
1.85 (1.12-2.24)x 103
226 (1.36-2.76) x 10>
0.83(0.16-2.73)x 10
1.04 (0.22-3.31)x 103
3.10 (2.03-5.07) x 102

1.82 (1.09-2.19)x 102
2.44 (1.47-2.99)x 107
0.81 (0.16-2.68) x 10~
1.14 (0.24-3.56) x 107
3.27 (2.15-5.32) x 1072

1.58 (1.36-1.87)x 10°®
1.58 (1.36-1.87)x 108
2.18 (2.05-2.35) x 10712
2.67 (2.51-2.87)x 1012
4.41 (2.65-5.60)x 10>
6.78 (4.08-8.83)x 107>
2.25(0.56-6.28)x 10>
3.72 (1.03-9.50) x 103
6.33 (4.45-9.17) x 102

458 (2.76-5.84)x 10
6.83 (4.11-8.90) x 107>
2.36 (0.59-6.52) x 107>
3.75 (1.04-9.56) x 10>
6.35 (4.47-9.20) x 1072

2.57 (2.22-3.04)x 10°®
244 (2.11-2.89)x 10°®
4.94 (4.65-5.31)x 1012
5.54(5.21-5.96) x 102
1.05 (0.63-1.40)x 102
1.77 (1.07-2.44) x 102
0.62 (0.19-1.44)x 102
1.13 (0.41-2.39) x 1072
1.01 (0.78-1.29) x 10"

1.12 (0.67-1.50) x 102
1.90 (1.14-2.63) x 102
0.67 (0.21-1.54)x 102
1.23 (0.45-2.56) x 10>
1.04 (0.81-1.32)x 10"

*Median (95 % CI)
® Indicated as pregnant female

calibrated with animal and epidemiological data. We found
that () BPA exposures were less likely to pose a significant
risk for infants (0—1 year) and adults (male and female

>20 years) with less than 10 °-fold increase in uterus weight
gain and immune response outcomes, respectively, and (i7) the
adverse health risks show no significant influence (<10~ °-fold

Table 5 Comparison of the average daily BPA intake per body weight and median urinary BPA concentration among this study and other published

data
Population Infant I Infant 11 Adult Reference
0-0.5 year 0.5-1 year Male Female
Average daily BPA intake per body weight (ng kg™ day ")
Chinese 555 615° 46.2° 44.7° This study
Japanese 55 180 430, 28-49° 430, 34-59° Miyamoto and
Kotake (2006)
Swiss 1434 792.1 304 33.0 von Goetz et al. (2010)
Nonspecific <100° Dekant and Volkel (2008)
American 34° Lakind and
Naiman (2011)
Median urinary BPA concentration (ng mL™")
Chinese NA NA 1.03¢ 1.00° This study
Chinese NA NA 1.40 1.00 Zhang et al. (2011)
Asian NA NA 1.27 1.13 Zhang et al. (2011)

NA not available

# Calculated by dividing the subpopulation-specific body weight

® Calculated by backward estimation from urinary BPA concentration
¢ Calculated by the PBPK model with BPA metabolic ratio of 0.9995 based on Krishnan et al. (2010)
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increase) on uterus weight gain and immune response. We
conclude that our approach provides a powerful tool for track-
ing and managing human long-term BPA susceptibility in
relation to multiple exposure pathways, and for informing
the public of the magnitude of environmental BPA pollution
impacts on human health. Most importantly, effective moni-
toring of environmental BPA pollution sources is urgently
needed to guide management strategies into the future.
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