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Abstract: Toxicokinetic (TK) assays and in vitro-in vivo extrapolation (IVIVE) models are New Ap-
proach Methods (NAMs) used to translate in vitro points of departure to exposure estimates required
to reach equivalent blood concentrations. Per- and polyfluoroalkyl substances (PFAS) are a large
chemical class with wide-ranging industrial applications for which only limited toxicity data are
available for human health evaluation. To address the lack of TK data, a pooled primary human
hepatocyte suspension model was used with targeted liquid chromatography-mass spectrometry
to investigate substrate depletion for 54 PFAS. A median value of 4.52 uL./(min x million cells) was
observed across those that showed significant clearance, with 35 displaying no substrate deple-
tion. Bayesian modeling propagated uncertainty around clearance values for use in IVIVE models.
Structural evaluations showed the fluorotelomer carboxylic acids were the only PFAS carboxylates
showing appreciable clearance, and per- and polyfluorosulfonamides were more readily metabolized
than other PFAS sulfonates. Biotransformation product prediction, using the chemical transforma-
tion simulator, suggested hydrolysis of PFAS sulfonamides to more stable sulfonic acids, which is
an important consideration for exposure modeling. This effort greatly expands the PFAS in vitro
toxicokinetic dataset, enabling refined TK modeling, in silico tool development, and NAM-based

human health evaluations across this important set of emerging contaminants.

Keywords: PFAS; toxicokinetics (TK); hepatic clearance; in vitro—in vivo extrapolation (IVIVE); New
Approach Methods (NAMs); metabolism; biotransformation

1. Introduction

Per- and polyfluoroalkyl substances (PFAS) are an important class of chemicals with
a broad range of industrial applications, molecular structures, and physicochemical and
toxicological properties. The U.S. Environmental Protection Agency’s (USEPA’s) Office of
Pollution Prevention and Toxics has defined PFAS as any chemical or mixture that includes
R-(CF2) C(F)(R)R” as a structural unit where none of the R groups are hydrogen and both
the CF2 and CF moieties are saturated. This definition is restricted to a proposed ruling
under the Toxic Substances Control Act (TSCA) describing reporting and recordkeeping
requirements for manufacturers and importers of PFAS [1]. Querying this definition of
PFAS against the CompTox Chemicals Dashboard (https://comptox.epa.gov/dashboard/
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(accessed on 25 March 2024)) finds over 9000 chemicals, of which approximately 650 of
these are currently in commerce [2]. A challenge is that most of these chemicals have no
publicly available toxicity data for use in the development of toxicity values. In response to
the large numbers of PFAS in commerce and their potential persistence, bioaccumulation,
and toxicity, the USEPA developed the National PFAS Testing Strategy: Identification
of Candidate Per- and Polyfluoroalkyl Substances (PFAS) for Testing [3]. Due to the
hundreds of PFAS in commerce, traditional toxicity testing is untenable to obtain data for
all of these chemicals in a timely manner. Thus, the Strategy focuses on grouping similar
PFAS into categories and identifying representative substances in each category for testing
and prioritization.

As part of the PFAS strategy, initial efforts employ New Approach Methods (NAMs)
to assess the bioactivity of up to 150 PFAS, selected based on structural category groupings
and regulatory interest. The NAMs focus on multiple endpoints that cover a broad range
of bioactivity including assays examining specific transcription factor activities [4]; panels
that identify potential immunotoxicants [5]; developmental neurotoxicants [6]; thyroid
targets [7]; and other bioactivity evaluations in progress. The chosen assays were based on
adverse effects of select PFAS from in vivo toxicity studies and to cover a broader base of
bioactivity due to the structural diversity of PFAS. The structural categorization, combined
with the in vitro bioactivity data and available in vivo toxicity data, can form the basis of
read-across efforts for PFAS [8].

Included in these NAMs are high throughput toxicokinetic assays (HI'TK) and in vitro—
in vivo extrapolation (IVIVE) modeling. The HTTK assays and IVIVE models provide a
means of estimating the exposures required to attain blood concentrations equivalent to
the in vitro bioactivity points of departure (PODs). HTTK assays typically focus on plasma
protein binding and hepatic clearance due to their importance in overall toxicokinetic (TK)
behavior of chemicals. Information from additional assays evaluating gastrointestinal
absorption and transporter activity can also be incorporated into the IVIVE models. Earlier
human in vitro TK studies from our laboratories have presented plasma protein binding for
110 PFAS [9,10] and plasma protein binding and hepatic clearance of 73 PFAS [10]. These
studies demonstrated that the majority of PFAS are highly bound to plasma proteins, with
a median bound of 98.91% (fyp = 0.0109) and the 75th percentile of 99.6% (fyp = 0.0039).
PFAS with 6-10 carbon chains were the most highly bound with carbon chains of 11
or more decreasing in binding. In general, PFAS that were more amenable to liquid
chromatography-mass spectrometry (LC/MS) analysis were more highly bound than
those that were measurable by gas chromatography—mass spectrometry (GC/MS). Of the
73 evaluated by GC/MS for hepatic clearance, abiotic loss (due to nonmetabolic hydrolysis,
volatilization, and/or other processes) was observed for 30 PFAS, while only 11 of these
PFAS were metabolically cleared. The present study examines hepatic clearance of 54 PFAS
that were amenable to LC/MS, comprised primarily of per- and polyfluoryl carboxylic
and sulfonic acids, and those containing halides (non-F), ethers, and other functional
groups. This work will describe the trends in hepatic metabolism and special considerations
required during the IVIVE modeling of PFAS.

2. Materials and Methods
2.1. Overview

The rate of hepatic clearance was determined as previously described for a set of
PFAS [11]. Analysis was conducted across two laboratories at the Division of Translational
Toxicology (DTT) at the National Institute of Environmental Health Sciences (NIEHS) and
the Center for Computational Toxicology and Exposure at the USEPA. The PFAS analyzed
in each lab can be found in the Supplementary Materials.

2.2. PFAS Stock Preparation

PFAS stocks were provided through a US EPA contract (Evotec, Inc., Branford, CT,
USA). Neat standards obtained from vendors (reported purities >95%) were solubilized at
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a target concentration of 30 mM in DMSO; lower concentrations were utilized if solubility
issues were noted upon visual inspection. DMSO stocks of all PFAS passed an analytical
quality-control (QC) evaluation as described in [12]. In this evaluation, stocks were evalu-
ated to ensure presence by accurate mass confirmation and to ensure stability in DMSO.
Chemical identifiers, vendor, purity, and category information are provided in Table S1.

2.3. Hepatic Clearance Assay

The hepatic clearance assay was performed at both the DTT and EPA laboratories
as described below. The pooled human hepatocyte suspensions used in this work were
purchased commercially and meet the ethical and scientific standards described in the
Human Ethics Rule (40 CER 26). The suspensions were prepared from hepatocytes obtained
from de-identified donors by a commercial vendor. This vendor operates a donor center that
is licensed and inspected by the U.S. Food and Drug Administration (BioIVT; bioivt.com
(accessed 11 September 2024)).

PFAS stock solutions prepared in DMSO were added to prewarmed William’s E
medium to make a 2X working stock solution (2 uM). The William’s E medium (Cat #
A1217601; Thermo Fisher Scientific, Waltham, MA, USA) was supplemented with a cell-
maintenance supplement pack (Thermo Fisher Scientific Cat# CM4000) so that the complete
media contained 0.1uM of dexamethasone, 2 mM of GlutaMAX, 15mM of HEPES, peni-
cillin/streptomycin (50 nug/mL), and ITS+ supplement (containing insulin (6.25 mg/mL),
transferrin (6.25 mg/mL), selenous acid (6.25 ng/mL), bovine serum albumin (1.25 mg/mL),
and linoleic acid (5.35 mg/mL)). The working stock solutions were then transferred to a
96-well polypropylene plate and placed in an incubator at 37 °C with 5% carbon dioxide
prior to adding cells. Cryopreserved pooled primary human hepatocyte suspensions (50-
donor pool, mixed gender; BiolVT; Westbury, NY, USA) were thawed and transferred to
vials containing hepatocyte thawing medium. After centrifuging for 5-10 min at 100x g,
thawing medium was removed, being careful not to disturb the cell pellet. The primary
human hepatocytes were then resuspended in pre-warmed complete Williams E medium to
achieve a cell density of ~1.0 x 10° viable cells/mL as determined by Trypan Blue exclusion.
Cells were then added to the 96-well incubation plates containing PFAS to achieve a final
density of ~0.5 x 10° viable cells/mL and a 1 uM assay concentration (Ciest), then placed
in incubator on a shaker at 300 rpm. Triplicate samples were removed from the incubator
at time points ranging from 0 to 240 min and quenched with a total crash in 2-3 volumes
of ice-cold acetonitrile. Samples were spun at 4000 x g for 20 min, and supernatants were
transferred to new tubes and stored at <—70 °C until analysis. Media-only (no cell) and/or
heat-inactivated hepatocytes were included as negative controls for each chemical to evalu-
ate and estimate chemical loss due to nonmetabolic processes (e.g., hydrolysis). Phenacetin
was included in all runs as an assay reference compound; EPA also included propranolol
as an additional reference compound.

2.4. Quantification of Chemical Concentrations by Mass Spectrometry (DTT)

Assay samples were diluted in mobile phase and analyzed using a Thermo Vanquish
UPLC system with a Thermo Hypersil Gold aQ C18 column (100 x 2.1 mm, 1.9 mm
particle size, Thermo Fisher Scientific Inc.) coupled to a Q Exactive Plus mass spectrometer.
Gradient elution was used in the chromatographic separations using water with 20 mM
ammonium acetate (mobile phase A) and methanol (mobile phase B), with the following
gradient program: 0.5-7 min, 30%-90% B; 7-8 min, 90% B; 8-9 min, 90%-30% B; and 9-
10 min, 30% B. The first minute of each injection was diverted to waste to avoid introduction
of excessive salts from incubation medium. Analysis was detected in negative ion mode.
Samples were quantified against an external, matrix-matched calibration curve. Additional
methodologic information is available in Table S2.
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2.5. Sample Preparation and Quantification of Chemical Concentrations by Ultra-Performance
Liquid Chromatography (UPLC) Mass Spectrometry (EPA)

Although initial PFAS analysis at the EPA utilized solid-phase extraction (SPE) for
sample clean-up, a subset that exhibited stability and/or reproducibility issues was sub-
sequently successfully analyzed without clean-up. To perform SPE, a positive-pressure
manifold was employed along with Oasis WAX pElution plates and Oasis HLB 30 mg
plates (Waters, Milford, MA, USA) for PFAS and positive-control extraction, respectively.
Briefly, WAX plates were conditioned with 2% ammonia in methanol, methanol, and 1%
formic acid in water before the supernatant from the metabolic clearance assay was loaded
onto the plate. The sorbent was then washed with 1% formic acid and water. Samples were
eluted in 2% ammonia in methanol for analysis. Similarly, HLB plates were conditioned
with methanol and water before sample was loaded onto the sorbent. The wells were then
washed with 5% methanol in water and water before elution in methanol. For samples
not undergoing SPE, the supernatant of the crashed assay sample was diluted in mobile
phase prior to analysis. The first 1.5 min of the run was diverted to waste to prevent salt
contamination. All samples were then transferred to 96-well polypropylene plates for
analysis on a Waters ACQUITY I-Class UPLC and Xevo TQ-S micro (UHPLC-MS/MS)
and quantitated against a calibration curve using an established laboratory method [9].
Mass-labeled standards (MPFAC-24ES, Wellington Laboratories, Guelph, ON, Canada;
Propranolol-d7, CDN Isotopes, Pointe-Claire, QC, Canada; Table S3) were added prior to
instrumental analysis. Additional analytical methodologic information (e.g., transitions,
internal standards) is included in Tables S2 and S3.

2.6. Hepatic Clearance Data Analysis

Data for each PFAS were plotted separately in a semilog format (log concentration vs.
time) with three replicates for each time point [11]. Disappearance of PFAS over time was
analyzed using linear regression. Data from linear regression (slope) were used to estimate
half-life values for each PFAS, which were then used to calculate intrinsic hepatic clearance
(Cling)- A p-value of 0.05 was used to determine significance (i.e., was the slope significantly
different from 0), with any PFAS above that cut-off set to a Clit of 0. Time-matched negative
controls were also evaluated similarly to determine if non-metabolic losses were significant.

2.7. Experimental Uncertainty Incorporation Using Bayesian Modeling

Markov Chain Monte Carlo was employed in a Bayesian analysis to estimate uncer-
tainty of the hepatic clearance point measures as previously described, but with some
modifications [10]. Briefly, after organizing PFAS-level data into a single file, the relation-
ship between the relevant measurement process parameters was described in a graphic
model in JAGS language [13] interfaced through R. For hepatic clearance data, the model
describes the PFAS-specific mass spectrometric response factor between analyte peak ra-
tio (to internal standard) and chemical concentration. The assumed prior for whether a
systematic decrease in chemical was observed followed a Bernoulli distribution with 50%
chance of clearance (p = 0.5). The assumed prior for whether the chemical degraded abiot-
ically in vitro followed a Bernoulli distribution with a 5% chance of abiotic degradation.
Separate biotic and abiotic components for chemical elimination were estimated, each with
a slope following an assumed uniform prior distribution bounded between the zero and
the -log (limit of quantitation/Ciest). In scenarios where an external calibration without
internal standard was used, the response factor was calculated using the analyte peak
alone, introducing additional uncertainty due to the inability to normalize for recovery
issues. The model was analyzed jointly by JAGS using five Markov chains. Convergence
was identified by requiring the five chains to be consistent, as indicated by the potential
scale reduction factor [14] being less than 1.1. The analysis was performed using EPA-
developed R package invitroTKstats, available upon request. Bayesian approaches have
been previously shown to produce estimates of posterior parameter probabilities in which
the median value correlates well with the point estimate (as in Section 2.6). What is gained
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from the Bayesian approach is that the 95% credible interval characterizes uncertainty in
the estimate [15]. This uncertainty can be propagated into HTTK predictions using Monte
Carlo simulation [15].

2.8. In Vitro—In Vivo Extrapolation (IVIVE) and Administered Equivalent Dose (AED) Estimation

IVIVE was performed as previously described [16] to calculate human steady-state con-
centrations (Css). Briefly, experimental plasma protein binding data presented elsewhere [9]
were transformed to fraction unbound in blood using blood-to-plasma partitioning values.
Experimental Clj; values generated here are used in conjunction with relevant liver scalars
to scale up to estimate whole liver clearance. These data were combined with hepatic blood
flow, nonmetabolic renal clearance, and other inputs to estimate Css values assuming a
1 mg/kg/day exposure rate. Once Css values were established, these were used with the
PFAS-specific in vitro POD data to calculate the administered equivalent doses (AEDs)
using reverse dosimetry. The in vitro PODs were derived using published PFAS NAM
data [4-6] collated from invitrodb v.4.1, also released in September 2023 on the CompTox
Chemicals dashboard (https://comptox.epa.gov/dashboard/; last accessed on 22 February
2024). These data were filtered to censor curves with four or more caution flags triggered
during data review, and to include only positive curves, using a hitcall threshold of 0.9
for an active curve. Chemicals with “NA” had no positive curves after filtering. The
fifth-percentile AC50 value was used to define the in vitro POD. All relevant inputs, scalars,
and calculations are provided in Supplementary Information, as indicated in the results.

2.9. Chemical Transformation Simulator (CTS) Predictions

The Chemical Transformation Simulator (https://qed.epa.gov/cts/ (accessed on 22
February 2024)) [17] was employed to predict PFAS transformation products following loss
of parent analyte due to either hepatocyte metabolism or abiotic hydrolysis in the aqueous
assay media. The PFAS reaction library [18] was used with the reaction pathway simulator
to derive both metabolic and environmental transformation outputs using the respective
reaction libraries. Outputs obtained included transformation route, synthesis code, percent
production, percent accumulation, and exact mass of products. Up to four generations
were predicted.

3. Results
3.1. Overview of PFAS Categorization and In Vitro Hepatic Clearance Findings

Experimental Clj,; values were measured for 54 PFAS. The initial selection was de-
signed to survey multiple structural and functional groups to address PFAS TK data gaps,
making use of categories described by the OECD in 2021 [19] and subsequently used to
inform the PFAS-MAP categories [20], used in developing PFAS ToxPrints [21]. Additional
information can be found in Tables S1 and S4. While the OECD categories are anchored
to structural characteristics and the presence of specific functional groups, the PFAS-Map
groupings are broader, combining PFAS with varied compositions and based on synthesis
processes. Table 1 shows the structural category coverage across these two frameworks.
Additional information can be found in Tables S1 and S4. Also included in Table 1 is
the likelihood that the respective PFAS categories are likely to form the more persistent
perfluoroalkyl acids (PFAAs), due to either environmental or biotic transformation [22].
Coverage in this study is sufficient to perform comparisons across per- versus polyfluori-
nated PFAS, in addition to carbon-fluorine chain length (CF2) differences, amongst others.
CF2 is defined as the longest contiguous chain of fluorinated carbons. The clearance data,
along with the category mappings for each PFAS, are provided in Table S4. PFAS TK
data generated in this effort, along with recent publications [9,10,23], can be found in httk
package version (2.3.2).

Distribution summary statistics of experimental Cl;,; rates for the 54 PFAS analyzed
indicated these to be fairly stable, with 35 exhibiting no significant hepatic clearance, and
75th and 95th percentile values at 2 and 12 uL/min/million cells, respectively (Figure 1).
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Only four PFAS had Clj,; rates exceeding 10 pL/min/million cells, consistent with a
high-clearance metabolized structure.

Table 1. Structural category coverage of tested PFAS.

Potential PFAA PFAS-Ma
ab P
OECD Category No. CF2 Precursor? Category
PFCAs 14 1t8¢=9; gte8 4 =5 No © PFAAs
PFSAs 10 1t8 = 6; gte8 = 4 No PFAAs
PFECAs 6 1t8 = 4; gte8 =2 No f PFAAs
n:3 acids 5 1t8=5 Yes FT PFAA
precursors
PFAA
R . _ precursors;
xFASA-Es 4 1t8 =1; gte8 =3 Yes FASA-based
PFAA precursors
1H-PFCAs 4 1t8=1; gte8 =3 Yes PFAA precursors
n:2 FT sulfonic acids 3 1t8=1;gte8 =1 Yes FTPFAA
precursors
PF carbonyl halides 2 1t8 =2 Yes Others
PFESAs 1 8=1 No PFAAs
PF alkane sulfonyl B
halides 1 gte8 =1 Yes PFAA precursor
PF alkane
sulfonyl-based 1 gte8 =1 Yes PFAA precursors
nonpolymers
n:2 FT phosphomc 1 18 =1 Yes Others
acids

2 Of the selected PFAS, two propenoic acids were not categorized in the OECD mappings. ® Abbreviations:
carbon-fluorine chain length: CF2; perfluoro (PF) alkyl acids: PFAAs; PF carboxylic acids: PFCAs; <8 CF2:
1t8; >8 CF2: gte8; PF alkane sulfonic acids: PFSAs; PF ether carboxylic acids (PFECAs); fluorotelomer: FT; PF
alkane sulfonyl amides/amido ethanols: xFASA /Es; perfluoroalkane sulfonamide: FASA; PF ether sulfonic acid
(PFESA). € less than 8: 1t8. 4 greater than or equal to 8: gte8. ¢ except for perfluoroundecanoic acid. f except for
perfluoro-3-methoxypropanoic acid and perfluoro-3,6-dioxaheptanoic acid.

40 100
- 2
S 30 75 3
© c
> a
[Te =19
© 20+ 50 §
o
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E 10- 25 g
z S

10 = "
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v 5 O 0
NN &7
Clint (uL/min/million cells)

Figure 1. Distribution of Hepatic Intrinsic Clearance across Tested PFAS.

3.2. Category-Based Evaluations of PEAS Metabolic Clearance

Closer examination of metabolic clearance data for structural-based trends revealed
useful observations (Figure 2). Among PFAS categorized structurally as carboxylates,
only the n:3 acids, comprising fluorotelomer carboxylic acids, showed any appreciable
metabolic clearance. In the PFECA category, a Cliy; of 5.78 pL/min/million cells was
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observed for perfluoro-4-isopropoxybutanoic acid (PFPE-1). For the sulfonate-containing
PFAS, the sulfonamides (FASAs) showed the highest metabolic Cl;,¢ values, with values
exceeding 15 pL/min/million cells for perfluorooctane sulfonamide (PFOSA) and N-
Ethylperfluorooctane sulfonamide (NEtFOSA). Abiotic losses were also noted for most
of these sulfonamides. Figure 2C provides PFAS Cl;; data previously published by the
EPA laboratory in Kreutz et al. [10] for a side-by-side comparison. These PFAS were more
volatile and required analysis by gas chromatography combined with MS/MS [10]. On
average the clearance values were much higher, with 8 of the 13 exhibiting Cl;; values
exceeding 10.

(A) 55 (B) 55
20+ 20
0 (7]
S 15+ S 15+
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= 10 £ 10
(5} o
0 i oo —o % 0 o o o
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& &£ <O ‘\0 \0 &
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L T %
< K QR
Q 42
&
o
Q‘<

Figure 2. Category-based evaluation of PFAS hepatic intrinsic clearance (Cliy). Using groupings
described in Table 1, experimental point estimates of Clj,; (circles) and associated means (horizontal
bars) and ranges (vertical bars) are displayed. (A) PF carboxylic and propenoic acids. (B) PF sulfonyl
groups and FT phosphonic acids (n:2 FTPAs); (C) PFAS Cli,; from [10]. Abbreviations: PolyF:
polyfluorinated; PF: perfluoroalkyl; PE: polyether; FTOH: fluorotelomer alcohol; Pr: primary.

Table 2 contains chemical-specific Clj,; values to enable comparisons across the dif-
ferent chemical categories with the same CF2, as well as comparisons across alkyl acids
and sulfonic acids. Representative PFAS were selected from the comprehensive Cli,; data
summary table provided in Table 54 to provide comparisons across PFAAs, n:3 acids, 1-H
PFCAs, PFSAs, and n:2 FTSAs. For the carboxylic acid comparisons, the CF2-matched
n:3 acids all exhibited higher Clj,s than their PFAA counterparts, with all but one of the
PFA As shown exhibiting no Cli. For the sulfonic acid comparisons, other than those at
the shortest CF2 (i.e., 4), the PFSAs were stable, while the FTSAs exhibited significant but
moderate Cli, of 1.4-1.53. The PFAS at 4 CF2, PFBS, and 4:2 FTS exhibited Cl;, of 47.5
and 4.28, respectively. Additional data are provided in Table 54 for more comparisons.
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Table 2. Cl;,; comparisons of per- and polyfluorinated PFAS.
CF2 PFAAs  Clp;  n:3 Acids Clint 1-H PFCAs Clin PFSAs  Clyy n:2FTSAs  Cliy
4 PFPeA 0 - - PFBS 475 4:2 FTS 4.28
5 PFHxA 0 5:3 FTCA 11.84 - - - - -- -
6 PFHpA 0 6:3 FTCA 5.05 8H-PFOA 0 PFHXS 0 6:2 FTS 1.4
7 PFOA 0 7:3 FTCA 15.7 9H-PFNA 0 PFHpS 0 -- --
8 PENA 0 -- -- - -- PFOS 0 8:2 FTS 1.53
11H-
9 PFDA 0 - - PFURDA 0 - - - -
Using the PFAS described in Table 2, Table 3 brings together the hepatic clearance and
plasma protein-binding data to derive Cgs values (based on loss of parent compound only)
using the generic HTTK model and further estimates AEDs using previously published
NAM screening data released in September 2023 (invitrodb v. 4.1), also available on the
CompTox Chemicals Dashboard (https://comptox.epa.gov/dashboard/; last accessed
on 22 February 2024) [4-6]. Experimental f, values range from 0.0004 (PFHpA) to 0.044
(PFPeA); Cliyy values range from 0 (12 of the 18) to 15.7 (7:3 FTCA). The C,s predictions range
from 4.99 (7:3 FTCA) to 1657.68 uM for PFHpA. When considering CF2, three of the four most
potent AEDs belong to the 7 CF2 group, including 9H PFNA and PFOA. The least potent
AEDs were noted for polyfluorinated PFAS: shorter-chain sulfonic acids (4:2 FTS, 6:2 FTS) and
5:3 FTCA. Additional data and the underlying calculations are provided in Table S5.
Table 3. In vitro-in vivo extrapolation to compare Css and AED estimations.
Compound Mol. Wt. OECD ab In Vitro . AC50POD AED
DTXSID Name (g/mol) CF2 Group fup Clint Css (uM) (M) © (mg/kg/day)
DTXSID6062599 PFPeA 263.98 4 PFCAs 0.0440 0 20.78 NA ¢ NA
DTXSID5030030 PFBS 299.95 4 PFSAs 0.0128 4.75 7.51 6.22 0.83
DTXSID30891564 4:2 FTS 327.98 4 n:2 FTSAs 0.0050 4.28 19.12 NA NA
DTXSID3031862 PFHxA 313.98 5 PFCAs 0.0068 0 113.04 9.06 0.08
DTXSID20874028 5:3 FTCA 342.01 5 n:3 acids 0.0059 11.84 6.18 6.10 0.99
DTXSID6067331 6:2 FTS 427.98 6 n:2 FTSAs 0.0143 14 12.36 11.02 0.89
DTXSID1037303 PFHpA 363.98 6 PFCAs 0.0004 0 1657.68 16.57 0.01
DTXSID70379917 6:3 FTCA 392.01 6 n:3 acids 0.0023 5.05 30.01 5.49 0.18
DTXSID70565479 8H-PFOA 395.98 6 1-H PFCAs 0.0021 0 290.23 10.59 0.04
DTXSID7040150 PFHxS 399.94 6 PFSAs 0.0009 0 670.49 22.38 0.033
DTXSID50226894 9H-PFNA 445.98 7 1-H PFCAs 0.0009 0 601.28 2.47 0.004
DTXSID8059920 PFHpS 449.94 7 PFSAs 0.0006 0 893.98 18.05 0.02
DTXSID90382620 7:3 FTCA 442.01 7 n:3 acids 0.0051 15.7 4.99 0.96 0.19
DTXSID8031865 PFOA 413.97 7 PFCAs 0.0010 0 582.99 8.07 0.01
DTXSID8031863 PFNA 463.97 8 PFCAs 0.0016 0 325.11 14.73 0.05
DTXSID3031864 PFOS 499.94 8 PFSAs 0.0049 0 98.52 8.02 0.08
DTXSID5061954 11H-PFUnDA 545.98 9 1-H PFCAs 0.0015 0 294.69 741 0.03
DTXSID3031860 PFDA 513.97 9 PFCAs 0.0027 0 17391 10.89 0.06

2 Fraction unbound in plasma (fyp); intrinsic clearance (Cliy); steady-state concentration (Css); see Section 2
and Table S5 for details on inputs, scalars, and equations. ? f,;, from [9]. € 5th percentile AC50 across in vitro
bioactivity data in invitrodb v.4.1. See text for details. ¢ NA, not active; no POD determined during screening.

3.3. Bayesian Approach—Findings

Across the current and previously published work [10], the Bayesian methods gen-
erated more conservative p-values for metabolic clearance (Table S6). Of the 21 chem-
icals with discernable experimental clearance in this study, both analyses agreed that
3-perfluoroheptylpropanoic acid (7:3 FTCA), 2H,2H,3H,3H-perfluorooctanoic acid, and
N-methylperfluorooctanesulfonamide were metabolized. Consideration of heat-treated
negative controls was used in both approaches to estimate background clearance. In the
Bayesian analysis, the decrease observed in these controls was proposed to be large enough
to potentially explain the disappearance of the compound in 11 instances. Consideration
of such data with experimental estimates in many cases still revealed substrate depletion
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above and beyond any background clearance that might have been noted (Table S4). Finally,
there were seven chemicals where the Bayesian analysis found the data too uncertain to
confidently determine if hepatic clearance was observed.

3.4. Metabolic Transformation Pathways Using Chemical Transformation Simulator (CTS)

PFAS that were metabolically cleared in vitro were analyzed for theoretical biotrans-
formation products using the PFAS metabolism reaction library within CTS. Three FASAs
are likely to undergo hydrolysis to form their respective sulfonic acid: respectively, perfluo-
rooctane sulfonamide will form perfluorooctane sulfonic acid (PFOS); perfluorohexanesul-
fonamide will form perfluorohexanesulfonic acid (PFHxS); and N-Ethyl perfluorooctane
sulfonamide will form PFOS (Figure 3). Polyfluorinated carboxylic or n:3 acids (e.g.,
2H,2H,3H,3H-perfluorooctanoic acid or 3:3 fluorotelomer carboxylic acid) are known to
undergo oxidation of the resulting fluorotelomer aldehyde to form fluorotelomer car-
boxylic acid, with a proposed transformation to form the representative carboxylic acid
predicted. A full summary of these predicted biotransformation products can be found
in Table S7. Figure 3 provides an example of three PFAS compound categories and the
potential metabolic transformation pathway they are likely to follow. Evaluation of the
environmental reaction library indicated that many of the same PFAS were subject to similar
hydrolysis in the environment (Table S8).

o F F O F F
(A) Tl | I
HoN—S-77] F > HO—S F
1 | n ‘ Hydrolysis [l .
o F F O F F
Perfluoro[n] Ife i Perfluoro[n]anesulfonic acid
<|3| FE O F F
Il
NH-S [ | ] | F > —s F
/ I | n | Hydrolysis I N
H;C O F F O F F
N-Ethylperfluoro[n]anesulfonamide Perfluoro[n]anesulfonic acid
(&
(B) O—S—OH

OM J
_—

D o NH
n n A H,N OH
i —1 — — BN
Ll Oxidation F _|__,_F Conjugation Hydirolysis ﬁ =0
F—F F——F n o]
E F F _'__|_ F I-Taurine
U, ~ El 1. |__,
dieq ridor I? ie
Carboxylic Acid Fluorotelomer Carboxylic Acid F——F
F
Taurine-fluorotelomer Carboxylic
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Figure 3. Possible metabolic transformation pathways of PFAS using Chemical Transformation Simu-
lator (CTS). Sulfonamides can transform to sulfonic acids via hydrolysis (A), fluorotelomer carboxylic
acids can lead to the formation of unsaturated fluorotelomer carboxylic acids and taurine conjugates (B),
and perfluorinated diamines can become fluorinated dioic acids after two hydrolysis reactions (C).
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4. Discussion

Factors driving concern regarding PFAS health effect evaluations are their high bioac-
cumulative nature combined with low dosages at which human health effects are observed
for well-studied legacy PFAAs and PFSAs [24-26], contrasted with an almost complete
dearth of data for many other PFAS groupings. Until recently, this lack of data encompassed
both in vivo and in vitro toxicity and TK evaluations. This effort, in conjunction with recent
publications [10,12], provides in vitro TK data, specifically either plasma protein binding
or hepatic clearance data, for over 110 PFAS. Brought together, these efforts will serve to
inform quantitative IVIVE efforts for these chemicals of emerging concern. This specific
contribution adds in vitro hepatic clearance data for 54 PFAS that span multiple categories,
including PFAS per- and polyfluorinated carboxylic and sulfonic acids, sulfonamides, and
non-fluorine halides; overall, 13 different categories as defined by OECD [19].

TK NAMs readily make use of in vitro assays to evaluate TK properties. These
approaches have been designed to complement emerging high-throughput toxicity testing
data streams, providing a strategy to rapidly evaluate thousands of data-poor chemicals to
identify testing priorities for subsequent studies. To accomplish this, the HTTK package
is underpinned by a generic rather than customized model, parameterized with in vitro
or in silico hepatic clearance and plasma protein-binding data while using conservative
assumptions for other TK inputs in a three-compartment model [27]. When combined with
in vitro POD data, in vitro—in vivo concordance evaluations have demonstrated that for
most chemicals, this approach provides protective external exposure estimates that are
quite useful in NAM-based assessments [28].

In in vitro TK assessments, hepatic clearance is typically evaluated using hepatocyte
suspensions due to the commercial availability of high-quality metabolically characterized
suspensions, the existence of standardized protocols, their physiologic relevance and
ability to recapitulate in vivo metabolism, and the ability to pool multiple individuals to
address interindividual variability [29,30]. One of the limitations of this model is the lack of
sensitivity in estimating the clearance of low-turnover molecules [31]. It has been estimated
that in the typical preparations of 500,000 hepatocytes/mL, the minimum measurable
clearance is approximately 2 pL/min/million cells, resulting in an in vivo clearance of
approximately 5 mL/min/kg of body weight [32,33]. Notably, the Bayesian methods
used in this study, designed to be conservative, provide outputs that are consistent with
these earlier evaluations. In reviewing the experimentally derived measures, 63% of the
PFAS in this evaluation showed no discernable metabolic clearance, and 75% exhibited
Clint values of 2 pL./min/million cells or lower. This is not necessarily unexpected due
to what is known about the stability of legacy PFAAs. There are other hepatocyte culture
systems, with varied degrees of complexity and expense, that are promising for evaluating
lower turnover xenobiotics: from the use of a hepatocyte relay method [32], an adherent
hepatocyte monoculture that can monitor Cli,; over 48 hr [34], to more complex co-culture
models such as HepatoPac [33] and HUREL systems [35], which extend assay lengths out
to 7 days. Should more accurate measurements of the low-clearance PFAS be required,
these newer methods may be of value. However, these models are less mature than the
suspension approach, requiring further experimental verification and the establishment
of best practices regarding the consideration of interindividual variability (single donors
are typically used). As currently applied, evaluations in hepatocyte suspensions provide
a conservative estimate of hepatic Cli,t, which is in keeping of a scenario designed to be
protective of human health.

The impact of differing PFAS CF2, functional group, and/or fluorination status on
PFAS toxicity and fate has already been widely discussed in the literature, with OECD
groupings and other PFAS testing selections driven by these observations [8,19,22]. Fluori-
nation status considers whether the carbons on the PFAS backbone are completely occupied
(i.e., saturated) with fluorines, known as perfluorinated PFAS, versus those that are not,
known as polyfluorinated PFAS. PFAS with a shorter CF2, and those that are polyfluori-
nated, are recognized as being less stable, so the experimental Cl;,; data were evaluated for
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similar trends. Comparisons of perfluorinated versus polyfluorinated PFAS normalized
to CF2 (Table 2) indicated that fluorotelomer carboxylic acids (or n:3 acids) exhibited Clj;
values ranging from 5-15.7 pL/min/million cells, whereas PFAAs and 1-H PFCAs were
stable (i.e., no discernable Cl;,t). This trend was also noted when comparing the PFSAs
to the n:2 FISAs, where significant yet modest Cli,; values (i.e., 1.4—4.28 pL/min/million
cells) were noted in the latter. These observations provide more empirical support for
the polyfluorinated fluorotelomer PFAS, and those PFAS containing sulfonic acids, as ex-
hibiting less stability than the PFAAs. Also, lower CF2 PFAS (e.g., 4-5) typically exhibited
higher Cli,; values (4.3-11.84 pL/min/million cells) than those 6 or higher. This association
of lower CF2 with lower stability is consistent with other reports, including in vivo hu-
man biomonitoring findings [19,25]. Experimental evaluations of fluorotelomer carboxylic
acid biotransformation indicate oxidation at the site of the unsaturated carbon to form an
aldehyde or alternately conjugation to taurine or glutathione (Figure 3B; [36,37]) with no
further metabolism. In general, our experimental data and these metabolic evaluations
indicate that the unsaturated carbon(s) on these polyfluorinated PFAS is the site(s) of
metabolic transformation.

Whereas a loss of the parent compound often indicates the formation of a less toxic
hydrophilic metabolite that is more likely to be excreted [38], for PFAS, this is not typ-
ically the case. The five PFAS with Cliy; values exceeding 8 pL/min/million cells fell
in either the n:3 acid/FTCA or the FASA groups—groups with experimental evidence
documenting biotransformation to more stable perfluoroalkyl acids [38—40]. Particularly
for FTCAs and sulfonamides, an evaluation using CTS indicated the formation of more
stable alkyl and sulfonic acids (Figure 3). Moreover, evidence exists demonstrating that
FASAs and FTOHs undergo abiotic degradation in environmental media, including soils,
sediments, and sludge [41-44]. To ensure adequate protection of human and ecological
health, future efforts will need to transition beyond considering only parent compounds
toward a more comprehensive incorporation of metabolite formation and environmental
fate and transformation information to ensure a real-world PFAS exposure paradigm is
adequately captured.

Recent evaluations have indicated that of the two TK parameters, plasma protein
binding appears to be more discriminatory than hepatic clearance, due to the wide range
of binding observed in earlier efforts [9,10]. Plasma protein binding values across 67 PFAS
evaluated in [9] showed a fraction unbound in plasma values spanning 2500-fold, with
category-based binding differences driven largely by chain length and functional group
presence. Trends analysis of physicochemical properties and plasma protein binding
noted the strongest correlations for higher binding with increasing molecular weight
and increasing Log Pow values. Due to the lack of metabolism noted for many of the
same PFAS tested in the current work, evaluations of any trends regarding clearance and
physicochemical properties were not informative. IVIVE calculations that bring these TK
data inputs together to derive Cgs values provide another useful way to examine these
relationships. In the subset displayed in Table 3, there was an interplay between these two
inputs, but ultimately, the findings support the importance of plasma protein binding in
characterizing the relative persistence of these compounds. What also was clear is that
these data were consistent with biomonitoring findings [25] that show that those PFAS
with a shorter CF2 (i.e., of 4) have a much shorter half life than those with a CF2 of 7 (e.g.,
PFOA, PFHXS). Relative comparisons of the Cgs values across these groups show that the
longer CF2 group (excluding 7:3 FTCA) is 10-to-47-fold higher than the other. Although
there may be some questions regarding the overall predictivity of Css values derived for
bioaccumulative chemicals using a generic physiologically based toxicokinetic model, they
serve a useful purpose in understanding a relative persistence that, so far, was consistent
with other literature reports.

Customization of IVIVE models to reliably evaluate PFAS TK will require specific
considerations that are unique to PFAS, as well as other persistent and bioaccumulative
chemicals. One of the assumptions employed in the initial application of the generic
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HTTK model [45] is that xenobiotics reach a steady state rapidly (e.g., within 24 h). This
assumption was rooted in earlier pharmacologic research [46,47] that proved reliable when
subsequently applied to many non-drug chemicals, as shown in in vitro—in vivo TK data
comparisons [16,48]. However, subsequent simulations conducted to evaluate the rigor
of this assumption across a larger commercial chemical space showed that, although
somewhat appropriate for over 70% of tested chemicals (i.e., 182 of 271 would reach steady-
state within 28 days), a subset of 19 chemicals would take over 1000 days to reach a steady
state [49]. PFOS and PFOA were two of these 19, with the time to reach steady state was
estimated at 6.6 and 3.5 years, respectively. A similar evaluation for PFOS, using the volume
of distribution and elimination half-life data obtained from the literature [50,51], employed
a one-compartment model that assumed either dynamic or steady-state kinetics [52]. This
effort estimated that a dynamic model would take 30 years to reach steady-state values.
Any model assuming rapid attainment of a steady state for such persistent chemicals would
lead to a significant underestimation that would not be health protective. Having said that,
such a steady-state assumption may be acceptable for less stable PFAS, such as the shorter-
chain PFAS or polyfluorinated compounds such as the fluorotelomer carboxylic acids, as a
PFBS evaluation indicated an estimated half life as low as one month [25]. Overall, these
data demonstrate potential value in employing category-based groupings to inform model
selection and assumptions.

Further, generic HTTK models typically assume passive chemical excretion (i.e.,
glomerular filtration) and passive tissue distribution. The unique properties of PFAS
indicate that additional aspects of TK warrant consideration beyond what is typically used
in a generic HTTK model. For example, the CF2 backbone of PFAS renders them similar
to certain endogenous fatty acids that are transporter ligands. Active reuptake via renal
transporters on the apical membrane of the proximal tubular cells has been shown to
reabsorb PFAS from the urine prior to excretion [53-57]. HTTK overestimates clearance
for PFOA and PFOS, leading to predictions for plasma concentrations that were more than
100 times lower than observed [11,49]. As such, incorporation of transporter re-uptake and
efflux processes will be important in TK modeling. To date, only a few PFAS have been
tested in vitro with a primary focus on renal transporters [58]. PFAS with intermediate
chain lengths (between 6 and 10 carbons) show the greatest affinity for transport [59].
Recent [58,60] and any future evaluations of PEAS—transporter interactions will be very
informative in refining this aspect of the quantitative IVIVE model.

In summary, this effort, in conjunction with other recent contributions [9,10], provides
experimental TK data across several groupings of PFAS beyond the legacy carboxylic and
sulfonic acids, greatly expanding our knowledge of PFAS in vitro TK. Although challenges
still remain in ensuring all relevant aspects of PFAS TK are adequately characterized
and modeled, the category-based assessments of hepatic clearance and plasma protein
binding provide useful information for immediate application in read-across approaches
and priority-setting.
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