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ABSTRACT: Chlorinated polyfluorinated ether sulfonic acid (F-S3B), a
commonly utilized alternative for perfluorooctane sulfonate, was detected in s
pregnant women and cord blood recently. However, the lack of detailed — *= —
toxicokinetic information poses a significant challenge in assessing the human ™| "= il /
risk assessment for F-53B exposure. Our study aimed to develop a o
physiologically based pharmacokinetic (PBPK) model for pregnant mice, —R— 1
based on toxicokinetic experiments, and extrapolating it to humans. Pregnant ——3 o=
p ) p g g L e
mice were administered 80 pg/kg F-S3B orally and intravenously on
gestational day 13. F-53B concentrations in biological samples were analyzed . o - s
via ultraperformance liquid chromatography—mass spectrometry. Results
showed the highest F-33B accumulation in the brain, followed by the
placenta, amniotic fluid, and liver in fetal mice. These toxicokinetic data were e
applied to F-53B PBPK model development and evaluation, and Monte Carlo
simulations were used to characterize the variability and uncertainty in the human population. Most of the predictive values were
within a 2-fold range of experimental data (>72%) and had a coefficient of determination (R*) greater than 0.68. The developed
mouse model was then extrapolated to the human and evaluated with human biomonitoring data. Our study provides an important
step toward improving the understanding of toxicokinetics of F-53B and enhancing the quantitative risk assessments in sensitive
populations, particularly in pregnant women and fetuses.

KEYWORDS: F-$3B, physiologically based pharmacokinetic (PBPK) modeling, Monte Carlo (MC) simulation,
perfluorooctanesulfonate (PFOS)
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1. INTRODUCTION

Chlorinated polyfluorinated ether sulfonic acid (F-53B), a
mixture of mostly 6:2 and 8:2 Cl-PFESAs, was first synthesized

Early life represents a critical period of susceptibility to
exogenous chemical exposure.'”'®'” Several epidemiological
studies have indicated that F-53B can penetrate the placental
barrier”'® and might be associated with a range of adverse

in 1970 and was subsequently used widely as a mist
suppressant in Chinese industries." With global restrictions
on perfluorooctanesulfonate (PFOS), F-S3B has emerged as
the primary alternative, leading to substantial market expansion
in China. However, concerns regarding its environmental
presence and potential toxicity have garnered considerable
attention." F-$3B is widely distributed in various environ-
mental matrices, including air,”® surface water,”> and sedi-
ments.® Several epidemiological studies have indicated that F-
S53B can be detected in hair, urine, and nail samples.7
Additionally, due to its potential trans-placental effect, F-53B
has been detected in maternal and cord blood, breast milk, and
placenta.””™"" Regarding the potential toxicities of F-53B,
limited toxicological studies indicated that F-53B might
contribute to hepatic toxicity,'> reproductive toxicity,"”
development toxicity,'* and gut microbiota dysbiosis.'”
Despite these emerging health concerns, the lack of regulation
of F-53B has led to its continued widespread use.

© 2024 The Authors. Published by
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birth outcomes in human populations, including preeclamp-
sia, "’ gestational diabetes mellitus,”*' fetal birth weight
reduction and increased preterm delivery risk,'"** endocrine
hormone changes,””** and childhood neurodevelopmental
deficiencies.”® These effects may have detrimental consequen-
ces on the offspring’s growth and development. Despite the
documented potential toxicities, regulating the use of F-53B
and characterizing their potential risks is difficult. This is
primarily due to lack of detailed toxicokinetic (TK)
information necessary for understanding the absorption,
distribution, metabolism, and elimination (ADME) properties
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Table 1. Summary of Experimental Data from Pregnant Mice used in the PBPK Model”

Sample size”

Plasma (n = 4—6)°
Liver (n = 2—4)7
Fetal brain (n = 2—4)¢
Fetal liver (n = 2—4)d
Placenta (n = 2—4)¢
Amniotic fluid (n = 4)
Fat (n = 4)

Brain (n = 4)°

Heart (n = 4)°¢

Spleen (n = 4)°
Kidney (n = 4)

Small intestine (n = 4)
Stomach (n = 4)
Urine (n = 4)

Feces (n = 4)

2, 4,8,
2, 4,8,
2, 4,8,
2, 4,8,
2,4, 8,

96
96
96
96
96
96

Oral

Measured time (h)

12, 24, 36, 48, 72, 96
12, 24, 48, 96
12, 24, 48, 96
12, 24, 48, 96
12, 24, 48, 96

96
96

0, 0—2, 2—4, 4—8, 8—12, 12—24, 24—36, 36—48, 48—72,

72—-96

0, 0—2, 2—4, 4—8, 8—12, 12—24, 24—36, 36—48, 48—72,

72—-96

v
Measured time (h) Purpose

05,2, 4, 8, 12, 24, 48, 72, 96 Calibration
2, 4, 8,12, 24, 48, 96 Calibration
2, 4, 8, 12, 24, 48, 96 Calibration
2, 4,8, 12, 24, 48, 96 Evaluation
2, 4, 8, 12, 24, 48, 96 TK study
96 Evaluation
96 Evaluation
96 Evaluation
96 Evaluation
96 Evaluation
96 TK study
96 TK study
96 TK study
0, 0—2, 2—4, 4—8, 8—12, 12-24, 24—36, 36—48, 48-72,  TK study

72—-96
0, 0—2,62—4, 4-8, 8—12, 12—24, 24—36, 36—48, 48—72,  TK study

72—9

“PBPK, physiologically based pharmacokinetic. Measured t1me refers to the time after exposure, i.e.,, 0 h refers to the beginning of GD13; “TK
study” refers to data only used to calculate the accumulation. bFor each time point. “Obtained plasma from the repeat blood collectlon group (n =
4) at each time point and additionally obtained plasma from euthanasia group (n = 2) at time points of 2, 4, 8, 12, 24, and 48 h. 9At 96 h, four were
euthanized and at the remaining time pomts, two were euthanized. “The mean value of the concentrations in these three tissues was taken as the
concentration of the rest of the body. JCollected from the repeat blood collection group.
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Figure 1. A schematic of the PBPK model for F-53B in pregnant mice and humans. (A) The maternal model consisted of seven compartments,
including the plasma, liver, placenta, fat, mammary glands, kidney, and rest of the body. (B) The fetal model consists of the plasma, brain, liver, rest

of the body, and amniotic fluid.

of F-53B. Furthermore, a mechanistic model for extrapolating
the dosimetry from animal to human populations, as well as
accounts of TK variability between species and across life
stages, are crucial components of comprehensive risk assess-

ment strategies for PFAS compounds.”” This gap can be

18929

addressed by developing a physiologically based pharmacoki-
netic (PBPK) model validated across species and life stages.
Previously, our laboratory successfully developed a generic
PBPK model for PFOS within a Bayesian framework,
applicable to multiple species including mice, rats, monkeys,
and humans.”® Subsequently, this model was extended to

https://doi.org/10.1021/acs.est.4c05405
Environ. Sci. Technol. 2024, 58, 18928—18939


https://pubs.acs.org/doi/10.1021/acs.est.4c05405?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c05405?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c05405?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c05405?fig=fig1&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c05405?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

include additional life stages, such as gestation and lactation.”

Building upon our previous modeling efforts and considering
scientific data gaps, the aim of this study was to construct a
PBPK model for F-53B specifically for pregnant mice and
humans. This model aims to support risk assessment efforts
focused on sensitive subpopulations, notably pregnant women
and fetuses. Utilizing in-house experimental data from single-
dose experiments involving pregnant C57BL/6] female mice
administered F-53B orally and intravenously (IV), allows us to
calibrate and validate the PBPK model for F-S3B in pregnant
mice. Monte Carlo (MC) simulations were incorporated into
the model to simulate population by characterizing the
uncertainty and variability of model parameters on F-53B
dosimetry during pregnancy. Subsequently, this model was
further extrapolated to human populations and validated with
human biomonitoring data collected from the literature. All
model code and raw data are openly available on GitHub
(https://github.com/choulab210) to support the replication of
our findings and allow the application and extension of this
model to other PFAS compounds.

2. MATERIALS AND METHODS

2.1. Chemical and Materials. F-53B (CAS: 73606-19-6)
was purchased from Jianglaibio Co., Ltd. (Shanghai, China),
with a purity of >97%. Chemicals were dissolved in dimethyl
sulfoxide (DMSO) to create concentrated stock solutions. All
the chemicals used were of HPLC grade or highest quality
available; a complete description of target analytes and
reagents is given in Tables SI and S2.

2.2. Toxicokinetic Study in Pregnant Mice. Eighty
C57BL/6] female and male mice were obtained from the
Medical Laboratory Animal Center of Guangdong, mated in a
1:1 ratio, and maintained under a 12 h light/dark cycle with ad
libitum access to food and water. The study was approved by
the ethics committee of Sun Yat-Sen University (SYSU-
IACUC-2022-001602). The pregnant mice were divided into
two groups and administered 80 pg/kg body weight (BW) of
F-53B orally (n = 20) or via lateral tail vein injection (n = 20)
on gestation day (GD) 13. Dose setting can be found Section
S1. Samples of plasma, liver, placenta, urine, and feces were
collected from dams, and samples of brain and liver were
collected from fetuses from GD13 to GD17, with additional
samples of amniotic fluid, fat, brain, heart, spleen, kidney, small
intestine, and stomach taken at GD17. Blood samples were
taken at specified intervals, and urine and fecal samples were
collected regularly (Table 1). Samples were frozen at —80 °C
before analysis, with the F-53B content measured using
ultraperformance liquid chromatography and protein binding
assays conducted by ultrafiltration centrifugation. Detailed
treatment and calculations of protein binding methods are
described in Sections S2—S3 and eqs S1-S2.

2.3. Development and Validation of the PBPK Model
in Pregnant Mice. A PBPK model for pregnant mice (Figure
1) was developed to predict the time-course toxicokinetic
profiles of F-53B. The developed PFOS PBPK models during
adulthood and pregnancy in rats and humans from our
previous studies”””” were used as the basis to extrapolate to
the present model. Briefly, the pregnancy model structure
comprises seven organ compartments, including plasma, liver,
kidney, fat, mammary gland, placenta, and other parts of the
body. The mouse and human models used a consistent model
structure, assuming compartments were homogeneous and
interconnected through the circulating blood system (plasma

compartment). Both oral and IV exposure routes, based on in-
house experimental data, were included in the model. Oral
exposure to F-53B was modeled by using a two-compartment
system consisting of the stomach and intestines. This system
simulates the absorption of F-53B in the stomach followed by
its transport to the intestine tract via gastric emptying. (eqs
S3—S5). The process of renal reabsorption has been reported
to play a critical role in the PFAS fate and biodistribution.*’
Thus, the physiologically based descriptions, including renal
reabsorption and basolateral/apical transporters, were included
in both mouse and human models (eqs S6—S9). The renal
filtration by glomerular filtration rate (GFR) was also
incorporated (eqs S10—S11). Elimination of F-S3B in the
model was described through urine (eq S12) and feces (eq
S13). Mass balance differential equations were applied to
depict the rate of change of F-53B within each of the
compartments defined in the model (eqs S14—S15). However,
since the metabolic pathway of F-53B remains poorly
understood, metabolisms of F-53B were not considered in
our model. Gender-specific physiological parameters, including
BW, cardiac output (QCC), the volume of mammary gland
and fat, and glomerular filtration rate, were collected from the
literature® " and incorporated into the model (Tables S3—
S4). The abbreviations of all parameters and their meaning are
listed in Table S3.

On the other hand, the fetal submodel included five organ
compartments (plasma, fetal brain, fetal liver, rest of the body,
and amniotic fluid). The fetal submodel and its circulation
were defined as compartments separate from the maternal
model. Fetal exposure to F-53B occurs exclusively through
placental transfer, with the excretion from the fetal plasma to
the placenta, and subsequently returning to maternal
circulation (Figure 1). The transfer of F-S3B between the
placenta and fetal plasma, as well as between the rest of the
fetal body and the amniotic fluid compartment, was modeled
as a bidirectional diffusion process governed by first-order rate
constants (Ktransl, Ktrans2, Ktrans3, and Ktrans4),*"*>*° The
transfer of F-53B between the placenta and fetus or the rest of
the fetal body and the amniotic fluid during pregnancy was
defined using eqs S16 — S19.

2.3.1. Model Parameterization and Calibration. The
parameters for the pregnancy PBPK model for F-53B in
both mice and humans include physiological and chemical-
specific parameters. Physiological parameters, such as QCC,
fractions of blood flow to specific tissues, BW, and the volume
fractions of individual organs, were collected from previous
studies®**™** (Table S4). Among these parameters, some
parameters, such as BW, QCC, volume of the mammary gland,
fat (VF), placenta (VPla), and blood flow of mammary, etc.,
were described as growth equations reflecting the dynamic
changes function during pregnancy (Figure S1 and Tables S5—
S6). Chemical-specific parameters included partition coef-
ficients, rate constants of absorption/elimination, partition
coefficients, protein binding parameters, and renal reabsorp-
tion parameters. The protein binding, partition coeflicients,
and absorption/elimination parameters were derived from our
in-house experimental data. The equations were described (eqs
S3, $20—S23). Other toxicokinetic parameters derived from
our in-house experimental data were described in eqs S24—
S25. Due to the absence of experimental values, the renal
reabsorption parameters (e.g, Vmax_ baso_invitro, Km_baso,
Vmax_apical_invitro, and Km_apical) for both pregnant mice
and fetus models were assumed to be the same as fitted values
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Figure 2. Percentage of F-53B accumulation in pregnant mice and fetal tissues after 96 h of exposure through (A) oral and (B) intravenous (IV)
administrations. Different colors represent various tissues/organs and their respective accumulation percentages.

from previously published gestational PFOS PBPK models in
rats and humans.”” These reabsorption parameters were used
to describe the Michaelis—Menten kinetic equation for
understanding the renal handling of F-53B, including its
reabsorption back into the bloodstream, which influences the
overall clearance and retention. During model calibration,
these parameters were set as initial values. Before model
calibration, a sensitivity analysis was conducted to identify the
most influential parameters. These identified parameters were
subsequently optimized with observed TK profiles by using the
Nelder—Mead approach implemented with the modFit
function in the R package FME.* All collected and calibrated
chemical-specific parameters for mouse and human models are
presented in Table S7.

2.3.2. Model Evaluation and Sensitivity Analysis. The
model calibration was conducted by comparing its predictions
with observations from the independent evaluation data set,
which consisted of an experimental TK data set excluded from
calibration data (Table 1). Model performance was evaluated
through statistical criteria and goodness-of-fit analysis in
accordance with the PBPK model guidance published by the
World Health Organization (WHO).® The goodness-of-fit
analysis involved calculating the coefficient of determination
(R*) from a linear regression of log-transformed observed
versus predicted values for both the calibration and evaluation
data sets. The model was considered valid and acceptable if the
predicted toxicokinetic profiles matched the observed values,
and the predictions fell within a 2-fold range of the
experimental data.

To identify the most sensitive parameters that significantly
influence model simulations (e.g, selected dose metrics), we
conducted local sensitivity analyses. This analysis aimed to
determine which model parameters had high impacts on
maternal and fetal areas under the curves (AUC) in plasma.
Specifically, the AUCs were derived from the gestational model
in mice following a single oral dose of 80 ug/kg/day and in
humans following a daily dose of 0.122 ng/kg/day over a pre-
pregnancy duration of 30 years and a pregnancy duration of 40
weeks. Each parameter was varied by 1% of its original value to
assess its effect on the model output, and the normalized
sensitivity coefficient (NSC) was calculated.>'*¥%%1 Ap
absolute NSC value of >30% was considered indicative of
significant influence.”” The detailed equations are provided eqs
$26—-S827.

18931

2.4. Human PBPK Model Extrapolation and Monte
Carlo Analysis. The structure of the PBPK model for F-53B
in pregnant women was consistent with that of the mice
model. Once the mouse PBPK model was calibrated, we
extrapolated its application to humans by adjusting it to reflect
differences between species in physiological and chemical-
specific parameters. This involved replacing the physiological
parameters, such as tissue volume and blood flow in mice, with
corresponding parameters for humans (Table S4). While mice
had an average body weight of 0.025 kg in experimental
measurements, humans were assumed to be 60 kg. Several rate
constants (k) in humans including absorption, elimination, and
renal reabsorption parameters (Table S7) were estimated using
an allometric scaling equation.”

-0.25
B I/thman
BW,

mouse

khuman = kmouse. (

where ky,., and k.. are the rate constants in humans and
mouse, respectively. BW} ... and BW, . refer to the body
weight in humans and mice, respectively, and —0.25 is the
allometric exponent. In addition, the human biomonitoring
data sets obtained from the literature (refer to Table S10) were
used to validate the human PBPK model. Given the limited
availability of detailed human population exposure informa-
tion, exposure doses were determined based on Estimated daily
intakes (EDIs) reported in the literature, ranging from 0.067
ng/kg/day to 1.87 ng/kg/day (Table S8). Utilizing these
exposure doses, predicted values were obtained by simulating
exposure from birth to 30 years along with 38 weeks of
pregnancy (collection time points for most biomonitoring data
sets) and subsequently compared with measured data. The
detailed assumption was provided in Section S7.

Monte Carlo analyses were applied to pregnancy PBPK
models of humans to characterize the uncertainty and
interindividual variability of parameters on model output.
Only influential parameters (i.e., parameters with NSC values
>30%) and calibration parameter values were included in the
Monte Carlo analyses, with their mean values considered as the
central tendency of the distributions (Table S9). The
parameter values were then randomly sampled based on

redefined probability distributions from previous stud-
es.”¥*”** Each parameter distribution was truncated at the
2.5th and 97.5th percentiles to establish the upper and lower
bounds (Table S9), with the details described (Section $8).**

https://doi.org/10.1021/acs.est.4c05405
Environ. Sci. Technol. 2024, 58, 18928—18939


https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c05405/suppl_file/es4c05405_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c05405/suppl_file/es4c05405_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c05405/suppl_file/es4c05405_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c05405/suppl_file/es4c05405_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c05405/suppl_file/es4c05405_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c05405/suppl_file/es4c05405_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c05405/suppl_file/es4c05405_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c05405/suppl_file/es4c05405_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c05405/suppl_file/es4c05405_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c05405/suppl_file/es4c05405_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c05405/suppl_file/es4c05405_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c05405?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c05405?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c05405?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c05405?fig=fig2&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c05405?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

1 4 [ =
0F A , 0'fg
- V3 -
4
=
4 51
g , -2 PP o e
|9 L
2 10°F e g 10°F 3¢
- [ 7’ 8 ....... > o0 . ...
! » 3 o=
2 £ ° °
AURE 3 ’.’ S0
[
~ ,LCede A
., 7% = %2e: 72%
’ R?=0.68 oze: 12/
Y 5 %3e: 80%
10" L ‘I ! el 10|y el el ’ . l:
1072 107! 10° 10! 1072 107! 10° 10!

Observed values

Predicted values (ng/mL)

Figure 3. Overall model calibration and evaluation results. (A) Global evaluation of the goodness of model fit between the observed (x-axis) and
predicted values (y-axis) and (B) predicted-to-observed ratios versus predicted values plot for F-53B in pregnant mice. In plot B, the histogram
represents the distribution of predicted-to-observed ratios. The abbreviation R? represents the adjusted determination coefficients estimated based
on calibration data sets. The %2e and %3e indicate the percentage of predicted values was within a 2 and 3-fold error range, respectively.

T h
00

{ ‘ IV Observed

. IV Predicted
. Oral Observed

Oral Predicted

Concentration of F-53B in amniotic fluid (ug/mL)

or target organs (ug/g)

Rest of body Fat

Amniotic Fluid

Fetal Liver

Figure 4. Comparison of model predictions with in-house experimental data (mean + SD). (A) Mother (fat and rest of body) and (B) fetus

(amniotic fluid and fetal liver) at 96 h postexposure.

2.5. Code Availability and Result Reproducibility. The
PBPK model was implemented by using the R package
“mrgsolve”.”® Ordinary differential equations (ODEs) were
written in FORTRAN and solved by the DLSODA solver to
significantly speed up the calculations. The model code, along
with all data sets utilized for calibration and evaluation of the
present PBPK models, can be downloaded from GitHub at the
following link: https://github.com/choulab210.

3. RESULTS

3.1. Pharmacokinetic Data. The temporal trends of F-
S3B in pregnant and fetal mice administered orally and
intravenously are shown in Figure S2, with the peak plasma
concentrations occurring at 24 h (0.25 pug/mL) and 8 h (0.37
ug/mL) in pregnant mice. Figure 2 shows the accumulation of
F-53B in organs and body fluids after 96 h of administration.
The accumulations of F-53B in selected tissue/organs through
the oral (O) and IV administration routes were as follows: liver
(0:25.72%, IV: 30.14%) > plasma (0:22.51%, IV: 25.16%) ~
kidney (O: 17.79%, IV: 23.11%) > fetal brain (O: 11.03%, IV:
12.52%) > placenta (O: 4.16%, IV: 4.62%) =~ amniotic fluid
(O: 3.35%, IV: 4.08%) =~ intestine (O: 2.27%, IV: 4.54%) >
fetal liver (O: 1.47%, IV: 1.99%) > other tissues (O: 0.17%, IV:
1.21%), which indicated that the liver was the target organ of
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F-53B accumulation in pregnant mice, and the fetal brain was
the main organ in the fetus. Using protein binding assays, we
found that F-53B was highly bound to plasma proteins, with a
binding ratio of 98.70% + 0.56% and 99.54% =+ 0.19% by oral
and intravenous administration, respectively (Table S11). In
addition, after administration of 80 pg/kg F-S3B to pregnant
mice for 96 h, the excreted percentage via urine was 33.72% =+
4.65% and 32.55% + 4.25%, respectively, and via feces was
230% + 1.39% and 2.81% =+ 0.38%, respectively. The
clearance was determined to be 2.33 + 1.21 and 1.82 + 1.08
mL/h/kg. Other TK parameters were summarized in Table
S12.

3.2. Model Calibration and Evaluation for Mice. The
F-53B PBPK model, developed based on oral and IV
administration corresponding to in-house pharmacokinetic
studies, was calibrated with F-53B concentrations in plasma
and target organ concentrations (e.g, maternal plasma,
maternal liver, and fetal brain) of pregnant and fetal mice.
Global goodness-of-fit was evaluated by comparing model
predictions against observed values and estimating the residual
between predictions and observations (Figure 3). The model
demonstrated satisfactory performance on both calibration and
evaluation data set measured in pregnant and fetal mice, with
an adjusted coefficient of determination (R?) of 0.68.
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Figure 6. Histogram of simulated concentrations compared with

measured values of F-53B concentration. The figure compares simulated

concentrations with measured values (mean + SD) in maternal plasma (blue circles) and cord blood (gray diamonds) reported in different studies
and various human populations in China. The corresponding numeric data are available in Table S9.

Additionally, the percentages of the predicted values within 2-
and 3-fold errors were 72% and 80%, respectively. These
results indicated that over 72% and 80% of model predictions
fell within 2- and 3-fold error ranges of measured data,
respectively. However, the model underpredicts the lower
concentrations at later time points, suggesting that an
elimination mechanism may not be properly accounted for
or calibrated.

The simulated results predicted by the calibrated PBPK
model were compared with measured values in the plasma,
liver, and fetal brain from calibration pharmacokinetic data
through oral and IV administration (Figure S3A—F). The
time-course concentration profiles for F-53B exhibit visual
consistency with the measured values in plasma through oral
administration (Figure S3A), as well as in the liver and fetal
brain through both oral (Figures S3B,C) and IV admin-
istrations (Figure S3E,F). However, the model appears to
underestimate the concentration of plasma following IV
administration (Figure S3D). In addition, as shown in Figure

18933

4 for evaluation data, model simulations at 96 h postexposure
for fat and rest of body in pregnant mice and amniotic fluid
and liver in fetal mice through oral or IV administration agreed
with most of the data set. (The model simulations at different
time points were presented in Figure S4). Overall, these
findings indicate that the model adequately simulates both
calibration and evaluation data sets.

3.3. Sensitivity Analysis. The local sensitivity analysis was
conducted based on the dose metrics of 96-h AUCs of F-53B
concentration in plasma, liver, and placenta in pregnant mice
and in plasma, brain, and liver in fetal mice. Figure S is a
representative figure displaying the parameters with absolute
values of NSCs > 0.3 in the mouse gestational models. The
complete sensitivity analysis results for all parameters can be
found in Table S13. The results showed that the body weight
(BW) and partition coefficients in the rest of body (PRest) had
a significant influence across maternal plasma, liver, and
placenta AUC in mice. Similarly, the partition coefficient of
liver and placenta significantly impacts the predictions of liver
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and placental AUC. In fetuses, beyond these maternal
parameters, the placental transfer rate constants (Ktrans1C
and Ktrans2C) notably impact the AUCs of plasma, brain, and
liver tissues in the fetal mouse. Notably, the liver blood flow
(QLC_Fet) and brain blood flow (QBC_Fet) were significant
determinants of the liver AUC and brain AUC in fetal mice.

3.4. Extrapolation of PBPK Model from Mice to
Humans. The PBPK model developed for pregnant mice was
extrapolated to humans, and population simulations (1000
individuals) were generated by varying relevant physiological
parameters with Monte Carlo simulations. By considering
possible exposure scenarios and doses (the EDIs of F-53B
range from 0.067 to 1.87 ng/kg/day, simulated at 0.122 ng/
kg/day for a 30-year exposure along with 38 weeks of
pregnancy) (Table S8), which was obtained from litera-
ture,”*>* the human gestational PBPK model was simulated to
compare with the human biomonitoring data during pregnancy
(Figure 6). The results indicated that the median values (1.43
ng/mL) of simulated F-53B concentrations in human
populations with a range of predictions (range: 0.92—2.12)
were quite close to the values of biomonitoring data obtained
from the literature®”'"'®192122259976% iy maternal plasma
(median: 1.66 ng/mL and range: 0.094—5.48 ng/mL).
However, the predicted cord blood concentration (median:
0.59 and range: 0.091—1.16 ng/mL) underestimated the
measured concentration (median: 2.75 and range: 1.26—5.27
ng/ mL).

4. DISCUSSION

This study comprehensively investigated the toxicokinetics of
F-53B, a substitute for PFOS, in pregnant mice to address the
gaps in the sparse existing data. Building on previous modeling
efforts, a PBPK model for pregnant mice was developed, and
subsequently, the model was extrapolated to pregnant women
to enhance the utility of our findings for risk assessment in
susceptible populations. The integration of Monte Carlo
simulations has enabled the model to account for variability
and uncertainty in the sensitive and estimated parameters. The
accuracy of our predictions, validated by human biomonitoring
data, underscores our model’s ability to assess risks to sensitive
populations, such as pregnant women and the fetus. Addition-
ally, our work lays the groundwork for extending these
modeling approaches to other PFAS chemicals, expanding the
scope of risk assessment for emerging contaminants.

4.1. Sensitivity Analysis. This study indicated that the
model parameters’ sensitivities differed between the maternal
and fetal PBPK models. In the maternal model, the most
sensitive parameters to F-53B levels were the body weight and
partition coeflicients of the respective predicted tissues. These
findings highlighted the impacts of changes in physiological
and physicochemical parameters during pregnancy on the
distribution of F-53B. Specifically, increased body weight
during pregnancy can change the volume of distribution and
metabolic and clearance rates, which are essential consid-
erations for dosimetry adjustment in derivative guidance levels
(i.e., reference dose) for pregnant populations. Moreover, the
partition coeflicients were notably impactful, indicating unique
distribution characteristics that might modify F-53B exposure
during pregnancy, which highlight the necessity of specific
modeling of F-53B distribution in target tissues to better
predict the chemical levels and potential toxicities. For the fetal
model, the most sensitive parameters were the bidirectional
placental transfer rate constants (Ktrans1C and Ktrans2C),

which determine the rate and extent of F-53B transfer between
the mother and fetus. These findings are consistent with
previous studies in PFOS in rats and humans,”*"** and
highlight similar mechanisms of transplacental effects of PFOS
and F-53B. However, unlike in previous PFOS studies where
renal reabsorption and excretion parameters were frequently
sensitive,”” these parameters do not play a key role in our F-
53B models. This distinction might reflect the differences in
the pharmacokinetic properties between PFOS and F-53B,
suggesting F-53B may interact differently with renal transport
proteins not similar to PFOS. While the sensitivity analysis
may suggest that the renal parameters are not as critical for F-
53B, the model’s underprediction of elimination-phase
concentrations (Figure 2) adds uncertainty to these results.
This highlights the need for further investigation into renal
elimination mechanisms and suggests that additional data on
renal clearance and metabolism of F-53B could improve the
model accuracy. Our findings are critical for developing specific
models for F-53B in the pregnant population that reflect the
specific pharmacokinetic properties of F-53B during preg-
nancy.

4.2. Model Evaluation and Extrapolation. Although the
current mice model can adequately simulate most available
data, it has slight uncertainties when extrapolating to humans.
The human model was extrapolated from the mice model and
compared to multiple biomonitoring studies. Due to the
biomonitoring data being collected from different regions in
China and lacking detailed historical exposure information,
estimating the exposure doses and sources of F-33B is
uncertain. To account for population variability based on
various exposure scenarios (the EDIs of F-53B ranged from
0.067 to 1.87 ng/kg/day, and were simulated at 0.122 ng/kg/
day for 30 years prepregnancy along with 38 weeks of
pregnancy),”* > the population exposure to F-33B was
simulated by integrating the PBPK model with the MC
simulation. The simulated values were then compared with the
observed maternal plasma and cord blood levels from human
biomonitoring studies.>”'!®!1921222559769 A¢ shown in
Figure S, the estimated F-S3B levels (median value: 1.44 ng/
mL) in maternal plasma are well in agreement with the
observed values (median value: 1.66 ng/mL) but the model
slightly overestimated levels in cord blood (predicted median
value: 2.76 ng/mL vs observed median value: 0.59 ng/mL).
The reason for the overestimation is currently unknown, but it
may be attributed to factors, such as potential differences in
placental transfer rates, fetal metabolism, or inaccuracies in the
estimated exposure scenarios. Additionally, the parameters
used in the human model were extrapolated from the mice
model using surface area scaling, which may not fully account
for interspecies differences between humans and mice. Further
refinement of the model parameters, especially those related to
placental transport and fetal distribution, will help adjust our
prediction more closely to observed data. Continued
investigation is required to understand and address these
uncertainties.

4.3. Potential Application in Risk Assessment. The
physiological and biochemical parameters make significant
changes during pregnancy, influencing the ADME properties of
chemicals and highlighting the necessity for adjustment when
deriving reference doses for sensitive populations. This study
developed the first PBPK model for F-53B in pregnant mice
and humans, incorporating physiological processes, such as
transporter-mediated renal reabsorption/excretion and dynam-
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ic changes in physiological parameters during pregnancy. Our
model provides a framework for understanding the relationship
between maternal exposure and infant target tissue dose,
enhancing the science of assessing F-53B exposure and
associated health risks among sensitive populations. Extrap-
olating the model from pregnant mice to humans helps to
depict the relationship between external and internal levels in
pregnant women and fetuses at different developmental stages.
Although several studies have investigated the reproductive,
developmental, and neural toxicity of F-53B,”° many are not
representative, and the evidence remains insufficient. After
clarifying the association and mechanism, based on epidemio-
logical studies and toxic effect studies in mice, the present
PBPK model can be used to calculate the reference dose of F-
S3B exposure in pregnant women and assess the associated
health risk.

4.4. Limitations. Several limitations need to be addressed
in interpreting our results. First, due to the lack of
toxicokinetic/toxicodynamic information in pregnant mice
and fetuses, our model was not well-fitted and could not be
further parametrized. Some chemical-specific parameters were
retained from our previous PEOS models*®*” instead of using
F-53B-specific. Although F-53B has a similar structure and
function to PFOS, there are differences in binding to various
proteins, such as HSA, OAT, and urate transporter 1
(URAT1).”" Second, the elimination mechanisms, including
enterohepatic circulation and metabolism of F-53B, were not
described in the current model, which led to the under-
prediction of the lower concentration in our model (Figures 2
and S3). Our model assumed that F-53B excreted via bile will
move to the feces directly rather than returning to the small
intestine for potential enterohepatic circulation. However,
recent studies have shown that long-chain PFAS, such as
PFOS, can bind to the apical sodium-dependent bile acid
transporter (ASBT, Slc10a2) and the Na*—taurocholate
cotransport polypeptide (NTCP, Slc10al), which may be
responsible for the maintenance of high concentrations in the
liver.”” Yi et al.”® reported that 6:2 CI-PFESA is susceptible to
reductive dichlorination in rats (13.6% transformation in the
liver) to form persistent 6:2 H-PFESA. However, these
physicochemical mechanisms have all failed to be added to
the model due to a lack of detailed parametric descriptions of
the key transporter proteins. Third, due to a lack of TK data
and parameters from experiments on pregnant women and
their fetuses, placental transport was described as a bidirec-
tional passive diffusion process without adding the active
transport possibly mediated by OAT4.°>°* In addition, some
of the chemical-specific parameters of the fetus were assumed
to be identical with those of the mother. Although we
calibrated these parameters with internal exposure levels, the
biological reliability of the model would be improved if
placental transport and fetal chemical parameters for F-53B
were obtained by using experiments in vivo and in vitro.
Examples of such studies include those by Personne et al,”*
who investigated placental transport parameters for cis- and
trans-permethrin as well as fetal partition coefficients using in
vivo assays, and by Ke et al,”> who incorporated in vitro-
calculated cytochrome P450 3A4 enzyme concentrations in a
pregnancy PBPK model to better fit the elimination of
antenatal corticosteroids. These studies demonstrate the
feasibility of using in vivo and in vitro approaches to obtain
relevant data for improving the model accuracy. Fourth, for the
gestational PBPK modeling in humans, since exposure
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information is not fully available over time and across regions,
we assumed that humans were exposed constantly and
simulated internal exposure concentrations in pregnant
women using EDIs reported (Table S8). This simulation
method had been successfully applied to PBPK modeling of
PFOS,”’ and the plasma biomonitoring concentrations of
pregnant women were within the range of our simulations.
Fifth, we acknowledge that the assumptions on the Monte
Carlo simulation about parameter distributions, such as
physiological parameters being normally distributed and
partition coeflicients, rate constants, and other chemical-
specific parameters being log-normally distributed, are based
on commonly used practices but lack strong empirical support.
The default coefficients of variation were set to 20% for
partition coeflicients and 30% for physiological and other
chemical-specific parameters. These assumptions could poten-
tially impact the results and conclusions of our study. A recent
study’® has shown, that different assumptions about parameter
distributions can significantly influence the outcomes of Monte
Carlo PBPK modeling, especially for sensitive subpopulations.
Future studies should explore the sensitivity of model
predictions to these assumptions and consider incorporating
empirical data to better define parameter distributions. Finally,
the potential oversimplification of time-varying physiological
changes may present a flaw and limitation in sensitivity analysis
(Section S7) and Monte Carlo simulation (Section S8). In
sensitivity analysis, using the baseline parameter value instead
of time-varying parameters to estimate the impact of changes
on model outputs may overlook critical variations at different
time points. Future studies should aim to refine this approach
by incorporating more detailed data on the trajectories of time-
varying parameters and their impacts at different stages of the
simulation. Additionally, by only considering the variability in
baseline physiological parameter values and updating physio-
logical values using the same growth equations, we may not
account for all individual variability and complex interactions
in physiological processes. The growth equations might differ
across various populations and individual cases, representing
general trends but failing to capture the variability in growth
among different populations. Further investigation and refine-
ment of the model are feasible if more detailed data becomes
available.
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