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Abstract: Few studies are available on the environmental and toxicological effects of perfluoroalkyl
ether carboxylic acids (PFECAs), such as GenX, which are replacing legacy PFAS in manufacturing
processes. To collect initial data on the toxicity and toxicokinetics of a longer-chain PFECA, male and
female Sprague Dawley rats were exposed to perfluoro-(2,5,8-trimethyl-3,6,9-trioxadodecanoic) acid
(HFPO-TeA) by oral gavage for five days over multiple dose levels (0.3–335.2 mg/kg/day). Clinically,
we observed mortality at doses >17 mg/kg/day and body weight changes at doses ≤17 mg/kg/day.
For the 17 mg/kg/day dose level, T3 and T4 thyroid hormone concentrations were significantly
decreased (p < 0.05) from controls and HFPO-TeA plasma concentrations were significantly different
between sexes. Non-targeted analysis of plasma and in vitro hepatocyte assay extractions revealed
the presence of another GenX oligomer, perfluoro-(2,5-dimethyl-3,6-dioxanonanoic) acid (HFPO-TA).
In vitro to in vivo extrapolation (IVIVE) parameterized with in vitro toxicokinetic data predicted
steady-state blood concentrations that were within seven-fold of those observed in the in vivo study,
demonstrating reasonable predictivity. The evidence of thyroid hormone dysregulation, sex-based
differences in clinical results and dosimetry, and IVIVE predictions presented here suggest that the
replacement PFECA HFPO-TeA induces a complex and toxic exposure response in rodents.

Keywords: PFAS; PFECA; thyroid disruption; dosimetry; non-targeted analysis (NTA); plasma
protein binding; hepatic clearance; IVIVE

1. Introduction

Per- and poly-fluoroalkyl substances (PFAS) have numerous uses in both industrial
applications and consumer products due to their inherent stability and ability to repel oil
and water [1]. Production of perfluorooctanoic acid (PFOA) and perfluorooctane sulfonic
acid (PFOS) started in the 1940s and led to accumulation in a wide variety of organisms
and environmental matrices [2–5]. The chemical manufacturer 3M announced the phase
out of PFOS and PFOA in 2000 [6,7]. The continued persistence of PFOA and PFOS, despite
the phase out, led to several countries severely restricting the manufacture and use of both
chemicals and PFAS with similar structures in the early 2000s [6,8].

Manufacturers replaced PFOA, PFOS, and other structurally similar PFAS with short-
chain perfluoroalkyl acids (PFAAs) and polyfluorinated compounds. These alternative
PFAS are often perfluoroalkyl ether carboxylic acids (PFECAs), in which one or more oxygen
atoms are inserted along the carbon backbone to aid breakdown and decomposition of the
molecule [9]. The extent to which these alternative PFAS degrade is unclear [10,11]. PFECAs
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used as replacements for PFOA include the homologues perfluoro-2-methyl-3-oxahexanoic
acid (Chemical Abstract Service Registry Number (CASRN) 13252-13-6|U.S. Environ-
mental Protection Agency (U.S. EPA) Distributed Structure-Searchable Toxicity (DSSTox)
substance identifier (DTXSID) DTXSID70880215|HFPO-DA), perfluoro-(2,5-dimethyl-3,6-
dioxanonanoic) acid (CASRN 13252-14-7|DTXSID00892442|HFPO-TA), and perfluoro-
(2,5,8-trimethyl-3,6,9-trioxadodecanoic) acid (CASRN 65294-16-8|DTXSID70276659|
HFPO-TeA) [12] (Figure 1).
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The terms HFPO-DA and GenX are often used interchangeably. GenX is a trade-
marked process for the production of Teflon, though it is commonly used to refer to both
HFPO-DA and/or ammonium perfluoro-2-methyl-3-oxahexanoate (CASRN62037-80-3
|DTXSID40108559|NH4-HFPO-DA), the ammonium salt of HFPO-DA [13]. They cannot
be differentiated in a mass spectrometer due to their generation of the same anion, perfluoro
(2-propoxypropanoate) (CASRN 122499-17-6|DTXSID70102880).

The HFPO-DA anion has been widely detected around the world, including in surface
waters (max. 14 ng/L); in soils in China (max. 967 pg/g), the USA (max. 8.14 ng/g), and
the Netherlands (max. 4.7 ng/g); as well as in plants (the Netherlands, 87 ng/g) [14–18].
The presence of HFPO-TA in surface water (max. 5.9 ng/mL) and soil (max. 0.1 ng/g) has
been reported from multiple sites in China [17–19]. There are fewer instances of HFPO-TeA
detection. One study reports on numerous organism types, with the maximum observed
concentration being 3.74 ng/g dry weight in fish [20]. The main source of these PFECAs in
the environment is most likely fluorochemical manufacturing. Combinations of all three
homologues were detected in soil and water surrounding manufacturing plants in China
as well as in fluoropolymer raw materials used for manufacturing [21,22].

To date, toxicity evaluations of PFAS, including PFOA and HFPO homologues, have
provided important yet limited information. PFOA, the most widely studied of this group,
is a possible human and animal carcinogen and is known to cause hepatic, reproduc-
tive, developmental, and immunological toxicities in animal models [23–26]. HFPO-DA,
the most widely studied HFPO homologue, is reported to cause hepatic, hematological,
immunological, renal, and reproductive toxicities in rodent studies according to a recent
United States Environmental Protection Agency (U.S. EPA) Office of Water report EPA/822/
R-22/005 [27].

Less is known about the toxicity of HFPO-TA and HFPO-TeA. A study by Sheng et al.
demonstrated that HFPO-TA exhibits carcinogenic potential and hepatotoxicity in mice,
which may be more potent than that induced by PFOA [28]. Sun et al. reported car-
diotoxicity in zebrafish embryos following exposure to HFPO-TA [29]. The homologue
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HFPO-TeA has been associated with hepatic, cardiac, and developmental toxicity in chicken
hatchlings [30]. Multiple forms of liver damage, including liver enlargement, lipid droplet
accumulation, and steatosis, were observed in mice orally exposed to 1 mg/kg/day of
HFPO-TeA over four weeks [31]. An increased relative liver weight was reported by Jia et al.
following a seven-day exposure in CD-1 mice at concentrations up to 2 mg/kg/day [32].

Three studies have examined the impact of PFOA and the three HFPO homologues.
Peng et al. demonstrated that all four compounds caused male reproductive toxicity
in BALB/c mice following a 29-day exposure, with a maximum HFPO-TeA exposure
concentration of 1 mg/kg/day [12]. The remaining two studies examined the binding
affinity of the four compounds, reporting that HFPO-TeA has the greatest binding affin-
ity for estrogen receptors (ERs) in zebrafish and with human fatty acid binding protein
(FABP) [33,34]. The in vitro studies of HFPO homologues used dimethyl sulfoxide (DMSO)
as the solvent and must be viewed cautiously based on the findings of Zhang et al., 2022,
Liberatore et al., 2020, and Smeltz et al., 2023, which show significant degradation of HFPO
homologues in DMSO [35–37].

Many PFAS, including PFOA and the three HFPO-TeA homologues, are known to
perturb the PPARα signaling pathway [28,30,38]. The PPARα nuclear receptor, which
is highly expressed in the liver, heart, and kidney, regulates fatty acid metabolism and
peroxisome proliferation [30,31]. Disruptions of this pathway have been implicated in
several downstream adverse animal health outcomes, including developmental toxicities,
altered lipid and glucose metabolism, decreased plasma thyroid hormone levels, and
changes in liver weight [26–29]. The full scope of the environmental and toxicological
impact of these emerging PFAS remains unknown [36]. We selected HFPO-TeA for a five-
day oral exposure study utilizing Sprague Dawley rats to generate toxicology data for a
data-poor, emerging PFAS.

2. Materials and Methods

The chemicals used for solvents and additives are listed in Supplementary Text S1.

2.1. In Vivo Exposure Chemicals, Study Design, and Analytical Assessments

The in vivo exposure study was performed under a contract to Jacobs Technology, Inc.
(Dallas, TX, USA; EP-C-15-008) and BioSpyder Technologies, Inc. (Carlsbad, CA, USA;
68HE0B20P0250). Animal handling was subcontracted out and performed by Integrated
Laboratory Systems (ILS, Morrisville, NC, USA). All procedures followed Animal Wel-
fare Act Regulations 9 CFR 1A, 1–4, and animals were handled and treated according to
the Guide for the Care and Use of Laboratory Animals [39]. Male and female Sprague
Dawley rats (n = 36/sex) were purchased from Charles River Laboratory (Raleigh, NC,
USA) and allowed to acclimate for 7–10 days before initial dosing. Animals were assigned
to groups using analysis of variance (ANOVA) to ensure the mean body weights of the
groups were not statistically different. Same-sex pairs were housed in polycarbonate cages
(23 cm × 44 cm × 21 cm) with hardwood bedding (Northeastern Products Corp., Warrens-
burg, NY, USA), changed twice per week. Rats were kept in rooms maintained between
20.0 and 25.0 ◦C and 30.0 and 70.0% humidity while exposed to a 12 h light–dark cycle.
Certified Purina Pico Chow No. 5002 (Ralston Purina Co., St. Louis, MO, USA) and reverse
osmosis (RO)-treated tap water (City of Durham, NC, USA) were available ad libitum. Rats
were 8–10 weeks old at the time of dosing and weighed between 228 and 302 g (males) and
208 and 232 g (females).

Male and female rats (n = 4/sex, dose, and time point) were dosed by gavage
(5 mL/kg bodyweight) once daily for five days with water (vehicle control) or HFPO-
TeA at eight half-log dose levels ranging from 0.3 to 335.2 mg/kg/day (i.e., 0.3, 0.9, 2.3, 6.3,
17, 45.9, 124, and 335.2). The results reported here are part of a larger study, for which the
main purpose was to use benchmark dose–response modeling of transcriptomic data to
identify a gene set basis for the point of departure (POD). A number of investigators have
demonstrated that a sample size of four with five or more dose levels is sufficient to detect
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transcriptional points of departures that are comparable to points of departures for apical
effects in chronic bioassays [40,41]. Our study design also follows recommendations from
the National Toxicology Program Approach to Genomic Dose–Response Modeling and
Slob et al., who found that spreading the total number of animals over more dose groups
results in a more accurate estimate of dose–response model parameters [42,43].

We used multiple in silico modeling approaches and a literature survey for the expo-
sure of the HFPO homologues to refine the dose selection. The literature survey detailed
exposures of HFPO-DA up to 500 mg/kg/day with no reported premature mortality [44,45].
The in silico modeling approaches included using ToxPrint structural categories (aggre-
gated or individual categories), a 5th percentile from a distribution of PODs, and global
predictive model approaches using medial no observed effect level (NOEL) and no ob-
served adverse effect level (NOAEL) values. Structural categories were first assigned to
HFPO-TeA, and aggregated POD toxicity values were derived on a per risk assessment class
basis. A 5th percentile and bootstrapped confidence interval around the 5th percentile value
was computed based on all POD values for all the substances. This value was adjusted
based on a 100 safety factor and used as a Threshold of Toxicological Concern (TCC) for
HFPO-TeA. The aggregated median POD values were used in a machine learning approach,
which relied upon structural category assignment, the n-octanol/water partition coefficient
(log KOW), and the chain length as descriptors. A Kth nearest-neighbor algorithm model
resulted in the most promising performance out of the attempted approaches based on
the coefficient of determination (R2) and root mean square error (RMSE). Hyperparameter
tuning was conducted, and the 5-fold coefficient of variation (CV) was performed for the
dataset. The model dataset was then resampled 1000 times to create 1000 models and
generate predictions. The median values and their lower and upper 95% confidence values
were identified. Dose levels were selected by starting at the upper 95% value and using
half-log spacing.

Perfluoro(2,5,8-trimethyl-3,6,9-trioxadodecanoic) acid (HFPO-TeA) was obtained from
Synquest Laboratories (Alachua, FL, USA; 98% purity) for use in generating the in vivo
dosing solutions. Dosing solutions of HFPO-TeA were prepared in water (0.06, 0.18, 0.46,
1.26, 3.4, 9.2, 24.8, and 67 mg/mL). The dosing solutions were stirred for 30 min prior to
dose administration to the end of dosing to ensure solution homogeneity. The purity check
performed by BioSpyder prior to use by ILS indicated that the purity was 96.94%, with
unidentified impurities observed at ions of m/z 262.99 ± 1.00 Da, 1524.49 ± 1.00 Da, and
517.06 ± 1.00 Da. Peak abundances relative to the HFPO-TeA peak were 0.44%, 0.03%, and
2.52%, respectively.

Clinical observations were performed prior to first administration and at termination.
Moribundity and mortality were assessed twice daily on weekdays and once daily on
weekends. Animals found moribund were euthanized by carbon dioxide inhalation and
death was confirmed by cervical dislocation. Further data are presented only for rats from
the dose groups ≤ 17 mg/kg/day.

Whole blood was collected from the retro-orbital plexus under isoflurane anesthesia 2 h
following the first dose and by cardiac puncture 24 h after the last dosage. Blood was stored
in anticoagulant potassium ethylenediaminetetraacetic acid (K3EDTA)-coated vacutainers,
and then processed to isolate plasma via centrifugation. Animals were euthanized via
carbon dioxide asphyxiation and subsequent exsanguination. Liver was collected, weighed,
cubed, and divided into three aliquots. One aliquot of tissue was flash-frozen in liquid
nitrogen and stored at −80 ◦C for analytical chemistry analyses. The remaining two aliquots
were placed in RNALater and frozen for use in the companion transcriptomic study. Liver
and plasma samples were received at the U.S. EPA Center for Computational Toxicology
and Exposure, Advanced Analytical Chemistry Methods Branch in Research Triangle Park,
North Carolina, USA, and stored at −80 ◦C prior to extraction.
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2.1.1. Plasma Thyroid Hormone Assessment
Chemicals and Extraction Procedure

Information on the chemicals used in the plasma thyroid hormone analysis can
be found in Supplementary Text S2 and Table S3. Thyroid hormones T3, rT3, and T4
were extracted from 20 µL of plasma (5 days) following the procedure outlined by
O’Shaughnessy et al. [46]. Briefly, plasma was spiked with internal standards 13C6-T3,
13C6-rT3, and 13C6-T4, and extracted using Evolute CX SPE plates (10 mg, 1 mL, Biotage,
Charlotte, NC, USA). Extracts were eluted using a positive pressure manifold. Refer to
Supplementary Text S2 for complete details of the extraction method.

Analytical Chemistry

Targeted, quantitative analysis of the thyroid hormone levels was conducted using
a 6500+ QTRAP liquid chromatography/mass spectrometer system (Sciex, Framingham,
MA, USA) operated in positive ion multiple reaction monitoring (MRM) scan mode with
electrospray ionization (ESI). A Restek column (Raptor Biphenyl, 100 × 2.1 mm, particle
size 2.6 µm) was used for chromatographic separation with a flow rate of 0.3 mL/min and
a temperature of 50 ◦C. Gradient elution was obtained using eluent A (0.1% formic acid;
FA (aqueous)) and eluent B (MeOH with 0.1% FA). The gradient used is found in Table S4.
Additional instrument parameters can be found in Table S5 and monitored transitions in
Table S6. Statistical analysis is described in Supplementary Text S3.

2.1.2. Plasma HFPO-TeA Dosimetry Assessment
Chemicals and Extraction Procedure

Detailed information on the procedure, chemicals, and materials used in the plasma
HFPO-TeA dosimetry work can be found in Supplementary Text S4 and Table S3. Plasma
preparation (2 h and 5 days) was modified from Conley et al.’s work and is detailed in
Supplementary Text S4 [45]. Briefly, aliquots (25 µL) were mixed with methanol (MeOH)
and water (H2O) containing 0.1 M FA, spiked with the internal standard perfluorohex-
adecanoic acid (PFHxDA), and then denatured plasma proteins were precipitated using
ACN. Samples were held at −20 ◦C then centrifuged for separation of the supernatant.
Supernatants were collected and stored at −20 ◦C prior to analysis.

Analytical Chemistry

Targeted analysis of HFPO-TeA was conducted on a Sciex X500R QTOF liquid chro-
matography/mass spectrometer system operated in high-resolution MRM negative ion
ESI mode. A Phenomenex C18 column (Kinetex XB-C18, 100 × 2.1 mm, particle size
2.6 µm) was used for chromatographic separation with the flow rate set to 0.2 mL/min and
a temperature of 40 ◦C. Gradient elution was achieved with eluent A (95:5 H2O/MeOH)
and eluent B (95:5 Methanol/H2O). Ammonium formate (4 mM) was added to both eluents.
The gradient is shown in Table S7. Additional details of the instrument parameters are pro-
vided in Table S8 and monitored transitions in Table S9. Matrix blanks were analyzed with
each sample set. Statistical analysis is described in Supplementary Text S3. Normalization
calculations are described in Supplementary Text S5 [47,48].

2.1.3. Liver HFPO-TeA Dosimetry Assessment
Chemicals, Materials, and Extraction Procedure

Information on the chemicals and materials used in the liver plasma HFPO-TeA
dosimetry work can be found in Supplementary Text S6 and Table S3. Liver sample prepa-
ration was modified from Conley et al.’s work and detailed in Supplementary Text S6 [49].
Briefly, samples were spiked with the internal standard PFHxDA then homogenized in
200 µL of ACN containing 0.1% formic acid. The sample was centrifuged, and the su-
pernatant was transferred. This process was repeated twice more, then stored at −20 ◦C
prior to analysis.
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Analytical Chemistry

Liver samples were analyzed using the same analytical assessment procedure as the
plasma dosimetry samples. Matrix blanks were analyzed with each sample set. HFPO-TeA
was not detected in the blanks above the limit of quantitation (LOQ) of 1.58 µM. Statistical
analysis is described in Supplementary Text S3, normalization calculations are described in
Supplementary Text S5 [47], and the liver-to-plasma partitioning calculation is outlined in
Supplementary Text S7 [32,50,51].

2.2. In Vivo and In Vitro Non-Targeted Analysis Chemicals and Data Analysis

Extracts of plasma (50 µL), liver (10 mg), and hepatocyte metabolism assay media
(10 µL) were analyzed by high-resolution, accurate mass non-targeted analysis (NTA) for
the detection and identification of potential biotransformation products of HFPO-TeA.
A mixture of 13C-labeled PFAS compounds (MPAC-C-ES, Wellington Laboratories, Guelph,
ON, Canada) were used as tracers. Specific details for the tracer mix are provided in
Table S3. Samples were extracted, as detailed above (in vivo) and below (in vitro), and
then analyzed in triplicate in a randomized order on a Sciex X500R QTOF. Additional
information on NTA instrumental analysis and data processing parameters is presented in
Supplementary Text S8 and Tables S8 and S10 [52]. Features of interest were selected after
filtering for mass defects between −0.1 and 0.1, the presence of fragment ions suggesting
PFAS, and a fold change > 2 compared to the vehicle controls. A screening list of poten-
tial biotransformation products was generated using the U.S. EPA web application CTS:
Chemical Transformation Simulator 1.0 and Biotransformer 3.0 [53,54]. In some instances,
molecular structure predictions were performed using MetFrag [55].

2.3. Hepatocyte Metabolic Stability and Metabolite Formation Assay Materials, Chemicals,
and Extraction
2.3.1. Hepatocyte Metabolic Stability Assay Study Design, Chemicals, and Calculations

Information on the chemicals and materials used in the hepatocyte metabolic work
can be found in Supplementary Text S9 and Table S3. In vitro evaluations of hepato-
cyte metabolic stability were performed in human and rat hepatocytes, as previously
described [56]. Briefly, pooled, cryopreserved hepatocyte suspensions were thawed, as-
sessed for viability, and then diluted in William’s medium E containing dexamethasone
and cell maintenance cocktail B to achieve a cell density of 50,000 cells/100 µL. The assay
was started by adding hepatocyte suspensions to wells of 96-well polypropylene plates
containing an equal volume of media with 2 µM of analyte (final assay concentration:
1 µM). Plates were placed in a 37 ◦C cell culture incubator (5% CO2) on a shaker set to
200 rpm. Time points assessed were T0, T15, T30, T60, T120, and T240 min. At each time
point, the plates were removed from the shaker and the incubates were crashed with an
equal volume of ice-cold ACN containing 1.2% FA and 16 ng/mL of 13C3 -HFPO-DA.
After chilling and centrifugation at 4122× g, the supernatants were transferred to new
collection plates and stored at −70 ◦C until analysis for the parent compound on the
Waters instrumentation described below. Immediately prior to analysis, samples were
thawed, vortexed, and centrifuged at 4200× g, and then diluted 1:4 in 95:5 H2O/ACN with
2.5 mM of ammonium acetate. Negative controls, including no cell controls and metaboli-
cally inactivated hepatocytes, were run concurrently to assess the chemical stability over
the time course. Propranolol and phenacetin were run concurrently for assessing the
hepatocyte metabolic activity and assay performance.

Intrinsic clearance (Clint; hepatic clearance) calculations are detailed in Supplementary
Text S9 [57].

2.3.2. Hepatic Metabolic Formation Assay Study Design

For the hepatic metabolite formation assays, the procedure described above was fol-
lowed with the following modifications: assay concentrations of 50 and 100 µM were
used, and samples were collected at times T0, T30, T60, and T120 min. Aliquots (10 µL)
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were combined with an equal volume of H2O. Non-targeted screening of potential bio-
transformation or degradation products of these samples was performed on the Sciex
instrumentation described above.

2.4. Ultracentrifugation Plasma Protein Binding Assay Chemicals, Materials, Study Design,
and Calculations
Study Design, Chemicals, and Calculations

Information on the chemicals and materials used in the plasma protein binding work
can be found in Supplementary Text S10 and Table S3. Human and rodent plasma were eval-
uated for plasma protein binding using ultracentrifugation, as previously described [44].
Working solutions of 3 mM of HFPO-DA, HFPO-TA, and HFPO-TeA were prepared sep-
arately in ethanol, with each working solution containing 3 mM of testosterone (Sigma-
Aldrich; ≥98% pure) as a reference compound for assay performance. An aliquot of each
stock solution (13.3 µL) was added to separate 15 mL tubes with 3.987 mL of plasma
for a final assay concentration of 10 µM. The plasma solutions were incubated at 37 ◦C
and 125 rpm for 60 min. One-hour stability samples (T60 min) were drawn in triplicate
and diluted in four volumes of plasma ultrafiltrate. Aliquots (1 mL) from each plasma
solution were drawn in triplicate and transferred to polycarbonate tubing. These samples
underwent ultracentrifugation (Beckman OptimaMax; Beckman Coulter Inc., Brea, CA,
USA) at 850,000× g for 4 h at 37 ◦C.

The remaining plasma solutions were returned for incubation at 37 ◦C and 125 rpm
for an additional 4 h. Five-hour stability samples (T300 min) were then drawn in triplicate
and diluted in four volumes of plasma ultrafiltrate. After ultracentrifugation, the aqueous
fraction (AF) was collected by transferring the supernatant to a new tube and diluting in an
equal volume of plasma for matrix matching. All samples were combined with 3 volumes
of ice-cold ACN containing 16 ng/mL of 13C3-HFPO-DA and 16 ng/mL of 13C-Testosterone
(Cambridge Isotope Laboratories; 98% pure). Samples were vigorously mixed, stored for
10 min at −20 ◦C, and then centrifuged at 12,000× g for 10 min at 4 ◦C. Supernatants were
collected then stored at −70 ◦C prior to analysis.

Fraction unbound (fu) in plasma (fup) and percent stability calculations are detailed
in Supplementary Text S10. Hepatic clearance, the fu in blood (fub) (fu in plasma ad-
justed for blood:plasma partitioning), and renal clearance were used to derive the steady-
state concentration (Css) of each compound that will be used for in vitro–in vivo ex-
trapolation (IVIVE) [58,59]. Renal clearance was calculated using the glomerular filtra-
tion rate (a species-dependent constant) and the fub. The Css calculation is detailed in
Supplementary Text S11.

2.5. In Vitro Study Targeted Sample Analysis

Targeted, quantitative analysis of in vitro hepatocyte metabolic stability and plasma
protein binding assay samples was conducted on a Waters Xevo-TQS micro mass spectrom-
eter (Waters, Milford, MA, USA) ultra-high-performance liquid chromatography tandem
mass spectrometry system (UPLC-MS/MS), modified with a PFAS analysis kit. Samples
were analyzed in negative ion mode with UniSpray ionization. A CORTECS T3 column
(Waters CORTECS, 3 × 100 mm, particle size 2.7 µm) was used for chromatographic separa-
tion with a flow rate of 0.6 mL/min and a temperature of 55 ◦C. Gradient elution was used
with eluent A (95:5 H2O/ACN) and eluent B (95:5 ACN/H2O) with 2.5 mM of ammonium
acetate. The gradient is available in Table S11. Additional details for MS parameters are
found in Table S12 and monitored transitions are found in Table S13.

2.6. LD50 Calculation

The mortality incident data were analyzed using BMDS 3.3.2, with the dichotomous
model selected as the model type [60]. The Benchmark Response was set at 0.5 extra risk.
LD50 estimates were based on the model with the lowest Akaike information criterion (AIC).
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3. Results
3.1. In Vivo Results
3.1.1. Rat Body Weight, Liver Weights, and Clinical Observations

Body weight loss was observed over the five-day study period in the 6.3 mg/kg/day
(female) and 17 mg/kg/day (both sexes) dose groups (Table 1). The average relative
liver weight in males trended upward with the increasing dose between dose groups of
0.9–6.3 mg/kg/day, followed by a modest decrease for the 17 mg/kg/day dose group.
This decrease is likely due to the overall body weight loss from HFPO-TeA toxic stress. The
average relative liver weight in females trended upward with the increasing dose from
dose levels ≥ 0.3 mg/kg/day. Data for individual rats are found in Table S14.

Table 1. Average and standard deviation (n = 4) of body weight gain, absolute liver weights, and
relative liver weights of all rats following 5 days of exposure.

Dose Level
(mg/kg/Day) Sex Body Weight

Gain (g)
Absolute Liver

Weight (g)
Relative Liver
Weight (g%)

0 M 31.3 ± 3.3 14.5038 ± 0.8279 4.577 ± 0.236
0.3 M 37.2 ± 9.0 15.2591 ± 1.0017 4.702 ± 0.220
0.9 M 39.6 ± 4.3 17.1421 ± 0.9748 * 5.291 ± 0.201 *
2.3 M 39.0 ± 4.8 19.2324 ± 1.2374 * 5.916 ± 0.297 *
6.3 M 31.8 ± 8.1 22.4551 ± 2.6306 * 6.983 ± 0.527 *
17 M −51.5 ± 10.9 * 13.2446 ± 0.5851 5.600 ± 0.223 *
0 F 3.7 ± 5.7 9.6210 ± 0.7224 4.190 ± 0.189

0.3 F 6.5 ± 4.4 10.24805 ± 0.2070 4.488 ± 0.062 *
0.9 F 12.2 ± 4.3 11.8882 ± 0.5678 * 5.086 ± 0.224 *
2.3 F 12.3 ± 6.2 12.4296 ± 0.3397 * 5.296 ± 0.073 *
6.3 F −17.8 ± 14.3 * 10.5446 ± 1.6664 5.329 ± 0.634 *
17 F −55.2 ± 5.7 * 9.6771 ± 0.3488 5.796 ± 0.216 *

Statistically significant compared to the control (* = p < 0.05).

Clinical observations also suggest toxic responses to the HFPO-TeA exposure. Abnor-
mal clinical observations in male rats included lethargy, piloerection, thinness, hunch-
ing, coldness to touch, abnormal breathing, and decreased movement in the 17 and
45.9 mg/kg/day dose groups. Female rats exhibited numerous abnormal clinical ob-
servations, beginning with piloerection and thinness within the 6.3 mg/kg/day dose group.
In addition, coldness to touch and hunching were observed for the 17 mg/kg/day dose
group females. Abnormal breathing was observed alongside previous signs of toxicity in
the 45.9 mg/kg/day females and decreased movement and lethargy were noted in the
124 mg/kg/day females.

Premature death occurred in male and female rats from the 45.9, 124, and
335.2 mg/kg/day dose groups. Only one male rat in the 45.9 mg/kg/day group and
none of the males in the 124 and 335.2 mg/kg/day dose groups survived past Day 1. The
fourth male rat from the 45.9 mg/kg/day dose group expired on Day 4. Of the female
rats, two from the 45.9 mg/kg/day dose group expired on Day 1, with the remaining two
only surviving to Day 4. Three female rats from each of the 124 and 335.2 mg/kg/day
dose groups expired on Day 1, and the fourth rat from the two highest dose levels died on
Day 3. For both males and females, BMDS 3.3.2 analysis of the mortality data selected the
multistage 3 as the best model fit, resulting in LD50 estimates (lower and upper 95% bounds)
of 37.77 (26.09 and 59.96) mg/kg/day for males and 28.23 (18.69 and 41.57) mg/kg/day
for females.

3.1.2. Plasma Thyroid Hormones

The average concentrations of rT3 did not significantly change between sexes or
between dose levels versus controls (Table 2). Average concentrations of T3 and T4 gen-
erally decreased with the increasing dose for both sexes (Table 2). Concentrations of T3
in males (17 mg/kg/day) and females (6.3 and 17 mg/kg/day) significantly decreased
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(p < 0.05) compared to vehicle controls. Both sexes saw a significant decrease (p < 0.05) in
T4 concentrations at 17 mg/kg/day compared to the vehicle controls. Individual rat data
are found in Table S15.

Table 2. Average and standard deviation (n = 4) of thyroid hormone concentrations (ng/mL) in
plasma for all groups after 5 days of exposure. <LOQ = results were below the rT3 LOQ (0.005 ng/mL).
N/A = not applicable, as there was only one replicate for that sex and dose level above the LOQ.

Dose Level
(mg/kg/Day) Sex T3 Conc.

(ng/mL)
rT3 Conc.
(ng/mL)

T4 Conc.
(ng/mL)

0 M 0.737 ± 0.066 0.0510 ± N/A 39.8 ± 3.6
0.3 M 0.811 ± 0.111 0.127 ± N/A 37.6 ± 10.4
0.9 M 0.723 ± 0.105 < LOQ 38.8 ± 5.2
2.3 M 0.678 ± 0.101 0.188 ± N/A 35.8 ± 10.9
6.3 M 0.630 ± 0.060 0.0847 ± 0.0257 32.9 ± 6.9
17 M 0.423 ± 0.078 * 0.0630 ± N/A 9.82 ± 2.94 *
0 F 0.870 ± 0.200 0.153 ± N/A 29.7 ± 4.3

0.3 F 0.844 ± 0.106 0.143 ± N/A 31.3 ± 3.5
0.9 F 0.799 ± 0.167 <LOQ 26.8 ± 4.2
2.3 F 0.781 ± 0.024 0.105 ± 0.012 34.9 ± 5.8
6.3 F 0.563 ± 0.162 * 0.0860 ± N/A 19.9 ± 7.1
17 F 0.585 ± 0.160 * 0.0510 ± 0.0042 15.9 ± 5.9 *

Statistically significant compared to the control (* = p < 0.05).

3.1.3. Plasma HFPO-TeA Dosimetry

Average plasma HFPO-TeA concentrations following 2 h of exposure ranged from
0.137 ± 0.033 µM to 224 ± 76 µM for females and 0.150 ± 0.020 µM to 126 ± 62 µM for
males across the 0.3–17 mg/kg/day dose groups (Table 3). Average plasma HFPO-TeA
concentrations were 1.1–1.8 times greater in female rats after 2 h of exposure for dose
groups above 0.3 mg/kg/day; however, the differences were not statistically significant
between the sexes. Individual data for all rats sampled 2 h post-exposure are shown in
Table S16.

Table 3. Average and standard deviation (n = 4) of HFPO-TeA concentrations found in plasma (after
2 h and 5 days (5D) of exposure) and liver (5D of exposure). N/A = not applicable, as all sample
concentrations were below the LOQs (0.0302 µM plasma and 1.58 µM liver).

Dose Level
(mg/kg/Day) Sex 2 h Plasma Conc.

(µM)
5D Plasma Conc.

(µM)
5D Liver Conc.

(µM)

0 M N/A N/A N/A
0.3 M 0.150 ± 0.020 0.827 ± 0.071 6.07 ± 3.40
0.9 M 0.573 ± 0.113 2.73 ± 0.45 9.06 ± 3.17
2.3 M 13.1 ± 2.8 6.64 ± 1.73 10.3 ± 7.5
6.3 M 34.0 ± 5.5 24.5 ± 2.3 82.7 ± 10.5 *
17 M 126 ± 62 * 168 ± 53 * 210 ± 85 *
0 F N/A N/A N/A

0.3 F 0.137 ± 0.033 0.854 ± 0.086 6.38 ± 3.14
0.9 F 0.620 ± 0.133 3.62 ± 0.91 14.0 ± 4.3
2.3 F 15.1 ± 5.3 8.92 ± 2.36 16.5 ± 12.6
6.3 F 53.2 ± 16.5 52.6 ± 14.3 * 86.8 ± 31.7 *
17 F 224 ± 76 * 278 ± 28 * 250 ± 39 *

Statistically significant compared to the controls (* = p < 0.05).

Following 5 days of exposure, average HFPO-TeA plasma concentrations were higher
for female rats, ranging from 0.854 ± 0.086 µM to 278 ± 28 µM across the 0.3–17 mg/kg/day
dose groups (Table 3). Concentrations in females were 1.3–2.1 times greater than those
observed in males for dose groups ≥ 0.9 mg/kg/day. The only statistically significant, sex-
related difference (p ≤ 0.05) was between females and males at 17 mg/kg/day. Individual
data for all rats sampled after five days of exposure are shown in Table S17. When presented
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as percent dose per gram of tissue, there appears to be an increased accumulation of
HFPO-TeA in blood within the 6.3 and 17 mg/g/day dose groups in females and the
17 mg/kg/day dose group in males (Figure 2).
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Figure 2. Percent dose of HFPO-TeA per gram of plasma following five days of exposure. Data points
represent mean ± standard deviation (n = 4).

3.1.4. Liver HFPO-TeA Dosimetry

Female liver concentrations ranged from 6.38 ± 3.14 µM for the 0.3 mg/kg/day dose
group to 250 ± 39.3 µM for the 17 mg/kg/day dose group. Male liver concentrations
ranged from 6.07 ± 3.40 µM to 210 ± 84.9 µM across the 0.3–17 mg/kg/day dose groups
(Table 3). Female rats had slightly higher HFPO-TeA liver concentrations across all dose
levels compared to males; however, differences between the sexes were not statistically sig-
nificant. Liver concentrations increased with the dose, except at the 2.3 mg/kg/day dose,
in which liver concentrations were not significantly greater than those of the 0.9 mg/kg/day
dose group. In contrast to the plasma, there does not appear to be a dose-dependent
sequestration in the liver at the higher dose levels for either sex (Figure 3). Individual liver
concentrations for each rat can be found in Table S18.
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Liver-to-plasma ratios (Kp) were calculated for each dose level and sex, with the
calculation outlined in Supplementary Text S7 (Table 4). The liver Kp value for male rats
was 7.28 at the lowest dose, and subsequently decreased by at least half at the higher dose
levels (Table 4). For female rats, Kp values showed a steady decrease as the exposure
concentrations increased. For both sexes, Kp decreased seven-fold from the lowest to the
highest dose.

Table 4. Experimental liver-to-plasma Kp values (average and standard deviation, n = 4) for all
HFPO-TeA exposures.

Dose (mg/kg/Day) Liver Kp (M) Liver Kp (F)

0.3 7.28 ± 3.71 7.81 ± 4.68

0.9 3.38 ± 1.24 4.04 ± 1.37

2.3 1.54 ± 0.91 1.90 ± 1.47

6.3 3.41 ± 0.60 1.65 ± 0.46

17 1.32 ± 0.55 a 0.903 ± 0.145
a = Value is likely influenced by high toxicity and stress on the animals.

3.2. Non-Targeted Analysis
3.2.1. In Vivo Assays

Non-targeted analysis of plasma and liver was used to investigate the potential for
HFPO-TeA biotransformation. Spectra generated from plasma and liver extracts were
screened for features having fragment ions that are characteristic of the HFPO-TeA struc-
tural backbone as well as biotransformation products predicted by CTS: Chemical Transfor-
mation Simulator (Table 5) [53].

Table 5. Predicted biotransformation products of HFPO-TeA using CTS: Chemical Transformation
Simulator. EC = Enzyme Commission.

Predicted
Product Formula Monoisotopic

Mass, Da
Metabolic

Transformation Reaction Enzyme Biosystem

Glycine
conjugate C14H4F23NO6 718.9671 EC-based OR Phase II

Transformation Glycine-N-acyltransferase Human

O-glucuronide C18H9F23O11 837.9777 EC-based OR Phase II
Transformation

UDP-
glucuronosyltransferase

Human And Human
Gut Microbial

Carnitine
conjugate C19H14F23NO7 805.0403 EC-based OR Phase II

Transformation
Carnitine-O-

acetyltransferase Human

In the source of the mass spectrometer, HFPO-TeA ionizes to form a labile (M-H)- ion
that fragments to lose 310.9766 Da (C6HF10O3) and form a fragment ion of m/z 350.9680
(C6F13O2

−). This species generates an MS/MS spectrum with fragment ions of m/z 284.9780
(C5F11O−), 184.9843 (C3F7O−), 168.9889 (C3F7

−), 134.9876 (C2F5O−), and 118.9921 (C2F5
−)

that are characteristic of the HFPO-TeA backbone (Figure 4). No ions that suggested the
presence of the three predicted HFPO-TeA conjugates were observed in plasma or liver
with this analytical method. To assess whether other potential biotransformation products
were present, peak tables generated using Sciex MarkerView from TOFMS scans of plasma
and liver extracts from the 17 mg/kg/day dose group were screened for features with a
negative mass defect that were not present in the vehicle controls and yielded MS/MS
spectra with HFPO-TeA or PFAS characteristic ions. Several features were selected for
further evaluation as ions of interest based on the filtering criteria. For each, we used the
exact masses observed in TOFMS scans, MS/MS spectral features, and chromatographic
retention times to inform annotation of the precursor molecules. The ions of interest, their
observed fragment ions and proposed chemical formula, the matrix they were observed in,
and the retention times relative to HFPO-TeA are summarized in Table 6.
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Figure 4. High-resolution MS/MS spectrum of the in-source ion (m/z 350.9680) of HFPO-TeA.

Table 6. Selected ions observed in TOFMS peak tables from NTA of plasma or liver from the
17 mg/kg/day dose group for both sexes. * = Retention time relative to the ion m/z 350.9680, the
in-source fragment of HFPO-TeA.

Ion
(m/z) Matrix

TOF MS/MS
Fragments

(m/z)

TOF MS/MS Fragment
Proposed Molecular Formula

Relative
Retention Time

(min) *

328.9661 Plasma and
Liver

68.995 CF3
−

0.98

112.9852 C2F3O2
−

134.9869 C2F5O−

146.9870 C3F5O−

162.9818 C3F5O2
−

184.9835 C3F7O−

212.9787 C4F7O2
−

262.9750 C5F9O2
−

350.9680 Plasma and
Liver

118.9921 C2F5
−

1.00
134.9876 C2F5O−

168.9889 C3F7
−

184.9843 C3F7O−

284.9780 C5F11O−

516.9552 Plasma and
Liver

118.9921 C2F5
−

1.07
168.9889 C3F7

−

184.9835 C3F7O−

284.9771 C5F11O−

350.9680 C6F13O2
−

990.9106 Plasma
184.9833 C3F7O−

0.88494.9521 C9F17O4
−

Characteristic MS/MS spectra for each precursor ion of interest were probed for
clues as to the identity of the molecular species. The MS/MS spectrum shown in Figure 5
corresponds to the ion of interest m/z 516.9552. The fragment ions of m/z 350.9680,
184.9835, and 168.9889 observed in the spectrum are consistent with fragments from
PFECAs and characteristic of fragmentation of the ion generated upon in-source frag-
mentation of the HFPO-TeA molecular species. The masses and responses relative to
the base peak of the spectrum for the ion of m/z 516.9552 were entered into MetFrag for
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selection of potential molecular candidates. An in silico spectrum generated with Met-
Frag for 1,1,2,3,3,3-hexafluoro-2-[1,1,2,3,3,3-hexafluoro-2-(1,1,2,2,3,3,3-heptafluoropropoxy)
propoxy]propan-1-ol (C9HF19O3|PubChem CID 13244841|exact mass 517.9622290 Da)
matched all experimental MS/MS fragment ions (Figure 5, where X = H). The correspond-
ing observed TOFMS mass fit the molecular formula to within 5 ppm. Such a species could
be formed by O-dealkylation of HFPO-TeA to yield a 9-carbon alcohol.
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However, the observed ion eluted after HFPO-TeA with a relative retention time of
1.07 min. A compound with 9 carbons would be expected to elute chromatographically
with a relative retention time of approximately 0.87 min compared to the 12-carbon HFPO-
TeA, as demonstrated by the relative retention time of the 13C9-PFNA tracer. The ion of
m/z 516.9552 may be an in-source fragment of a species with an undefined head group (X)
comprised of approximately 3 carbons that is produced by transformation of an HFPO-TeA
precursor, or a species related to HFPO-TeA, such as the branched isomer perfluoro(2,5,8,10-
tetramethyl-3,6,9-trioxaundecanoic) acid (CAS 1212077-14-9|DTXSID40892441|Figure 6).
A corresponding dimer was not observed. The branched isomer does not appear to be
available commercially. Since the mass of a molecular ion of the proposed compound was
not observed, and a standard is not available, this tentative identification was assigned a
Schymanski et al. confidence level of 5 [61]. The ion of m/z 516.9552 detected in the plasma
and liver may be related to the ion of m/z 517.06 ± 1.00 detected in the HFPO-TeA stock
used for the in vivo study at 2.52% relative abundance.
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Figure 6. Structure of perfluoro(2,5,8,10-tetramethyl-3,6,9-trioxaundecanoic) acid (CAS 1212077-14-9|
DTXSID40892441). The compound can be represented by a C3HF4O2 headgroup attached to a
backbone structure similar to HFPO-TeA but with a branched tail (labeled with a red asterisk). The
headgroup, labeled here with an X and the exact mass of the substructure, could be the unknown
headgroup for the proposed structure of the ion of m/z 516.9552 shown in Figure 5.
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The MS/MS spectrum of a second ion of interest, m/z 328.9661, exhibited several
fragment ions that are characteristic of HFPO-TeA and other PFECAs (Figure 7). The mass
fit the molecular formula C6F11O3 to within 5 ppm. The ion slightly eluted before the HFPO-
TeA ion with a relative retention time of 0.98 min. This suggests that it is an in-source
fragment of a 12-carbon species with similar polarity to HFPO-TeA. The m/z 328.9661
ion co-elutes with ions of m/z 1278.8768 and m/z 1300.8588, which may correspond to
proton-bound (2M-H−, where M is the molecular ion) and sodium-bound (2M-2H+Na+)
dimers of an unknown 12-carbon compound.
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Figure 7. High-resolution TOF MS/MS spectrum and proposed structure of the ion of m/z 328.9661.

In some NTA scans, we also observed a co-eluting low-abundance ion of m/z 638.9504.
In addition to fitting to the mass of an expected monomer, the m/z 638.9504 ion has a mass
difference of 310 Da from m/z 328.9661, the same mass difference observed for the in-source
fragment of HFPO-TeA from the molecular species. The m/z 328.9661 ion of interest may
be an in-source fragment of a species with the C6HF10O3 carboxyl moiety of HFPO-TeA
attached to an ether chain, in which a terminal CF3 group is replaced with CHO2, yielding
a molecular formula of C12HF21O6 (Figure 7). This tentative identification also could not
be assigned a Schymanski confidence level since a molecular species was not observed and
a compound with the proposed structure is not commercially available.

The MS/MS spectrum of a third ion of interest, m/z 990.9106, is presented in
Figure 8. The mass of the ion suggests a structure having approximately 16–20 carbons,
yet the observed relative retention time to HFPO-TeA of 0.88 min indicates a species with
8–10 carbons. The low-abundance fragment ion of m/z 494.9521 is approximately half the
mass of the molecular ion and fit the formula C9F17O4 within 5 ppm. The presence of this
species is consistent with identification of the ion of m/z 990.9106 found in TOFMS scans as
a ([2M-H]−) dimer. The co-eluting ion of m/z 1012.8940 corresponds to the (2M-2H+Na)
adduct. The spectrum and retention time matched those for an authentic commercial
standard of HFPO-TA, another PFECA oligomer of HFPO-DA (Figure 8). The library
match score was 97.7. Thus, we can assign a Schymanski confidence level of 1 to this
identification [61].

Peak abundances for the ions of interest were determined relative to HFPO-TeA
(m/z 350.9680) for the plasma and liver for all dose groups (Table 7). The relative abun-
dances of ions of m/z 328.9661 and m/z 516.9552 were observed to increase in plasma
samples for dose groups of 0.3–6.3 mg/kg/day. The relative abundance of the ion of
m/z 516.9552 for the 17 mg/kg/day dose group was within the margin of error for the
abundance observed for the 6.3 mg/kg/day dose level. In liver, neither ion was observed in
samples from below the 6.3 mg/kg/day dose group. In the 17 mg/kg/day dose group liver
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samples, the relative abundances of the ions of m/z 328.9661 and m/z 516.9552 increased
by factors of more than 4 and 12, to 8.55 ± 1 and 6.25 ± 1.37, respectively. The third ion of
interest corresponding to HFPO-TA, m/z 990.9106, was only observed at the highest two
measured dose levels in plasma and was not detected in liver.
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Table 7. Average and standard deviation (n = 8) relative peak area abundance (RA) for ions of interest
vs. HFPO-TeA in plasma and liver after 5 days of exposure across all dose levels. N/A = not applicable,
as the ion of interest was not detected above the LOD (signal-to-noise ratio ≥ 3).

HFPO-TeA
Dose Conc.

(mg/kg/Day)

m/z 328.9661
RA

Plasma

m/z 328.9661
RA

Liver

m/z 516.9552
RA

Plasma

m/z 516.9552
RA

Liver

m/z 990.9106
RA

Plasma

Vehicle N/A N/A N/A N/A N/A

0.3 0.69 ± 0.34 N/A 0.09 ± 0.14 N/A N/A

0.9 1.35 ± 0.26 N/A 0.51 ± 0.17 N/A N/A

2.3 2.14 ±0.41 N/A 0.71 ± 0.83 N/A N/A

6.3 3.40 ± 0.69 1.91 ± 0.43 3.58 ± 1.07 0.52 ± 0.43 0.05 ± 0.04

17 6.43 ± 0.48 8.55 ± 1.01 2.67 ± 0.61 6.25 ± 1.37 1.83 ± 0.85

3.2.2. In Vitro Assays

As with the in vivo assays, in vitro assays were also evaluated using NTA for the
presence of potential biotransformation products and other PFAS in addition to HFPO-TeA.
None of the biotransformation products predicted using CTS were observed (Table 5). In
addition to the in-source fragment ion of HFPO-TeA, an ion of m/z 328.9661 was observed
in all hepatocyte formation assays, including negative controls, with an average relative
percent abundance of 1.02 ± 0.14 and a relative retention time of 0.98 with respect to HFPO-
TeA. The presence of the ion of m/z 328.9661 at similar relative abundances in negative
controls and treated hepatocytes suggests the ion is not a biologically formed product of
HFPO-TeA and is likely an artifact of synthesis.
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The ion of m/z 990.9106 was observed at very low abundance (<<1% relative to
HFPO-TeA) in the T0 active hepatocyte preparation and not in other assay preparations.
Despite the low abundance, an MS/MS spectrum that matched HFPO-TA was obtained.
HFPO-TA was likely present due to the incomplete oligomerization of HFPO-DA during
synthesis of HFPO-TeA.

3.3. In Vitro Toxicokinetics (TK) and In Vitro–In Vivo Extrapolation (IVIVE)

In vitro plasma protein binding, renal clearance, and hepatic clearance measures were
derived for HFPO-TeA as well as HFPO-DA and HFPO-TA in rat and human tissues to
compare TK behavior within the PFECA category and to inform cross-species comparisons
(Tables S19 and S20; Figures S1–S4). All three chemicals exhibited high binding in both rat
(Table S20) and human (Table S19) plasma, with the average fraction unbound in plasma
(fup) ranging from 0.0018 to 0.0307 (spanning 17.1-fold) and 0.0013 to 0.0124 (spanning
9.5-fold), respectively (Table S21). Experimentally derived values are provided in Table 8.

Table 8. In vitro–in vivo extrapolation to estimate Css.

Cell
Type

Compound
Name Experimental fup fub

Clrenal
(L/h)

Clhep
(L/h)

Css
(µM)

Human
HFPO-DA 0.0098 0.0178 0.1192 0 74.75

HFPO-TA 0.0013 0.0024 0.0158 0 375.76

HFPO-TeA 0.0124 0.0226 0.1514 0 29.34

Rat
HFPO-DA 0.0307 0.0547 0.0044 0 7.27

HFPO-TA 0.0018 0.0032 0.0003 0 81.84

HFPO-TeA 0.0059 0.0105 0.008 0 18.96
Abbreviations: fup: fraction unbound in plasma; fub: fraction unbound in blood; Clrenal: renal clearance;
Clhep: hepatic clearance; Css: steady-state concentration (plasma).

No hepatic clearance was noted for any of the three PFAS evaluated in either human
or rat hepatocytes (Tables S17 and S18; Figures S1 and S2). Clearance rates for the positive
control compound propranolol were consistent with historical values, indicating that the
hepatocyte assay was functioning properly (Figures S3 and S4).

For in vitro–in vivo extrapolation (IVIVE), the steady-state concentration (Css) was
calculated using Equation G detailed in Supplementary Text S11 and the values presented
in Table S21. Employing an intake dosage (ID) of 1 mg/kg/day for HFPO-TeA, the
Css values were predicted to be 29.34 µM and 18.96 µM in humans and rats, respectively.
IVIVE values for all HFPO chemicals in rats and humans are provided in Table 8. Human
HFPO-TA Css values were the highest, at 375.76 µM, assuming a 1 mg/kg/day exposure.

4. Discussion

In this study, we evaluated in vivo and in vitro exposure to the HFPO tetramer acid
HFPO-TeA. The results for in vivo exposure provided a variety of data points for under-
standing the rodent response, including clinical indications of toxic stress, changes to body
and liver weights, thyroid hormone dysregulation, plasma, and liver dosimetry, and addi-
tional PFAS in the exposure dose. The in vitro portion of the study enabled cross-species
comparisons that provide context for human exposure.

Weight changes associated with PFAS exposure were observed for HFPO-TeA and
have also been observed with other in vivo studies. Rats exposed to PFOA exhibited a
decreased weight gain when dosed above 20 mg/kg/day compared to controls and lower
doses. Male Sprague Dawley rats were exposed to a high (20 mg/kg/day) and a low
(5 mg/kg/day) dose of PFOA over 28 days. The rats receiving the high exposure showed
a significant decrease (p < 0.05) in average weight, whereas the low dose did not [62].
A significant decrease in weight gain (p < 0.05) was observed by Loveless et al. for male
Sprague Dawley rats exposed to 30 mg/kg/day of PFOA for 13 days [63]. Pregnant dams
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orally dosed with GenX showed statistically significant differences in weight gain at the
two highest dose levels of 250 mg/kg/day (p < 0.05) and 500 mg/kg/day (p < 0.001) during
a five-day dosing window [45]. Our experimental data for oral HFPO-TeA exposure over
five days showed weight loss in non-pregnant females occurring at dose concentrations
approximately 40 and 15 times lower than the HFPO-DA exposure to pregnant dams, where
weight gain was slowed. Male rats from our HFPO-TeA five-day oral exposure showed
weight loss, whereas at the same approximate dose concentration, male rats exposed to
PFOA by Loveless et al. and Cui et al. for longer time periods exhibited a decrease in
weight gain [62,63]. The amount of weight loss observed for HFPO-TeA exposures at similar
concentrations to HFPO-DA and PFOA for female and male rats, respectively, suggests that
HFPO-TeA may induce more harm than HFPO-DA and PFOA in Sprague Dawley rats.

Significant increases (p < 0.05) were observed in relative liver weights at dose
levels ≥0.9 mg/kg/day for both sexes for our oral, five-day exposure of rats to HFPO-TeA.
We are not aware of other HFPO-TeA dosing studies in rats, but studies have been under-
taken with mice. Jia et al. exposed male CD-1 mice to three concentrations (0.02, 0.20, and
2.00 mg/kg/day) of HFPO-TeA for seven days and reported a significant increase in rela-
tive liver weight (p < 0.0001) for the 2.00 mg/kg/day exposures compared to controls [32].
Male ICR mice orally exposed to 1 mg/kg/day of HFPO-TeA over four weeks had sig-
nificant (p < 0.01) increases in relative liver weight [31]. The study also reported that
mice with increased relative liver weight exhibited increased levels of PPARα proteins
compared to controls, suggesting the potential that PPARα activation could be associated
with an increase in relative liver weight [31]. Das et al. exposed male SV129 wild-type and
PPARα-null mice to one of three PFAS: perfluorononanoic acid (PFNA), perfluorohexane-
sulfonate (PFHxS), or PFOA [64]. Both types of mice exposed to any of the three PFAS
showed increases in absolute and relative liver weights. Thus, current data are unclear
as to the contribution of PPARα in relative liver weight gain in rodents exposed to PFAS.
Without further data, such as increased levels of PPARα proteins, we are currently unable
to attribute the observed increased relative liver weight gain solely to PPARα activation.

Our in vivo results suggest that HFPO-TeA may perturb thyroid hormone regulation.
We observed significant decreases (p < 0.05) in T3 and T4 concentrations vs. controls for both
sexes in the 17 mg/kg/day dose group, and for T3 in females at the 6.3 mg/kg/day dose.
Recently, Conley et al. observed a decrease in T4 levels in groups orally exposed to doses
of 250 and 500 mg/kg/day of HFPO-DA [45]. Previous reproductive and developmental
toxicity research on the legacy compound PFOA by the same authors showed that oral
exposure to 10 mg/kg/day from gestation day eight to postnatal day two was associated
with decreased T4 levels in dams and pups [65]. Concomitant weight loss and clinical
observations of toxicity are likely to be the cause of our experimentally observed thyroid
hormone changes at the 6.3 and 17 mg/kg/day dose levels.

Plasma dosimetry for this exposure study demonstrated differential responses in male
and female rats. Plasma concentrations of HFPO-TeA ranged from 0.827 to 168 µM for males
and 0.853 to 263 µM for females, showing a significant difference (p < 0.05) between the
sexes only at the 17 mg/kg/day dose level (Table 3). Sex-specific responses to PFAS have
previously been noted to occur in humans, mice, and rats [66–70]. Normalized percent dose
per gram of plasma data for both sexes increased across the dose range (Figure 2). Within
plasma, PFAS are known to behave in a similar manner to free fatty acids and preferentially
bind strongest to albumin, followed by other lipoproteins [71,72]. We observed strong
binding by the three tested HFPO homologues in the in vitro assays, with the fup ≤ 0.012
and ≤0.030 in humans and rats, respectively, for all three compounds (Table 8). Based on
the absence of a plateau in the normalized results, our experimental data may indicate
bioaccumulative potential.

Liver concentrations of HFPO-TeA ranged from 6.07 to 210 µM for males and 6.38 to
250 µM for females (Table 3). Normalized percent dose per gram of tissue data exhibited a
U-shaped trend (Figure 3). The data for the lowest three dose groups displayed a linear
decrease in HFPO-TeA concentrations as the dose levels increased, suggesting potential
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clearance of HFPO-TeA from the liver tissue. After decreasing up to the 2.3 mg/kg/day
exposure, concentrations sharply increased between the 2.3 and 6.3 mg/kg/day doses, with
averages increasing seven-fold in males and five-fold in females. The observed increase
with the exposure dose may suggest onset of a metabolic change that impacts the clearance
mechanism for HFPO-TeA from the liver. The subsequent slight increase in liver percent
dose per gram of tissue between the 6.3 and 17 mg/kg/day exposures and the decreasing
Kp values with the increasing dose suggest that the system may be approaching equilibrium
or metabolism could be impacted by the toxic stress evident from clinical observations.

A likely clearance mechanism for PFAS in the liver is uptake by fatty acid binding
protein (FABP), as PFAS have been found to displace natural ligands from this clearance
protein [73]. Dong et al. observed upregulated expression of liver FABPs in chicken hatch-
lings and hepatic steatosis after embryos were exposed to HFPO-TeA [26]. Interestingly,
neither FABP upregulation nor hepatic steatosis occurred after in ovo silencing of PPARα.
Sheng et al. also observed upregulation of FABPs in human hepatocytes exposed to HFPO-
TeA [34]. In addition, their investigation of the binding affinity of eight PFAS, including
PFOA, HFPO-TA, and HFPO-TeA, to human liver FABP showed HFPO-TeA to have the
highest binding affinity of the group [34]. The observed decrease in normalized liver
HFPO-TeA concentrations between dose levels of 0.3, 0.9, and 2.3 mg/kg/day warrants
a lipidomics investigation into the possibility of potential activation of FABP, PPARα, or
other transport mechanisms within this system.

Previous animal studies showed that PFAS may be highly concentrated in the blood,
liver, and kidney [50,62,74]. We investigated the potential of HFPO-TeA liver accumulation
by calculating Kp values for all dose levels and observed an approximately seven-fold
decrease as the dose concentration increased. Jia et al. reported that the experimen-
tal Kp values for male mice exposed to HFPO-TeA at 0.02, 0.2, and 2 mg/kg/day for
7 days were approximately 20, 40, and 5, respectively [32]. Our experimental Kp value for
the 0.3 mg/kg/day exposure group after 5 days was 6 times lower (7.28 for males and
7.81 for females) than Jia et al. reported for the 0.2 mg/kg/day exposure group. This trend
is opposite from what was observed by male mice and rats orally dosed with PFOA for
28 days. Mice exposed to 2.5 mg/kg/day had a Kp of 1.54 [75], while rats exposed to
5 mg/kg/day had a Kp of 5.88 [62]. The data suggest that sequestering of different PFAS to
the liver versus the plasma is partially dependent on the structure of the molecule.

We performed NTA to investigate the potential for HFPO-TeA to be biotransformed.
Biotransformations of select PFAS have been demonstrated in various mammals, including
humans, mice, and rats, as well as in fish, microbes, and plants [76–81]. The presence of the
carboxylic acid moiety on perfluorocarboxylic acids and PFECAs suggests that they may
undergo glucuronidation or other conjugation reactions [53,54]. Non-targeted analysis of
plasma, liver, and hepatocyte metabolite formation assay media indicated the presence of
three PFECAs, in addition to HFPO-TeA, none of which corresponded, however, to the
conjugated species predicted with CTS. Since HFPO-TeA undergoes decomposition in the
ion source, conjugated HFPO-TeA species may also readily decompose, and would likely
not be observed as intact molecular ions. In-source fragmentation, low abundance, and
lack of standards would make identification of conjugated HFPO-TeA difficult.

We did, however, observe three ions that were likely PFAS. Two of the observed ions
of interest, m/z 328.9661 and m/z 516.9552, eluted later than the corresponding carbon-
equivalent formulas would suggest, and appeared to be in-source fragments of higher mass
species. Based on the detection of m/z 328.9661 in the hepatocyte metabolism controls
and an ion of m/z 517.06 ± 1.00 in the HFPO-TeA stock used for in vivo dosing, both
compounds are likely contaminants that were formed during or after the manufacturing
of the HFPO-TeA standard. Both likely contaminants increased in abundance with the
increasing dose relative to HFPO-TeA in plasma and liver. The results for plasma protein
binding and hepatocyte clearance indicated that HFPO-TeA is strongly bound. The likely
contaminants would be expected to remain at a constant ratio with respect to HFPO-TeA if
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their binding were similar. As both showed increasing abundance, both may experience
less preferential binding than HFPO-TeA.

We can identify the third ion of interest, m/z 990.9106, as the HFPO homologue
HFPO-TA with a Schymanski identification confidence level of 1 [61]. For the in vivo study,
HFPO-TA was observed at low relative abundances in plasma from only two dose levels,
and not in the liver. While it was not noted as a contaminant in the in vivo dosing solution,
it was detected at a very low level in the active hepatocyte assay at T0. The presence of
HFPO-TA is likely due to incomplete oligomerization during synthesis of HFPO-TeA and
is most likely present at low levels in both in vivo and in vitro dosing solutions.

The in vitro assays demonstrated that plasma protein binding for HFPO-TA was
higher than that for HFPO-TeA and HFPO-DA. With HFPO-TA observed in only two
dose groups in the plasma matrix at very low abundance compared to HFPO-TeA, our
in vivo data were not sufficient to make a comparison with HFPO-TeA binding. Limited
toxicological data are available on HFPO-TA, but it is known to cause cardiotoxicity and
developmental toxicity in zebrafish [29,82].

The in vitro component of this study provided insights into both human and rat
responses to HFPO-TeA exposure. In vitro–in vivo extrapolation (IVIVE) is an approach
often applied to inform dosimetry or adverse effects for chemicals lacking in vivo data. As
conducted previously to describe the external dosage–internal concentration relationship,
hepatic clearance, nonmetabolic clearance, and plasma protein binding were incorporated
into an equation to perform the calculation [56]. When assuming a dosage of 1 mg/kg/day,
the resulting Css for HFPO-TeA was estimated at 19 µM. Considering the availability
of in vivo plasma concentration data 24 h after administration of 0.9 mg/kg/day, we
could evaluate the predictivity of our IVIVE approach. Compared against the 2.73 µM
plasma levels measured in vivo, the IVIVE predictions were seven-fold higher. For IVIVE
application in chemical safety decision-making, a Css overestimation is preferred, as any
subsequent administered equivalent dose estimations will err on the side of protecting
human health. The overestimation in this instance is likely in part due to the inability
of our hepatocyte suspension to sensitively measure the low clearance rate occurring for
HFPO-TeA, and a few other simplifying assumptions in the model. Importantly, this seems
to indicate that HFPO-TeA is not a substrate for renal reuptake via transporters such as
OAT4. Previous IVIVE evaluations of PFOA and PFOS significantly underestimated the
Css values (i.e., by >100×) due to the lack of consideration of such a mechanism [56,82].

5. Conclusions

In this five-day dose–response evaluation of HFPO-TeA, we used an in silico modeling
approach for dose level determination and the review of dosing ranges for HFPO-DA to
determine appropriate dose ranges for an initial toxicity study on the data-poor chem-
ical. The in silico approach did not perform well, however, and led to administration
of excessively high doses of HFPO-TeA and overt toxicity. Note that these dose levels
were well tolerated by HFPO-DA in rats from the published literature. We recommend
that tolerability assessments be conducted prior to a full animal study. The in vivo study
through the 17 mg/kg/day dose level and the in vitro study provided health effects and
dosimetry information that may be useful for assessing the risks associated with HFPO-TeA
exposure. Compared to its homologue HFPO-DA, HFPO-TeA is more toxic. Evaluations of
concentrations of HFPO-TeA in the plasma and liver demonstrated greater accumulation
in plasma. The sex-specific differences noted in toxicity and toxicokinetic endpoints and
the dose-dependent decrease in thyroid hormone levels point to modes of action that may
warrant follow-up. Additionally, IVIVE evaluations resulted in reasonable internal dose
estimations when compared to available in vivo data. In summary, this study holds value
in providing the needed in vivo toxicity and toxicokinetic data for comparative evaluations
with other data-poor emerging and legacy PFAS.



Toxics 2023, 11, 951 20 of 24

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/toxics11120951/s1. Text S1: Chemicals; Text S2: Thyroid Hormone Chemicals
and Analysis; Text S3: In Vivo Statistics; Text S4: Plasma Dosimetry Chemicals, Materials, and
Analysis; Text S5: Normalization of Dosimetry Data Calculations; Text S6: Liver Dosimetry Chemicals,
Materials, and Analysis; Text S7: Liver-to-Plasma Partitioning Calculations; Text S8: Non-Targeted
Analysis Method and Data Processing; Text S9: Hepatocyte Metabolic Stability Assay Materials,
Chemicals, and Calculations; Text S10: Plasma Protein Binding Materials, Chemicals, Assay Design,
and Calculations; Text S11: In Vitro–In Vivo Extrapolation (IVIVE) Calculations. Table S1: Data
processing parameters used with Sciex OS 3.0; Table S2: Data processing parameters used with Sciex
MarkerView 1.3.1; Table S3: Chemical identification, vendor, purity, and experiment usage for all
analytes and internal standards; Table S4: Mobile phase gradient for targeted analysis of thyroid
hormones in plasma on a Sciex 6500+ QTRAP. Both mobile phases contained 0.1% formic acid as an
additive; Table S5: Various instrument conditions for plasma thyroid hormone quantitation on a Sciex
6500+ QTRAP; Table S6: Monitored transitions for analysis of thyroid hormones and 13C-labeled
internal standards on a Sciex 6500+ QTRAP. All ions were acquired in positive ion mode; Table S7:
Mobile phase gradient for targeted analysis of HFPO-TeA on a Sciex X500R QTOF/MS. Both mobile
phases contained ammonium formate (4 mM) as an additive; Table S8: Various instrument conditions
for sample analysis on a Sciex X500R QTOF/MS; Table S9: Monitored transitions for analysis of
HFPO-TeA using PFHxDA as an internal standard on a Sciex X500R QTOF/MS. The ion of m/z 350.97
is the in-source fragment formed from the HFPO-TeA molecular ion of m/z 660.97. All ions were
acquired in negative ion mode; Table S10: Mobile phase gradient for non-targeted analysis on a Sciex
X500R QTOF/MS. Ammonium formate (4 mM) was present in both mobile phases as an additive;
Table S11: Mobile phase gradient for targeted analysis of HFPO-TeA on a Waters Xevo-TQS. Both
mobile phases contained the additive ammonium acetate (2.5 mM); Table S12: Various instrument
conditions for hepatocyte clearance and protein plasma binding assays on a Waters Xevo-TQS;
Table S13: Monitored transitions for analysis of the in vitro analytes using a Waters Xevo-TQS;
Table S14: Individual body weights, absolute liver weights, and relative liver weights for all rats after
5 days of exposure; Table S15: Individual concentrations for plasma T3, rT3, and T4 in all rats after
5 days of exposure to HFPO-TeA. N/A = Calculation not completed due the majority of samples
being below the LOQ; Table S16: Individual HFPO-TeA plasma and plasma extract concentrations
for all rats after 2 h of exposure. <LOQ = sample concentration was below the LOQ (20 ng/mL or
0.0302 µM), N/A = not applicable due to data being below the LOQ; Table S17: Individual HFPO-TeA
plasma and plasma extract concentrations for all rats after 5 days of exposure. <LOQ = sample
concentration was below the LOQ (20 ng/mL or 0.0302 µM), N/A = not applicable due to data
being below the LOQ; Table S18: Individual HFPO-TeA liver (wet weight, ww) and liver extract
concentrations for all rats after 5 days of exposure. <LOQ = sample concentration was below the LOQ
(0.99 ng/mg ww or 1.58 µM), N/A = not applicable due to data being below the LOQ; Table S19:
Experimental human TK data and calculations; Table S20: Experimental rat TK data and calculations;
Table S21: IVIVE and Css calculations. Figure S1: Hepatic clearance of HFPO-DA, HFPO-TA, and
HFPO-TeA over time in suspended human hepatocytes. Plotted as natural log of concentration over
time and used to calculate intrinsic clearance; Figure S2: Hepatic clearance of reference compounds
phenacetin and propranolol over time in suspended human hepatocytes. Plotted as natural log of
concentration over time and used to calculate intrinsic clearance; Figure S3: Hepatic clearance of
HFPO-DA, HFPO-TA, and HFPO-TeA over time in suspended rat hepatocytes. Plotted as natural log
of concentration over time and used to calculate intrinsic clearance; Figure S4: Hepatic clearance of
reference compounds phenacetin and propranolol over time in suspended rat hepatocytes. Plotted as
natural log of concentration over time and used to calculate intrinsic clearance.

Author Contributions: Conceptualization, M.D., M.F.H., L.C.W., D.K.M. and B.A.W.; methodology,
A.R., J.L.F., D.K.M., K.R. and B.A.W.; validation, A.R., J.L.F., D.K.M. and B.A.W.; formal analysis,
A.R., J.L.F., D.K.M., K.R. and B.A.W.; investigation, A.R., J.L.F., D.K.M. and K.R.; resources, D.K.M.,
J.L.F. and B.A.W.; data curation, D.K.M., J.L.F. and B.A.W.; writing—original draft preparation, A.R.,
D.K.M., K.R. and B.A.W.; writing—review and editing, A.R., B.A.W., J.L.F., K.R., M.D., M.F.H., L.C.W.
and D.K.M.; visualization, A.R., D.K.M. and K.R.; supervision, D.K.M., L.C.W. and B.A.W.; project
administration, M.D., M.F.H. and L.C.W.; funding acquisition, M.F.H. and L.C.W. All authors have
read and agreed to the published version of the manuscript.

https://www.mdpi.com/article/10.3390/toxics11120951/s1
https://www.mdpi.com/article/10.3390/toxics11120951/s1


Toxics 2023, 11, 951 21 of 24

Funding: This work was supported by internal funds from the Office of Research and Development,
US EPA. This research received no external funding. Dr. Aero Renyer was supported in part by an
appointment to the Oak Ridge Institute for Science and Education participant research program,
supported by an interagency agreement between the Environmental Protection Agency and the
Department of Energy. Krishna Ravindra was supported in part by an appointment to the Oak Asso-
ciated Universities participant research program, supported by an interagency agreement between
the Environmental Protection Agency and the Department of Energy.

Institutional Review Board Statement: This study was conducted in compliance with the Animal
Welfare Act Regulations, 9 CFR 1–4. All animals were handled and treated according to the Guide
for the Care and Use of Laboratory Animals (National Research Council, 2011). The protocol and
any procedures involving animal care and use were approved by the Integrated Laboratory System’s
Animal Care and Use Committee (ILS Project Number: 56226.00102; January 2020).

Data Availability Statement: Considering the funding of this effort by the US EPA and in compliance
with the US EPA Public Access policy, the accepted, non-formatted version of the accepted manuscript
and any associated data files will be made available on PubMed Central one year after acceptance by
the journal.

Acknowledgments: The authors would like to thank Mark Strynar for helpful discussions, Bob
Payne for his technical assistance, and Marci Smeltz and Amanda Brennan for their internal technical
review of the manuscript. All people mentioned in the Acknowledgement section agreed to let us
use their names.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. OCED/UNEP. Synthesis Paper of per and Poly Fluorinated Chemicals (PFC); Organisation for Economic Cooperation and Development

and United Nations Environmental Program Global PFC Group: Paris, France, 2013.
2. Kurwadkar, S.; Dane, J.; Kanel, S.R.; Nadagouda, M.N.; Cawdrey, R.W.; Ambade, B.; Struckhoff, G.C.; Wilkin, R. Per- and

polyfluoroalkyl substances in water and wastewater: A critical review of their global occurrence and distribution. Sci. Total
Environ. 2022, 809, 151003. [CrossRef]

3. Bolan, N.; Sarkar, B.; Vithanage, M.; Singh, G.; Tsang, D.C.W.; Mukhopadhyay, R.; Ramadass, K.; Vinu, A.; Sun, Y.;
Ramanayaka, S.; et al. Distribution, behavior, bioavailability and remediation of poly- and per-fluoroalky substances (PFAS) in
solid biowastes and biowaste-treated soil. Environ. Int. 2021, 155, 106600. [CrossRef] [PubMed]

4. Death, C.; Bell, C.; Champness, D.; Milne, C.; Reichman, S.; Hagen, T. Per- and polyfluoroalkyl substances (PFAS) in livestock and
game species: A review. Sci. Total Environ. 2021, 774, 144795. [CrossRef] [PubMed]

5. Jian, J.-M.; Guo, Y.; Zeng, L.; Liang-Yang, L.; Lu, X.; Wang, F.; Zeng, E.Y. Global distribution of perfluorochemicals (PFCs) in
potential human exposure source—A review. Environ. Int. 2017, 108, 51–62. [CrossRef] [PubMed]

6. USEPA. EPA and 3M Announce Phase out of PFOS. Available online: https://www.epa.gov/archive/epapages/newsroom_
archive/newsreleases/33aa946e6cb11f35852568e1005246b4.html (accessed on 4 August 2023).

7. Rutherford, D. 3M to Share Record on PFAS with House Oversight Subcommittee. Available online: https://pfas.3m.com/3M-to-
share-record-on-PFAS-with-House-Oversight-Subcommittee (accessed on 4 August 2023).

8. All POPs Listed in the Stockholm Convention. Available online: http://chm.pops.int/TheConvention/ThePOPs/AllPOPs/
tabid/2509/Default.aspx (accessed on 1 May 2023).

9. Brase, R.A.; Mullin, E.J.; Spink, D.C. Legacy and Emerging Per- and Polyfluoroalkyl Substances: Analytical Techniques, Environ-
mental Fate, and Health Effects. Int. J. Mol. Sci. 2021, 22, 995. [CrossRef]

10. Parsons, J.R.; Sáez, M.; Dolfing, J.; de Voogt, P. Biodegegradation of Perfluorinated Compounds. In Reviews of Environmental
Contamination and Toxicology; Whitacre, D., Ed.; Springer: New York, NY, USA, 2008; Volume 196, pp. 53–71.

11. Strynar, M.; Dagnino, S.; McMahen, R.; Liang, S.; Lindstrom, A.; Andersen, E.; McMillan, L.; Thurman, M.; Ferrer, I.; Ball, C.
Identification of Novel Perfluoroalkyl Ether Carboxylic Acids (PFECAs) and Sulfnoic Acids (PFESAs) in Natural Waters Using
Accurate Mass Time-of-Flight Mass Spectrometry (TOFMS). Environ. Sci. Technol. 2015, 49, 11622–11630. [CrossRef]

12. Peng, B.-X.; Li, F.; Mortimer, M.; Xiao, X.; Ni, Y.; Lei, Y.; Li, M.; Guo, L.-H. Perfluorooctanoic acid alternatives hexafluoropropylene
oxides exert male reproductive toxicity by disrupting blood-testis barrier. Sci. Total Environ. 2022, 846, 157313. [CrossRef]
[PubMed]

13. USEPA. Comptox Chemicals Dashboard: Ammonium Perfluoro-2-methyl-3-oxahexanoate. Available online: https://comptox.
epa.gov/dashboard/chemical/details/DTXSID40108559 (accessed on 4 August 2023).

14. Li, J.; He, J.; Niu, Z.; Zhang, Y. Legacy per- and polyfluoroalkyl substances (PFAS) and alternatives (short-chain analogues, F-53B,
GenX and FC-98) in residential soils of China: Present implications of replacing legacy PFAS. Environ. Int. 2020, 135, 105419.
[CrossRef]

https://doi.org/10.1016/j.scitotenv.2021.151003
https://doi.org/10.1016/j.envint.2021.106600
https://www.ncbi.nlm.nih.gov/pubmed/33964642
https://doi.org/10.1016/j.scitotenv.2020.144795
https://www.ncbi.nlm.nih.gov/pubmed/33609849
https://doi.org/10.1016/j.envint.2017.07.024
https://www.ncbi.nlm.nih.gov/pubmed/28800414
https://www.epa.gov/archive/epapages/newsroom_archive/newsreleases/33aa946e6cb11f35852568e1005246b4.html
https://www.epa.gov/archive/epapages/newsroom_archive/newsreleases/33aa946e6cb11f35852568e1005246b4.html
https://pfas.3m.com/3M-to-share-record-on-PFAS-with-House-Oversight-Subcommittee
https://pfas.3m.com/3M-to-share-record-on-PFAS-with-House-Oversight-Subcommittee
http://chm.pops.int/TheConvention/ThePOPs/AllPOPs/tabid/2509/Default.aspx
http://chm.pops.int/TheConvention/ThePOPs/AllPOPs/tabid/2509/Default.aspx
https://doi.org/10.3390/ijms22030995
https://doi.org/10.1021/acs.est.5b01215
https://doi.org/10.1016/j.scitotenv.2022.157313
https://www.ncbi.nlm.nih.gov/pubmed/35842142
https://comptox.epa.gov/dashboard/chemical/details/DTXSID40108559
https://comptox.epa.gov/dashboard/chemical/details/DTXSID40108559
https://doi.org/10.1016/j.envint.2019.105419


Toxics 2023, 11, 951 22 of 24

15. Galloway, J.E.; Moreno, A.V.P.; Lindstrom, A.B.; Strynar, M.J.; Newton, S.; May, A.A.; Weavers, L.K. Evidence of Air Dispersion:
HFPO-Da and FPOA in Ohio and West Virginia Water and Soil near a Fluoropolymer Production Facility. Environ. Sci. Technol.
2020, 54, 7175–7184. [CrossRef]

16. Brandsma, S.H.; Koekkoek, J.C.; van Velzen, M.J.M.; de Boer, J. The PFOA substitute GenX detected in the environment near a
fluoropolymer maufacturing plant in the Netherlands. Chemosphere 2019, 220, 493–500. [CrossRef]

17. Pan, Y.; Zhang, H.; Cui, Q.; Sheng, N.; Yeung, L.W.Y.; Sun, Y.; Guo, Y.; Dai, J. Worldwide Distribution of Novel Perfluoroether
Carboxylic and Sulfonic Acids in Surface Water. Environ. Sci. Technol. 2018, 52, 7621–7629. [CrossRef] [PubMed]

18. Zhou, J.; Zhao, G.; Li, M.; Li, J.; Liang, X.; Yang, X.; Guo, J.; Wang, T.; Zhu, L. Three-dimensional spatial distribution of legacy
and novel poly/perfluoroalkyl substances in the Tibetan Plateau soil: Implications for transport and sources. Environ. Int. 2022,
158, 107007. [CrossRef]

19. Shen, L.; Zhou, J.; Liang, X.; Qin, L.; Wang, T.; Zhu, L. Different Sources, Fractionation, and Migration of Legacy and Novel Per-
and Polyfluoroalkyl Substances between Greenhouse and Open-Field Soils. Environ. Sci. Technol. 2023, 57, 1670–1679. [CrossRef]

20. Li, Y.; Yao, J.; Zhang, J.; Pan, Y.; Dai, J.; Ji, C.; Tang, J. First Report on the Bioaccumulation and Trophic transfer of Perfluoroalkyl
Ether Carboxylic Acids in Estuarine Food Web. Environ. Sci. Technol. 2022, 56, 6046–6055. [CrossRef]

21. Meng, L.; Song, B.; Lu, Y.; Lv, K.; Gao, W.; Wang, Y.; Jiang, G. The occurrence of per- and polyfluoroalkyl substances (PFAS) in
fluoropolymer raw materials and products made in China. J. Environ. Sci. 2021, 107, 77–86. [CrossRef] [PubMed]

22. Song, X.; Vestergren, R.; Shi, Y.; Huang, J.; Cai, Y. Emissions, Transport, and Fate of Emerging Per- and Polyfluoroalkyl Substances
from One of the Major Fluoropolymer Manufacturing Facilities in China. Environ. Sci. Technol. 2018, 52, 9694–9703. [CrossRef]
[PubMed]

23. Son, H.-Y.; Kim, S.-H.; Shin, H.-I.; Bae, H.I.; Yang, J.-H. Perfluorooctanoic acid-induced hepatic toxicity following 21-day exposure
in mice. Arch. Toxicol. 2008, 82, 239–246. [CrossRef]

24. Wang, Z.; Zhang, T.; Wu, J.; Wei, X.; Xu, A.; Wang, S.; Wang, Z. Male reproductive toxicity of perfluorooctanoate (PFOA): Rodent
studies. Chemosphere 2021, 270, 128608. [CrossRef]

25. Bartell, S.M.; Vieira, V.M. Critical review on PFOA, kidney cancer, and testicular cancer. J. Air Waste Manag. Assoc. 2021, 71,
663–679. [CrossRef]

26. Dewitt, J.C.; Shnyra, A.; Badr, M.Z.; Loveless, S.E.; Hoban, D.; Frame, S.R.; Cunard, R.; Anderson, S.E.; Meade, J.B.;
Peden-Adams, M.M.; et al. Immunotoxicity of Perfluorooctanoic Acid and Perfluorooctane Sulfonate and the Role of Peroxisome
Proliferator-Activated Receptor Alpha. Crit. Rev. Toxicol. 2009, 39, 76–94. [CrossRef]

27. U.S. Environmental Protection Agency, Office of Water, Health and Ecological Criteria Division. Human Health Toxicity Values
for Hexafluoropropylene Oxide (HFPO) Dimer Acid and Its Ammonium Salt (CASRN 13252-13-6 and 62037-80-3) also Known as
“GenX Chemicals”. Available online: https://www.epa.gov/system/files/documents/2022-06/drinking-water-genx-2022.pdf
(accessed on 27 April 2023).

28. Sheng, N.; Pan, Y.; Guo, Y.; Sun, Y.; Dai, J. Hepatotoxic Effects of Hexafluoropropylene Oxide Trimer Acid (HFPO-TA), A Novel
Perfluorooctanoic Acid (PFOA) Alternative, on Mice. Environ. Sci. Technol. 2018, 52, 8005–8015. [CrossRef]

29. Sun, S.; Zhang, L.; Li, X.; Zhang, L.; Huang, L.; Zeng, J.; Cao, Z.; Liao, X.; Zhong, Z.; Lu, H. Hexafluoropropylene oxide trimer
acid, a perfluorooctanoic acid alternative, induces cardiovascular toxicity in zebrafish embryos. J. Environ. Sci. 2023, 139, 460–472.
[CrossRef]

30. Dong, Q.; Guo, Y.; Yuan, J.; Zhong, S.; Ni, H.; Liu, J.; Zhang, M.; Sun, J.; Yuan, S.; Yu, H.; et al. Hexafluoropropylene oxide
tetramer acid (HFPO-TeA)-induced developmental toxicities in chicken embryo: Peroxisome proliferator-activated receptor
Alpha (PPARα) is involved. Ecotoxicol. Environ. Saf. 2023, 253, 114671–114681. [CrossRef] [PubMed]

31. Wang, J.; Wang, X.; Sheng, N.; Zhou, X.; Cui, R.; Zhang, H.; Dai, J. RNA-sequencing analysis reveals the hepatotoxic mechanism
of perfluoroalkyl alternatives, HFPO2 and HFPO4, following exposure in mice. J. Appl. Toxicol. 2017, 37, 436–444. [CrossRef]

32. Jia, Y.; Zhu, Y.; Xu, D.; Feng, X.; Yu, X.; Shan, G.; Zhu, L. Insights into the Competitive Mechanisms of Per- and Polyfluoroalkyl
Substances Partition in Liver and Blood. Environ. Sci. Technol. 2022, 56, 6192–6200. [CrossRef]

33. Xin, Y.; Ren, X.-M.; Wan, B.; Guo, L.-H. Comparative in Vitro and in Vivo Evaluation of the Estrogenic Effect of Hexafluoropropy-
lene Oxide Homologues. Environ. Sci. Technol. 2019, 53, 8371–8380. [CrossRef] [PubMed]

34. Sheng, N.; Cui, R.; Wang, J.; Guo, Y.; Wang, J.; Dai, J. Cytotoxicity of novel fluorinated alternatives to long-chain perfluoroalkyl
substances to human liver cell line and their binding capacity to human liver fatty acid binding protein. Arch. Toxicol. 2018, 92,
359–369. [CrossRef] [PubMed]

35. Zhang, C.; McElroy, A.C.; Liberatore, H.K.; Alexander, N.L.M.; Knappe, D.R.U. Stability of Per- and Polyfluoroalkyl Substances in
Solvents Relevant to Environmental and Toxicological Analysis. Environ. Sci. Technol. 2022, 56, 6103–6112. [CrossRef]

36. Liberatore, H.K.; Jackson, S.R.; Strynar, M.J.; McCord, J.P. Solvent Suitability for HFPO-DA (“GenX” Parent Acid) in Toxicological
Studies. Environ. Sci. Technol. Lett. 2020, 7, 477–481. [CrossRef]

37. Smeltz, M.G.; Wambaugh, J.F.; Wetmore, B.A. Plasma Protein Binding Evaluations of Per- and Polyfluoroalkyl Substances for
Category-Based Toxicokinetic Assessment. Chem. Res. Toxicol. 2023, 36, 870–881. [CrossRef]

38. Costello, E.; Rock, S.; Stratakis, N.; Eckel, S.P.; Walker, D.I.; Valvi, D.; Cserbik, D.; Jenkins, T.; Xanthakos, S.A.; Kohli, R.; et al.
Exposure to per-and Polyfluoroalkyl Substances and Markers of Liver Injury: A Systematic Review and Meta-Analysis. Environ.
Health Perspect. 2022, 130, 46001. [CrossRef]

https://doi.org/10.1021/acs.est.9b07384
https://doi.org/10.1016/j.chemosphere.2018.12.135
https://doi.org/10.1021/acs.est.8b00829
https://www.ncbi.nlm.nih.gov/pubmed/29749740
https://doi.org/10.1016/j.envint.2021.107007
https://doi.org/10.1021/acs.est.2c07500
https://doi.org/10.1021/acs.est.1c00965
https://doi.org/10.1016/j.jes.2021.01.027
https://www.ncbi.nlm.nih.gov/pubmed/34412789
https://doi.org/10.1021/acs.est.7b06657
https://www.ncbi.nlm.nih.gov/pubmed/30118215
https://doi.org/10.1007/s00204-007-0246-x
https://doi.org/10.1016/j.chemosphere.2020.128608
https://doi.org/10.1080/10962247.2021.1909668
https://doi.org/10.1080/10408440802209804
https://www.epa.gov/system/files/documents/2022-06/drinking-water-genx-2022.pdf
https://doi.org/10.1021/acs.est.8b01714
https://doi.org/10.1016/j.jes.2023.05.009
https://doi.org/10.1016/j.ecoenv.2023.114671
https://www.ncbi.nlm.nih.gov/pubmed/36822062
https://doi.org/10.1002/jat.3376
https://doi.org/10.1021/acs.est.1c08493
https://doi.org/10.1021/acs.est.9b01579
https://www.ncbi.nlm.nih.gov/pubmed/31251593
https://doi.org/10.1007/s00204-017-2055-1
https://www.ncbi.nlm.nih.gov/pubmed/28864880
https://doi.org/10.1021/acs.est.1c03979
https://doi.org/10.1021/acs.estlett.0c00323
https://doi.org/10.1021/acs.chemrestox.3c00003
https://doi.org/10.1289/EHP10092


Toxics 2023, 11, 951 23 of 24

39. Committee for the Update of the Guide for the Care and Use of Laboratory Animals; Institute for Laboratory Aniimal Research;
National Research Council of the National Academies. Guide for the Care and Use of Laboratory Animals, 8th ed.; The National
Academies Press: Washington, DC, USA, 2011.

40. Gwinn, W.M.; Auerbach, S.S.; Parham, F.; Stout, M.D.; Waidyanatha, S.; Mutlu, E.; Collins, B.; Paules, R.S.; Merrick, B.A.;
Ferguson, S.S.; et al. Evaluation of 5-day In Vivo Rat Liver and Kidney With High-throughput Transcriptomics for Estimating
Benchmark Doses of Apical Outcomes. Toxicol. Sci. 2020, 176, 343–354. [CrossRef]

41. Thomas, R.S.; Wesselkamper, S.C.; Wang, N.C.Y.; Zhao, Q.J.; Petersen, D.D.; Lambert, J.C.; Cote, I.; Yang, L.; Healy, E.;
Black, M.B.; et al. Temporal Concordance Between Apical and Transcriptomic Points of Depature for Chemical Risk Assessment.
Toxicol. Sci. 2013, 134, 180–194. [CrossRef]

42. NTP Research Report on National Toxicology Program Approach to Genomic Dose-Response Modeling; NIEHS: Durham, NC, USA, 2018.
43. Slob, W.; Moerbeek, M.; Rauniomaa, E.; Piersma, A.H. A Statistical Evaluation of Toxicity Study Designs for the Estimation of the

Benchmark Dose in Continuous Endpoints. Toxicol. Sci. 2005, 84, 167–185. [CrossRef]
44. Caverly Rae, J.M.; Craig, L.; Slone, T.W.; Frame, S.R.; Buxton, L.W.; Kennedy, G.L. Evaluation of chronic toxicity and carcinogenicity

of ammonium 2,3,3,3-tetrafluoro-2-(heptafluoropropoxy)-propanoate in Sprague-Daley rats. Toxicol. Rep. 2015, 2, 939–949.
[CrossRef]

45. Conley, J.M.; Lambright, C.S.; Evans, N.; Strynar, M.J.; McCord, J.; McIntyre, B.S.; Travlos, G.S.; Cardon, M.C.; Medlock-Kakaley, E.;
Hartig, P.C.; et al. Adverse Maternal, Fetal, and Postnatal Effects of Hexafluoropropylene Oxide Dimer Acid (GenX) from Oral
Gestational Exposure in Sprague-Dawley Rats. Environ. Health Perspect. 2019, 127, 37008. [CrossRef]

46. O’Shaughnessy, K.L.; Kosian, P.A.; Ford, J.L.; Oshiro, W.M.; Degitxz, S.J.; Gilbert, M.E. Developmental Thyroid Hormone
Insufficiency Induces a Cortical Brain Malformation and Learning Impairments: A Cross-Fostering Study. Toxicol. Sci. 2018, 163,
101–115. [CrossRef]

47. Probst, R.J.; Lim, J.M.; Bird, D.N.; Pole, G.L.; Sato, A.K.; Claybaugh, J.R. Gender Differences in the Blood Volume of Conscious
Sprague-Dawley Rats. J. Am. Assoc. Lab. Anim. Sci. 2006, 45, 49–52. [PubMed]

48. Trudnowski, R.J.; Rodolfo, R.C. Specific Gravity of Blood and Plasma at 4 and 37 ◦C. Clin. Chem. 1974, 20, 615–616. [CrossRef]
[PubMed]

49. Conley, J.M.; Lambright, C.S.; Evans, N.; Medlock-Kakaley, E.; Hill, D.; McCord, J.; Strynar, M.J.; Wehmas, L.C.; Hester, S.;
MacMillan, D.K.; et al. Developmental toxicity of Nafion byproduct 2 (NBP2) in the Sprague-Dawley rat with comparisons to
hexafluoropropylene-dimer acid (HFPO-DA or GenX) and perfluorooctane sulfonate (PFOS). Environ. Int. 2022, 160, 107056.
[CrossRef] [PubMed]

50. Kim, S.-J.; Heo, S.-H.; Lee, D.-S.; Hwang, I.G.; Lee, Y.-B.; Cho, H.-Y. Gender differences in pharmacokinetics and tissue distribution
of 3 perfluoroalkyl and polyfluoroalkyl substances in rats. Food Chem. Toxicol. 2019, 97, 243–255. [CrossRef]

51. Yi, S.; Yang, D.; Zhu, L.; Mabury, S.A. Significant Reductive Transformation of 6:2 Chlorinated Polyfluorooctane Ether Sulfonate
to Form Hydrogen-Substituted Polyfluorooctane Ether Sulfonate and Their Toxicokinetics in Male Sprague-Dawley Rats. Environ.
Sci. Technol. 2022, 56, 6123–6132. [CrossRef] [PubMed]

52. Lambert, J.-P.; Ivosev, G.; Couzens, A.L.; Larsen, B.; Taipale, M.; Lin, Z.-Y.; Zhong, Q.; Lindquist, S.; Vidal, M.; Aebersold, R.; et al.
Mapping differential interactomes by affinity purification coupled with data independent mass spectrometry acquisition. Nat.
Methods 2013, 10, 1239–1245. [CrossRef] [PubMed]

53. Weber, E.J.; Tebes-Stevens, C.; Washington, J.W.; Gladstone, R. Development of a PFAS reaction library: Identifying plausible
transformation pathways in environmental and biological systems. Environ. Sci. Process. Impacts 2022, 24, 689–753. [CrossRef]
[PubMed]

54. Djoumbou-Feunang, Y.; Gil-de-la-Fuente, A.; Greiner, R.; Manach, C.; Wishart, D.S. Biotransformer: A comprehensive compu-
tational tool for small molecule metabolism prediction and metabolite identification. J. Cheminformatics 2019, 11, 2. [CrossRef]
[PubMed]

55. Ruttkies, C.; Schymanski, E.L.; Wolf, S.; Hollender, J.; Neumann, S. MetFrag relaunched: Incorporating strategies beyond in silico
fragmentation. J. Cheminformatics 2016, 8, 3. [CrossRef] [PubMed]

56. Wetmore, B.A.; Wambaugh, J.F.; Ferguson, S.S.; Sochaski, M.A.; Rotroff, D.M.; Freeman, K.; Clewell, H.J., III; Dix, D.J.;
Andersen, M.E.; Houck, K.A.; et al. Integration of Dosimetry, Exposure, and High-Throughput Screening Data in Chemical
Toxicity Assessment. Toxicol. Sci. 2012, 125, 157–174. [CrossRef]

57. Yao, J.; Sheng, N.; Guo, Y.; Yeung, L.W.Y.; Dai, J.; Pan, Y. Nontargeted Identification and Temporal Trends of Per- and Polyflu-
oroalkyl Substances in a Fluorochemical Industrial Zone and Adjacent Taihu Lake. Environ. Sci. Technol. 2022, 56, 7986–7996.
[CrossRef]

58. Wetmore, B.A. Quantitative in vitro-to-in vivo extrapolation in a high-throughput environment. Toxicology 2015, 332, 94–101.
[CrossRef] [PubMed]

59. Wilkinson, G.R.; Shand, D.G. A physiological approach to hepatic drug clearance. Clin. Pharmacol. Ther. 1975, 18, 377–390.
[CrossRef]

60. USEPA. Benchmark Dose Tools (BMDS) Online. Available online: https://bmdsonline.epa.gov/ (accessed on 18 December 2022).
61. Schymanski, E.L.; Jeon, J.; Gulde, R.; Fenner, K.; Ruff, M.; Singer, H.P.; Hollender, J. Identifying Small Molecules via High

Resolution Mass Spectrometry: Communicating Confidence. Environ. Sci. Technol. 2014, 48, 2097–2098. [CrossRef]

https://doi.org/10.1093/toxsci/kfaa081
https://doi.org/10.1093/toxsci/kft094
https://doi.org/10.1093/toxsci/kfi004
https://doi.org/10.1016/j.toxrep.2015.06.001
https://doi.org/10.1289/EHP4372
https://doi.org/10.1093/toxsci/kfy016
https://www.ncbi.nlm.nih.gov/pubmed/16542044
https://doi.org/10.1093/clinchem/20.5.615
https://www.ncbi.nlm.nih.gov/pubmed/4826961
https://doi.org/10.1016/j.envint.2021.107056
https://www.ncbi.nlm.nih.gov/pubmed/34952357
https://doi.org/10.1016/j.fct.2016.09.017
https://doi.org/10.1021/acs.est.1c00616
https://www.ncbi.nlm.nih.gov/pubmed/33947185
https://doi.org/10.1038/nmeth.2702
https://www.ncbi.nlm.nih.gov/pubmed/24162924
https://doi.org/10.1039/D1EM00445J
https://www.ncbi.nlm.nih.gov/pubmed/35485941
https://doi.org/10.1186/s13321-018-0324-5
https://www.ncbi.nlm.nih.gov/pubmed/30612223
https://doi.org/10.1186/s13321-016-0115-9
https://www.ncbi.nlm.nih.gov/pubmed/26834843
https://doi.org/10.1093/toxsci/kfr254
https://doi.org/10.1021/acs.est.2c00891
https://doi.org/10.1016/j.tox.2014.05.012
https://www.ncbi.nlm.nih.gov/pubmed/24907440
https://doi.org/10.1002/cpt1975184377
https://bmdsonline.epa.gov/
https://doi.org/10.1021/es5002105


Toxics 2023, 11, 951 24 of 24

62. Cui, L.; Zhou, Q.-F.; Liao, C.-Y.; Fu, J.-J.; Jiang, G.-B. Studies on the Toxicological Effects of PFOA and PFOS on Rats Using
Histological Observation and Chemical Analysis. Arch. Environ. Contam. Toxicol. 2009, 56, 338–349. [CrossRef]

63. Loveless, S.E.; Finlay, C.; Everds, N.E.; Frame, S.R.; Gillies, P.J.; O’Connor, J.C.; Powley, C.R.; Kennedy, G.L. Comparative
responses of rats and mice exposed to linear/branched, linear, or branched ammonium perfluorooctanoate (APFO). Toxicology
2006, 220, 203–217. [CrossRef] [PubMed]

64. Das, K.P.; Wood, C.R.; Lin, M.T.; Starkov, A.A.; Lau, C.; Wallace, K.B.; Corton, J.C.; Abbott, B.D. Perfluoroalkyl acids-induced liver
steatosis: Effects on genes controlling lipid homeostasis. Toxicology 2017, 378, 37–52. [CrossRef]

65. Conley, J.M.; Lambright, C.S.; Evans, N.; Medlock-Kakaley, E.; Dixon, A.; Hill, D.; McCord, J.; Strynar, M.; Ford, J.L.;
Gray, L.E., Jr. Cumulative maternal and neonatal effects of combined exposure to a mixture of perfluorooctanoic acid (PFOA) and
perfluorooctane sulfonic acid (PFOS) during pregnancy in the Sprague-Dawley rat. Environ. Int. 2022, 170, 107631. [CrossRef]
[PubMed]

66. Forthun, I.H.; Roelants, M.; Haug, L.S.; Knutsen, H.K.; Schell, L.M.; Jugessur, A.; Bjerknes, R.; Sabaredzovic, A.; Bruserud, I.S.;
Juliusson, P.B. Levels of per- and polyfluoroalkyl substances (PFAS) in Norwegian children stratified by age and sex—Data from
the Bergen Growth Study 2. Int. J. Hyg. Environ. Health 2023, 252, 114199. [CrossRef] [PubMed]

67. Sen, P.; Qadri, S.; Luukkonen, P.K.; Ragnarsdottir, O.; McGlinchey, A.; Jäntti, S.; Juuti, A.; Arola, J.; Schlezinger, J.L.;
Webster, T.F.; et al. Exposure to environmental contaminants is associated with altered hepatic lipid metabolism in non-alcoholic
fatty liver disease. J. Hepatol. 2022, 76, 283–293. [CrossRef]

68. Roth, K.; Yang, Z.; Agarwal, M.; Liu, W.; Peng, Z.; Ze, L.; Birbeck, J.A.; Westrick, J.A.; Liu, W.; Petriello, M.C. Exposure to a
mixture of legacy, alternative, and replacement per- and polyfluoroalkyl substances (PFAS) results in sex-dependent modulation
of cholesterol metabolism an dliver injury. Environ. Int. 2021, 157, 106843. [CrossRef]

69. Huang, M.C.; Robinson, V.G.; Waidyanatha, S.; Dzierlenga, A.L.; DeVito, M.J.; Eifrid, M.A.; Gibbs, S.T.; Blystone, C.R. Toxioki-
netics of 8:2 fluorotelomer alcohol (8:2-FTOH) in male and female Hsd:Sprague Dawley SD rats after inravenous and gavage
administration. Toxicol. Rep. 2019, 6, 924–932. [CrossRef]

70. Dzierlenga, A.L.; Robinson, V.G.; Waidyanatha, S.; DeVito, M.J.; Eifrid, M.A.; Gibbs, S.T.; Granville, C.A.; Blystone, C.R.
Toxicokinetics of perfluorohexanoic acid (PFHxA), perfluorooctanoic acid (PFOA) and perfluorodecanoic acid (PFDA) in male
and female Hsd:Sprague Dawley SD rats following intravenous or gavage administration. Xenobiotica 2020, 50, 722–732. [CrossRef]

71. van der Vusse, G.J. Albumin as Fatty Acid Transporter. Drug Metab. Pharmacokinet. 2009, 24, 300–307. [CrossRef] [PubMed]
72. Forsthuber, M.; Kaiser, A.M.; Granitzer, S.; Hall, I.; Hengstschläger, M.; Stangl, H.; Gundacker, C. Albumin is the major carrier

protein for PFOS, PFOA, PFHxS, PFNA, and PFDA in human plasma. Environ. Int. 2020, 137, 105324. [CrossRef]
73. Luebker, D.J.; Hansen, K.J.; Bass, N.M.; Butenhoff, J.L.; Seacat, A.M. Interactions of fluorochemicals with rat liver fatty acid-binding

protein. Toxicology 2002, 176, 175–185. [CrossRef] [PubMed]
74. Martin, J.W.; Mabury, S.A.; Solomon, K.R.; Muir, D.C.G. Bioconcentration and tissue distribution of perfluorinated acids in

rainbow trout (Oncorhynchus mykiss). Environ. Toxicol. Chem. 2003, 22, 196–204. [CrossRef]
75. Yu, N.; Wei, S.; Li, M.; Yang, J.; Li, K.; Jin, L.; Xie, Y.; Giesy, J.P.; Zhang, X.; Yu, H. Effects on Perfluorooctanoic Acid on Metabolic

Profiles in Brain and Liver of Mouse Revealed by a High-throughput Targeted Metabolomics Approach. Sci. Rep. 2016, 6, 23963.
[CrossRef] [PubMed]

76. Nilsson, H.; Kärrman, A.; Rotander, A.; van Bavel, B.; Lindström, G.; Westberg, H. Biotransformation of fluorotelomer compound
to perfluorocarboxylates in humans. Environ. Int. 2013, 51, 8–12. [CrossRef]

77. Li, Z.-M.; Guo, L.-H.; Ren, X.-M. Biotransformation of 8:2 fluorotelomer alchol by recombinant human cytochrome P450s, human
liver icrosomes, and human liver cytosol. Environ. Sci. Process. Impacts 2016, 18, 538–546. [CrossRef] [PubMed]

78. Butt, C.M.; Muir, D.C.G.; Mabury, S.A. Biotransformation pathways of fluorotelomer-based polyfluoroalkyl substances: A review.
Environ. Toxicol. Chem. 2014, 33, 243–267. [CrossRef]

79. Kolanczyk, R.C.; Saley, M.R.; Serrano, J.A.; Daley, S.M.; Tapper, M.A. PFAS Biotransformation Pathways: A Species Comparison
Study. Toxics 2023, 11, 74. [CrossRef]

80. Berhanu, A.; Mutanda, I.; Taolin, J.; Qaria, M.A.; Yang, B.; Zhu, D. A review of microbial degradation of per- and polyfluoroalkyl
substances (PFAS): Biotransformation routes and enzymes. Sci. Total Environ. 2023, 859, 160010. [CrossRef]

81. Zhang, W.; Pang, S.; Lin, Z.; Mishra, S.; Bhatt, P.; Chen, S. Biotransformation of perfluoroalkyl acid precursors from various
environmental systems: Advances and perspectives. Environ. Pollut. 2021, 272, 115908. [CrossRef] [PubMed]

82. Wang, Y.; Jiang, S.; Wang, B.; CHen, X.; Lu, G. Comparison of developmental toxicity induced by PFOA, HFPO-DA, and HFPO-TA
in zebrafish embryos. Chemosphere 2023, 311, 136999. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s00244-008-9194-6
https://doi.org/10.1016/j.tox.2006.01.003
https://www.ncbi.nlm.nih.gov/pubmed/16448737
https://doi.org/10.1016/j.tox.2016.12.007
https://doi.org/10.1016/j.envint.2022.107631
https://www.ncbi.nlm.nih.gov/pubmed/36402036
https://doi.org/10.1016/j.ijheh.2023.114199
https://www.ncbi.nlm.nih.gov/pubmed/37295275
https://doi.org/10.1016/j.jhep.2021.09.039
https://doi.org/10.1016/j.envint.2021.106843
https://doi.org/10.1016/j.toxrep.2019.08.009
https://doi.org/10.1080/00498254.2019.1683776
https://doi.org/10.2133/dmpk.24.300
https://www.ncbi.nlm.nih.gov/pubmed/19745557
https://doi.org/10.1016/j.envint.2019.105324
https://doi.org/10.1016/S0300-483X(02)00081-1
https://www.ncbi.nlm.nih.gov/pubmed/12093614
https://doi.org/10.1002/etc.5620220126
https://doi.org/10.1038/srep23963
https://www.ncbi.nlm.nih.gov/pubmed/27032815
https://doi.org/10.1016/j.envint.2012.09.001
https://doi.org/10.1039/C6EM00071A
https://www.ncbi.nlm.nih.gov/pubmed/27152847
https://doi.org/10.1002/etc.2407
https://doi.org/10.3390/toxics11010074
https://doi.org/10.1016/j.scitotenv.2022.160010
https://doi.org/10.1016/j.envpol.2020.115908
https://www.ncbi.nlm.nih.gov/pubmed/33190976
https://doi.org/10.1016/j.chemosphere.2022.136999
https://www.ncbi.nlm.nih.gov/pubmed/36309054

	Introduction 
	Materials and Methods 
	In Vivo Exposure Chemicals, Study Design, and Analytical Assessments 
	Plasma Thyroid Hormone Assessment 
	Plasma HFPO-TeA Dosimetry Assessment 
	Liver HFPO-TeA Dosimetry Assessment 

	In Vivo and In Vitro Non-Targeted Analysis Chemicals and Data Analysis 
	Hepatocyte Metabolic Stability and Metabolite Formation Assay Materials, Chemicals,and Extraction 
	Hepatocyte Metabolic Stability Assay Study Design, Chemicals, and Calculations 
	Hepatic Metabolic Formation Assay Study Design 

	Ultracentrifugation Plasma Protein Binding Assay Chemicals, Materials, Study Design,and Calculations 
	In Vitro Study Targeted Sample Analysis 
	LD50 Calculation 

	Results 
	In Vivo Results 
	Rat Body Weight, Liver Weights, and Clinical Observations 
	Plasma Thyroid Hormones 
	Plasma HFPO-TeA Dosimetry 
	Liver HFPO-TeA Dosimetry 

	Non-Targeted Analysis 
	In Vivo Assays 
	In Vitro Assays 

	In Vitro Toxicokinetics (TK) and In Vitro–In Vivo Extrapolation (IVIVE) 

	Discussion 
	Conclusions 
	References

