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A B S T R A C T

Perfluorinated alkyl substances (PFAS) are persistent contaminants that have been detected in the environment
and in humans. With the PFAS chemical class, there are perfluorinated alkyl acids, many of which have been
associated with certain toxicities. Because toxicity testing cannot feasibly be conducted for each individual PFAS,
the National Toxicology Program (NTP) designed studies to compare toxicities across different subclasses of
PFAS and across PFAS of different chain lengths to better understand the structure-toxicity relationship.
Pharmacokinetic studies were conducted in parallel to these toxicity studies to facilitate comparisons across
PFAS and to provide context for human relevance. Here, the toxicokinetic parameters of perfluorobutane sul-
fonate (PFBS), perfluorohexane-1-sulphonic acid (PFHxS), or perfluorooctane sulfonate (PFOS) after a single
intravenous or gavage administration in male and female Hsd:Sprague-Dawley rats are reported. Concentrations
of these PFAS were measured in the liver, kidney, and brain. Plasma half-life increased with longer chain length
after gavage administration: PFBS- males averaged 3.3 h, females 1.3 h; PFHxS- males averaged 16.3 days, fe-
males 2.1 days; PFOS- males and females averaged ˜ 20 days. There were dose-dependent changes in clearance
and systemic exposure for all administered chemicals and the direction of change was different in PFOS com-
pared to the others. Liver:plasma ratios of PFOS were the highest followed by PFHxS and PFBS, while brain:-
plasma ratios were low in all three sulfonates. Sex differences in plasma half-life and tissue distribution were
observed for PFBS and PFHxS, but not PFOS. These data provide a direct comparison of the kinetics of three
different perfluoroalkyl sulfonic acids and allow for the contextualization of toxicity data in rats for human risk
assessment of this chemical class.

1. Introduction

Poly- and perfluorinated alkyl substances (PFAS) are used in a
variety of products to impart repellency of water, oil, and/or grease.
They contain chains of carbons bonded to fluorines and some contain
other functional groups, such as carboxylate or sulfonate moieties. Due
to their chemical properties, PFAS are resistant to degradation and
persist in the environment and in organisms [1]. Additionally, rodent
and human studies have identified a variety of adverse effects asso-
ciated with PFAS exposure, including liver, endocrine, developmental,
and immune toxicity, among others [2–4]. The presence of PFAS in the

environment and the estimated long half-life of PFAS in human sera
have led to the removal or reduced use of PFAS like perfluorooctanoic
acid (PFOA) and perfluorooctane sulfonate (PFOS). Replacement PFAS,
many of which have shorter carbon chains, have been developed [5].
Some studies show that these replacement chemicals are less toxic for
some endpoints (Mahpatra et al., 2017) but others indicate that shorter-
chained PFAS still have biological effects which may be toxic [6,7].

Part of the decrease in toxicity observed with the shorter-chain
PFAS has been attributed to differences in toxicokinetics. Toxicokinetic
properties of PFAS often vary with chain length, where shorter,
straight-chain PFAS are eliminated faster than the longer chain varieties
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(Ohmari, 2003; [8]). Kinetic properties can also vary greatly depending
on the sex and species/strain in which the study was conducted. PFOA
displays a large sex difference in rats [9,10], with a half-life on the
order of hours in female rats but days in male rats. Rodents often dis-
play a faster elimination for some long-chain PFAS than humans, ty-
pically within hours, whereas in humans the corresponding half-life
may extend on the order of years [11]. The high variability of PFAS
toxicokinetics makes it challenging to interpret animal toxicity data and
extrapolate toxicity to humans in the absence of toxicokinetic data. In
addition, any comparison of toxicities across chemicals, e.g. long chain
vs short chain, would also necessitate an understanding of the absorp-
tion, distribution, and elimination of each PFAS in the same animal
strain, species and sex.

The increasing use of replacement PFAS creates a need for com-
parative toxicity studies, particularly between different subclasses and
chain lengths, to help predict toxicity of new PFAS. To contribute to this
effort, the National Toxicology Program (NTP) conducted subchronic
toxicity studies of seven perfluorinated alkyl acids, a subgroup of PFAS,
in male and female Hsd:Sprague-Dawley rats; three sulfonates and four
carboxylates with varying chain lengths (reported in NTP Toxicity
Reports 96 and 97). Toxicokinetic studies were completed in the same
strain to complement these toxicity studies, providing information on
internal dose to enable translation of the toxicities observed. Here, we
report the plasma kinetic parameters and tissue concentrations of the
three perfluoroalkyl sulfonic acids: perfluorobutane sulfonate
(C4HF9O3S; PFBS), perfluorohexane-1-sulphonic acid (C6HF13O3S;
PFHxS), and perfluorooctane sulfonate (C8HF17O3S; PFOS) (Fig. 1), in
male and female Hsd:Sprague-Dawley rats.

2. Materials and methods

2.1. Chemicals

Potassium perfluorobutane sulfonate (KPFBS; CAS# 29420-49-3;
Lot# 20070201; Ivy Fine Chemicals), perfluorohexane-1-sulphonic acid
potassium salt (PFHxSKlt; CAS# 3871-99-6; Lot# 230002; Interchim),
and perfluorooctane sulfonate (PFOS; CAS# 1763-23-1; Lot# T20 G;
Matrix Scientific), were purchased commercially. Chemical identity was
confirmed by infrared spectroscopy, 13C and 19F nuclear magnetic re-
sonance (NMR) spectroscopy. Purity (KPFBS=96%;
PFHxSKslt= 99.9%; PFOS=96.7%) was determined by a combination
of ion chromatography, and gas chromatography (GC) with flame io-
nization or electron capture detection (ECD).

2.2. Animals

Male and female Hsd:Sprague Dawley rats, approximately eight
weeks of age, were purchased from Harlan Laboratories, Inc. (now
Envigo, Inc., Indianapolis, IN) and delivered to Battelle (Columbus,
OH). Prior to shipment, jugular catheters were implanted in rats for
intravenous (IV) administration. Irradiated NTP-2000 feed (Zeigler
Brothers, Inc., Gardners, PA) was provided ad libitum. Animals were
maintained on a 12:12 light cycle. Prior to dosing, rats were rando-
mized using a partitioning algorithm program (Xybion PATH/TOX
SYSTEM, Xybion Medical Systems Corporation, Version 4.2.2) to ensure
that mean body weights of rats in each group were similar. Additional
animals were included as replacements in the event that dosing was
believed to be incomplete or an insufficient volume of blood was col-
lected.

2.3. Dose formulation and administration

Doses for each chemical are given in Table 1. All chemicals were
formulated in 2% Tween 80 (pH 6–8) in deionized water. Since the
primary objective of the study was to evaluate the kinetics of the che-
micals and not necessarily toxicity, no vehicle control group was in-
cluded. All formulations were analyzed by high performance liquid
chromatography using validated analytical methods (r ≥ 0.99; preci-
sion ≤ 5%; accuracy, ≤±10%). All gavage formulations were within
10% of the target concentration. A single bolus IV (4mL/kg) or gavage
dose (three dose levels; 5 mL/kg) was administered based on the body
weight on the day of dosing. For PFOS, repeat doses, 2 mg/kg/d for five
days, were administered to compare kinetics to the single administra-
tion. The chemicals PFBS and PFHxS were purchased as salts but the
measurement in blood and tissues was as the original chemical. Thus,
when discussing the dose, the abbreviation for the ion form is used
whereas in the results, the abbreviated chemical name is used (e.g.
KPFBS vs. PFBS).

2.4. Sample collection

Blood was collected at 10–13 time points (n=3/time point) de-
termined based on the preliminary studies and literature. Each animal
was bled twice at most. Actual times for blood collection were recorded
at each time point; target blood collection times are shown in Table 1.
Rats were anesthetized with 70% CO2 (30% O2) and blood was col-
lected via the retro-orbital sinus (˜ 0.7 mL) into glass tubes containing
ethylenediaminetetraacetic acid, gently inverted, and placed on wet ice
until separated into plasma. Plasma was separated by centrifugation at
1750 x g for 10min at 4 °C and stored at -20 °C. In specific gavage dose
groups (20mg/kg for KPFBS; 16mg/kg for PFHxSKlt; 2 mg/kg, 20mg/
kg, and 2mg/kg x 5 for PFOS), the liver, kidney, and brain were col-
lected from 3 animals per timepoint to measure chemical concentra-
tions. Due to anticipated differences in kinetics, each chemical was
evaluated at a different range of time points for tissue collection: PFBS-

Fig. 1. Sulfonate perfluorinated alkyl acids evaluated: perfluorobutane sulfo-
nate (PFBS), perfluorohexane-1-sulphonic acid (PFHxS), or perfluorooctane
sulfonate (PFOS).
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0.5, 1, 3, 6, 12 h; PFHxS- 3, 6, 12, 24, 192, 538, 1200 h; PFOS- 6, 24,
864, 1704, 3216 h.

2.5. Sample preparation and analysis

An analytical method using protein precipitation followed by liquid
chromatography (LC) tandem mass spectrometry (MS/MS) was used to
quantitate PFBS, PFHxS, and PFOS in Hsd:Sprague Dawley rat plasma,
liver, kidney, and brain. The validation included an assessment of lin-
earity (r), inter- and intraday accuracy (estimated as standard error,
RE), and inter- and intraday precision (estimated as relative standard
deviation, RSD), absolute recovery, extract and matrix stability, re-
injection reproducibility, and limit of detection (LOD). Analytical
method validation parameters are given in Supplemental Table S1-S4.

Stock solutions of chemical analyte were prepared in methanol and
further diluted in either methanol (plasma PFBS) or acetonitrile then in
American Society for Testing and Materials (ASTM) Type I water to
generate concentrations of standards in the working range. Stock so-
lutions of the internal standard (IS) was prepared in methanol and di-
luted in either acetonitrile (plasma PFBS) or ASTM Type I water fol-
lowed by dilution in 1% formic acid in acetonitrile (plasma PFBS),
10 mM ammonium acetate, pH 5.0 (plasma PFHxS) or in ASTM Type 1
water to generate working IS solutions. Matrix calibration curves were
prepared in duplicate by adding the standard solutions to blank rat
plasma/tissue. Quality control (QC) samples were prepared in blank rat
plasma/tissue using a procedure similar to that for the matrix stan-
dards, using an independent stock solution. Matrix blanks were pre-
pared the same as matrix standards except the addition of the analyte.

Tissues (100–300mg) were homogenized in a volume of ASTM Type
1 water ten times the volume of the tissue. For plasma, 100 μL of IS
solution (PFHxS: 200 ng/mL; PFOS: 500 ng/mL), was added to 100 μL
of plasma and mixed thoroughly. For PFBS, 400 μL of IS (50 ng/mL) was
added. For tissues, 200 μL of IS (100 ng/mL) was added to 100 μL of
tissue homogenate. Then, 0.05 N potassium hydroxide in 1:1 metha-
nol:water was added to the homogenates and rotated for 12 h for di-
gestion. Samples were neutralized with 0.1 N hydrochloric acid, vor-
texed and centrifuged. The supernatant was analyzed by LC–MS/MS.
Matrix calibration standards, QC samples and matrix blanks were also
prepared in the same manner as study samples and run with each batch
of samples.

The LC–MS/MS system used was an Agilent 1100 and 1200 (Santa
Clara, CA) coupled to a Sciex API 3000, 4000 Q Trap, or 5000 mass
spectrometer (Toronto, Canada). Chromatography was performed using
a Luna C18(2)-HST column (C18, 100 x 3.0 mm, 2.5 μm for PFBS;
Phenomenex, Torrance, CA). For the analysis of PFBS, mobile phase
(0.1% formic acid in acetonitrile: 1 mM aqueous ammonium acetate,

85:15 (v/v)) was run at an isocratic gradient at a flow rate of 500 μL/
minute. Turbo Ionspray™ (Sciex) ionization sources were operated in
the negative ion mode.

A quadratic regression with 1/x weighing was used to relate
LC–MS/MS peak area response ratio of analyte to IS with the con-
centration of calibration standards. The concentration in samples was
calculated using the response ratio, the regression equation, initial
sample volume, and when applicable dilution. The concentration in
plasma was expressed as ng/mL and in tissues as ng/g. The limit of
quantitation (LOQ) in plasma was 25 ng/mL and 5 ng/g of organ tissue.
All concentrations above LOQ were reported. Data from study samples
were considered valid if: the matrix calibration curve was linear
(r≥ 0.99); at least 75% of matrix standards were within 15% of nom-
inal (except at the LOQ where it was 20%); at least 67% of the QC
samples were within 15% of nominal values.

2.6. Toxicokinetic (TK) modeling

All concentrations above LOQ were used in TK analysis. Semi-log
plots of the plasma and tissue (liver, kidney, and brain) concentration
versus time data sets were prepared by sex, by dose, and by route of
administration. WinNonlin (Version 5.0.1, Pharsight Corporation,
Mountain View, CA) was used for TK analysis. Individual animal con-
centration-time values were used to find a model that best fit the data
set. One- and/or two-compartment models with and without weighting
were tested based on the appearance of the plasma concentration vs.
time plot. The model and the weighting factor that resulted in the best
goodness of fit were selected as the final model. The primary and sec-
ondary parameters, including a measure of their variability, were es-
timated using the WinNonlin software.

Cmax is the maximal plasma concentration, with the time of max-
imum concentration as Tmax. Assuming first-order kinetics, half-lives for
the initial (α T1/2) and terminal (β T1/2) elimination phases were cal-
culated as 0.693/α and 0.693/β, respectively, where α and β are the bi-
exponential disposition rate constants. Half-lives for the absorption (k01
half-life) and elimination (k10 half-life) were calculated as 0.693/k01
and 0.693/k10, respectively. Apparent volume of central (V1) and per-
ipheral (V2) distribution and apparent clearance (CL) were calculated
using standard equations [12]. Bioavailability was calculated using the
area under the curve (AUC) and the equation:

F% = [AUC(gavage))/(Dose(gavage)]/ [AUC(IV))/(Dose(IV)] *100

To facilitate comparisons, plasma concentrations and kinetic para-
meters were converted to a molar basis using the molecular weight of
PFBS (300.1 g/mol), PFHxS (400.1 g/mol), and PFOS (500.1 g/mol).
The dose administered was converted to a mmol/kg value using the

Table 1
The route of administration and doses administered for the three sulfonates.

Chemical
Administered

Route Dose
(mg/kg)

Dose
(mmol/kg)

Time points of blood collection

KPFBS IV 4 0.0118 0.083, 0.25, 0.5, 0.75, 1, 1.5, 3, 6, 12, 24, 48 hrs (M & F)
Gavage 4 0.0118 0.083, 0.25, 0.5, 0.75, 1, 1.5, 3, 6, 9, 12, 24, 48 hrs (M & F)

20 0.0591
100 0.2957

PFHxSK IV 4 0.0091 0.083, 0.25, 0.5, 1, 3, 6, 12, 24, 192, 528, 864, 1200 hrs (M)
0.083, 0.25, 0.5, 1, 3, 6, 12, 24, 48, 96, 192, 288, 528 hrs (F)

Gavage 4 0.0091 0.25, 1, 3, 6, 12, 24, 192, 528, 864, 1200 hrs (M)
0.25, 1, 3, 6, 12, 24, 48, 96, 192, 288, 528 hrs (F)16 0.0365

32 0.0730
PFOS IV 2 0.004 0.083, 1, 6, 12, 24, 192, 528, 864, 1200 hrs, 11, 15, 20 wks (M & F)

Gavage 2 0.004 0.083, 1, 6, 12, 24, 192, 528, 864, 1200 hrs, 11, 15, 20 wks (M & F)
2 (x 5)a 0.020b

20 0.040

a Dose administered for 5 days.
b Total dose administered.
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molecular weight of the KPFBS (338.2 g/mol), PFHxSK (438.2 g/mol),
and PFOS (500.1 g/mol) (Table 1).

3. Results

There were no animals found dead or moribund due to toxicity and
no treatment-related clinical signs observed following an IV or gavage
administration at any dose level for the three PFAS.

3.1. PFBS

Plasma concentrations of PFBS over time are shown in Fig. 2A and
B. A two-compartment model was the best fit for male rats (IV and
gavage) and female rats (IV) while a one-compartment model was a
better fit for the female gavage exposure data. Toxicokinetic parameters
for PFBS are shown in Table 2. After IV administration, the Cmax in
males was 0.118mM. The overall plasma elimination (k10) half-life was
around 2 h. In females, the Cmax was similar to that in males. The k10
half-life was 6-fold faster in females compared to males, 0.36 h. The
AUC was approximately 7-fold lower and clearance was 7-fold faster in
females.

In males administered KPFBS by gavage, Cmax was reached by 1.4 to
2.4 h. The k10 half-life ranged from 2.7 to 4.4 h. Cmax and AUC in-
creased with dose in male rats, but these increases did not appear to be
dose-proportional. The dose-adjusted AUC decreased roughly 3-fold
from the 4 to 100mg/kg dose, while clearance increased 3-fold. In fe-
male rats, Cmax was lower and reached earlier than in males; Tmax was
under 1.5 h for all dose groups. The average k10 half-life was between

1.1 and 1.5 h in female rats, which was approximately 2 to 3-fold faster
than males. The AUC was 3 to 6-fold lower in females compared to
males given the same dose; clearance was around 3 to 6-fold higher in
females. As observed in males, the dose-adjusted AUC decreased while
clearance increased with increasing doses. The overall volume of dis-
tribution (V1+V2) was similar for both males (167–335mL/kg) and
females (165–415mL/kg). Bioavailability was generally higher in fe-
males than males and decreased in both sexes with increasing dose.

Liver, kidney, and brain tissues were collected at selected time
points in the 20mg/kg group of male and female rats up to 12 h post-
dose. Liver and kidney concentrations of PFBS were below the detection
limit at the last measured time point in females. Brain concentrations
were detected in all but the last time point in males and only at the first
time point in females. Overall, concentrations of PFBS were higher in
the liver than in the kidney in both sexes. PFBS concentrations in all
tissues decreased slightly over time, with females having a faster de-
crease than males (Fig. 3A, B). In males, liver:plasma ratios were gen-
erally above 1, dropping below 1.0 at 12 h, while kidney:plasma ratios
remained around 0.29 to 0.38 (Fig. 3C). In female rats, the liver:plasma
ratios were lower and kidney:plasma ratios were higher than those in
males (Fig. 3D). Brain:plasma ratios ranged from 0.01 to 0.02 in males
and was 0.02 in females at 0.5 h (data not shown).

3.2. PFHxS

Plasma concentrations of PFHxS over time are shown in Fig. 2C and
D. A two-compartment model was used to describe the data after an IV
administration while a one-compartment model was used for gavage

Fig. 2. Plasma concentrations (nM; mean and SEM) of PFBS, PFHxS, or PFOS in male and female Hsd:Sprague-Dawley rats after a single administration of chemical.
Three gavage and one iv dose were administered.

M.C. Huang, et al. Toxicology Reports 6 (2019) 645–655

648



administration (Fig. 2C, D). Toxicokinetic parameters for PFHxS are
shown in Table 3. After IV administration, male rats had a Cmax of
0.11mM and a k10 half-life of 13 days. Female rats had a similar Cmax

but the k10 half- life was ˜18-fold shorter, 0.7 days. AUC was 14-fold
lower and clearance approximately 14-fold higher in female rats com-
pared to males.

After gavage administration, the Cmax in males was reached within

7 h. The k10 half-life was around 2 weeks. The dose-adjusted AUC de-
creased with increasing dose and clearance remained approximately the
same. Females tended to have slightly lower Cmax at the same ad-
ministered dose and earlier Tmax. k10 half-life was ˜7.5-fold shorter than
in males. The AUC was 10-fold lower and clearance 10-fold faster in
females compared to males. The overall volume of distribution
(V1+V2) was similar for both males (123–224mL/kg) and females

Table 2
Summary of pharmacokinetic properties (mean ± SEM) in plasma after a single IV or gavage dose (three dose levels) of KPFBS in male and female Hsd:Sprague
Dawley Rats.

Male Female

Dose (mg/kg) 4a (IV) 4a 20a 100a 4a (IV) 4b 20b 100b

Cmax
c (mM) 0.118 ± 0.017 0.053 ± 0.008 0.250 ± 0.026 0.750 ± 0.070 0.104 ± 0.016 0.028 ± 0.001 0.129 ± 0.006 0.422 ± 0.035

Tmax
c (hr) n/a 2.37 ± 0.56 2.18 ± 0.24 1.42 ± 0.18 n/a 0.99 ± 0.13 0.71 ± 0.16 1.42 ± 0.27

k10 T1/2 (hr) 2.26 ± 0.33 4.37 ± 18.1 2.73 ± 0.84 2.86 ± 0.39 0.36 ± 0.03 1.50 ± 0.10 1.23 ± 0.12 1.11 ± 0.10
α T1/2 (hr) 0.53 ± 0.25 1.37 ± 31.5 2.37 ± 1.07 2.60 ± 0.61 0.28 ± 0.03 n/a n/a n/a
β T1/2 (hr) 4.22 ± 0.28 4.89 ± 1.67 5.36 ± 1.24 5.25 ± 1.19 0.95 ± 0.10 n/a n/a n/a
AUCc (μM*hr) 0.387 ± 0.023 0.513 ± 0.050 1.776 ± 0.150 4.399 ± 0.332 0.053 ± 0.004 0.088 ± 0.011 0.364 ± 0.078 1.289 ± 0.165
AUCc / Dose (μM *hr/mg/kg) 0.097 ± 0.006 0.128 ± 0.012 0.089 ± 0.007 0.044 ± 0.003 0.013 ± 0.001 0.022 ± 0.003 0.018 ± 0.004 0.013 ± 0.002
CL (mL/hr/kg) 34.5 ± 2.0 26.0 ± 2.5 37.6 ± 3.1 75.5 ± 5.8 252 ± 18 152 ± 20 183 ± 39 259 ± 33
V1 (mL/kg)d 113 ± 16 164 ± 677 148 ± 52 311 ± 55 123 ± 12 328 ± 57 326 ± 95 415 ± 83
V2 (mL/kg)e 74.8 ± 18.8 13.3 ± 544 19.0 ± 17.7 23.9 ± 19.5 42 ± 7 n/a n/a n/a
Ff (%) n/a 133 92 46 n/a 166 137 97

n/a: not applicable.
CL=clearance.
F=bioavailability.
T1/2=half-life.
a Two-compartment model.
b One-compartment model.
c Predicted from model.
dVolume of distribution for the central compartment.
eVolume of distribution for the peripheral compartment.
f Estimated by dividing dose-normalized IV AUC by dose-normalized Gavage AUC.

Fig. 3. Tissue concentrations (nM; mean and SEM) and tissue:plasma ratios (mean and SEM) in male (A, C) and female (B, D) Hsd:Sprague-Dawley rats after a single
gavage administration of KPFBS (20 mg/kg).
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(155–264mL/kg). Bioavailability decreased approximately 2-fold with
increasing dose in both males and females.

Following a single gavage administration of 16mg/kg PFHxSK in
male and female rats, PFHxS was detected in the liver and kidney at all
timepoints (Fig. 4A). In the brain, PFHxS was below detection limit at
the last time point in males and at the last two time points in females.
Concentrations of PFHxS were highest in the liver and around 1 to 3-
fold less in the kidney. In the brain, PFHxS concentrations were ˜40-fold
lower than liver concentrations. In females, tissue concentrations of
PFHxS were similar to concentrations in males but decreased faster over

time (Fig. 4B). Liver:plasma ratios were less than one at all time points
(range of 0.50 to 0.82) and increased over time (Fig. 4C). In females,
liver:plasma ratios ranged from 0.29 to 0.55 and had minimal changes
over time (Fig. 4D). Kidney:plasma ratios were between 0.23 and 0.31
in males and 0.26 and 0.44 in females with minimal change over time.
Brain:plasma ratios of PFHxS were low in both sexes, ranging from
0.01-0.02 (data not shown).

Table 3
Summary of pharmacokinetic properties (mean ± SEM) after a single IV or gavage dose (three dose levels) of PFHxSK in male and female Hsd:Sprague Dawley Rats.

Male Female

Dose (mg/kg) 4 (IV)a 4b 16 b 32 b 4 (IV) a 4 b 16 b 32 b

Cmax
c (mM) 0.11 ± 0.01 0.08 ± 0.01 0.29 ± 0.02 0.41 ± 0.04 0.15 ± 0.03 0.06 ± 0.01 0.21 ± 0.02 0.30 ± 0.02

Tmax
c (hr) n/a 6.90 ± 1.26 5.89 ± 0.82 5.28 ± 0.99 n/a 2.81 ± 0.38 2.24 ± 0.48 1.87 ± 0.43

k10 T1/2 (days) 13.0 ± 1.5 17.6 ± 1.8 16.5 ± 1.1 14.8 ± 1.2 0.70 ± 0.08 2.33 ± 0.07 2.19 ± 0.06 1.98 ± 0.05
α T1/2 (hr) 13.0 ± 3.8 n/a n/a n/a 0.70 ± 0.31 n/a n/a n/a
β T1/2 (days) 33.8 ± 6.4 n/a n/a n/a 1.56 ± 0.04 n/a n/a n/a
AUCc (μM*hr) 50.74 ± 4.97 49.74 ± 4.00 167.0 ± 9.5 212.7 ± 15.0 3.65 ± 0.17 5.20 ± 0.22 16.30 ± 1.02 20.84 ± 1.30
AUCc / Dose (μM *hr/mg/kg) 12.7 ± 1.4 12.4 ± 1.0 10.4 ± 0.6 6.65 ± 0.47 0.912 ± 0.044 1.30 ± 0.06 1.02 ± 0.06 0.651 ± 0.041
CL (mL/hr/kg) 0.197 ± 0.019 0.201 ± 0.016 0.239 ± 0.014 0.376 ± 0.027 2.73 ± 0.13 1.92 ± 0.09 2.46 ± 0.15 3.84 ± 0.24
V1

d (mL/kg) 88.4 ± 5.1 123 ± 11 137 ± 9 192 ± 17 66.3 ± 7.6 155 ± 9 186 ± 14 264 ± 20
V2

e (mL/kg) 136 ± 27 n/a n/a n/a 77.6 ± 10.8 n/a n/a n/a
Ff (%) n/a 98 82 52 n/a 142 112 71

n/a: not applicable.
CL=clearance.
F=bioavailability.
T1/2=half-life.
aTwo-compartment model.
bOne-compartment model.
c Predicted from model.
dVolume of distribution for the central compartment.
eVolume of distribution for the peripheral compartment.
f Estimated by dividing dose-adjusted IV AUC by dose-adjusted Gavage AUC.

Fig. 4. Tissue concentrations (nM; mean and SEM) and tissue:plasma ratios (mean and SEM) in male (A, C) and female (B, D) Hsd:Sprague-Dawley rats after a single
gavage administration of PFHxSK (16mg/kg).
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3.3. PFOS

Plasma concentrations of PFOS over time are shown in Fig. 2E and
F. A two-compartment model was used to describe the plasma con-
centration data after IV and gavage exposure (single or repeat dosing of
PFOS). Toxicokinetic parameters are shown in Table 4. After IV ad-
ministration in males, the Cmax was 0.01mM and the k10 half-life was
22 days. There were no sex differences observed.

After gavage administration of 2mg/kg, the Cmax in male rats was
similar to the Cmax reached with IV administration and the Tmax was
14 h (Table 4). The Cmax reached in the 20mg/kg dose group was
proportional, 0.21mM. Additionally, the Cmax in animals following
repeat dosing (10mg/kg total dose) was about half of the Cmax seen
with a single dose of 20mg/kg. The plasma k10 half-life ranged from 14
to 19 days for all doses. The AUC increased proportionally with dose,
indicated by only slight increases in the dose-adjusted AUC. Clearance
in animals dosed with 20mg/kg was lower than clearance in 2mg/kg
animals. Clearance following repeat dosing was 4 to 6-fold lower than
the clearance observed with single administration doses. In female rats,
the Cmax, Tmax, and k10-half-life were similar to those in male rats. The
AUC was on average 1.5-fold higher and clearance 1.5-fold lower in
females compared to males. Bioavailability slightly increased in both
males and females with increasing dose. The overall volume of dis-
tribution (V1+V2) was similar at the 2 and 20mg/kg dose for both
males (524 and 78.5 mL/kg, respectively) and females (315 and
55.1 mL/kg, respectively). With repeat dosing, the overall volume of
distribution was 299mL/kg in males and 222.3mL/kg in females.

Tissue concentrations of PFOS were dose-dependent and decreased
gradually over time (Fig. 5). Following a single administration of either
2mg/kg or 20mg/kg PFOS in rats, PFOS was detected in all liver and
kidney samples, with liver having the highest concentrations of PFOS.
In the brain, PFOS was detected at all timepoints in the 20mg/kg dose
group. PFOS was not detected in the brain at the last time point in male
rats with repeat dosing or in the 2mg/kg animals, except at the 24 h
timepoint. In males, the liver:plasma ratio was greater than one at all
time points and increased over time for all doses, most dramatically in
the 2mg/kg dose group (Fig. 6A). In female rats, liver:plasma ratio
remained between 3 and 4 in the 2mg/kg dose group over time
(Fig. 6B). In the female repeat dose and 20mg/kg group, liver:plasma
ratios were initially lower (1 to 2.5) and increased to similar ratios as
seen in the 2mg/kg group by the last time point. PFOS kidney:plasma

ratio was close to one in males and between 1 and 2 in female rats;
these ratios remained steady over time (Fig. 6C, D). Brain:plasma ratios
ranged from 0.06 to 0.12 in males and 0.04 to 0.10 in females in the
20mg/kg group, with no apparent change over time (Fig. 6E, F). Repeat
gavage dosing of 2mg/kg over five days led to brain:plasma ratios of
0.09-0.13 in both sexes.

4. Discussion

Understanding the kinetics of PFAS in animals, which can vary due
to multiple factors including carbon chain length as well as the sex and
strain of the animal, is important for evaluating the human relevance of
PFAS toxicity studies and for comparing across subclasses of PFAS.
Thus, to inform the interpretation of the NTP’s toxicity data, the NTP
evaluated the toxicokinetics of seven PFAS chemicals in male and fe-
male Hsd:Sprague-Dawley rats. Here, we report toxicokinetic para-
meters and tissue concentrations for three of these chemicals: PFBS,
PFHxS, and PFOS. Since humans are exposed to PFAS primarily through
drinking water, the oral gavage experiments are more pertinent; the IV
experiments were used to determine bioavailability.

Following gavage administration, absorption of all three PFAS oc-
curred within 24 h, along with distribution into tissues. PFBS, PHFxS,
and PFOS were detected in the liver, kidney, and brain with the most
accumulation in the liver, followed by the kidney, and low concentra-
tions in the brain. These findings are consistent with previous reports
on tissue distribution of these PFAS [13–15]. The liver:plasma ratios of
all three PFAS were much higher than ratios in kidney or brain, which is
consistent with the liver being a primary target organ of PFAS accu-
mulation and toxicity [3,16]. With the exception of PFOS in the liver,
the tissue:plasma ratios of the PFAS were around one or less. Ad-
ditionally, the volume of distribution for all PFAS in this study was
below the aqueous volume of total body water in rats (668mL/kg).
Taken together, these results support the previous literature indicating
that PFAS remain in the plasma, likely due to their high binding affinity
to serum albumin [17,18]. No major changes in tissue accumulation of
PFOS or in systemic exposure were seen with repeat dosing. Tissue
concentrations of PFOS from rats following repeat dosing (5 doses of
2mg/kg/day) were between concentrations from the 2 and 20mg/kg
dose groups and the tissue:plasma ratios were similar to the other doses.

Due to consistencies in study design, we were able to compare ki-
netics across three PFAS with different chain lengths. Our results

Table 4
Summary of pharmacokinetic properties (mean ± SEM) after a single IV, single gavage dose (2 and 10mg/kg), or repeated dose (2mg/kg/day for five days) of PFOS
in male and female Hsd:Sprague Dawley Rats.

Male Female

Dose (mg/kg) 2 (IV) 2 2 (x5)a 20 2 (IV) 2 2 (x5)a 20

Cmax
b (mM) 0.01 ± 0.01 0.01 ± 0.01 0.11 ± 0.01 0.21 ± 0.03 0.01 ± 0.01 0.02 ± 0.01 0.14 ± 0.02 0.27 ± 0.03

Tmax
b (hr) n/a 14.3 ± 2.7 0.94 ± 0.15 16.4 ± 2.78 n/a 12.2 ± 5.2 0.92 ± 0.16 13.7 ± 3.3

k10 T1/2 (days) 22.0 ± 2.1 19.9 ± 3.8 19.0 ± 3.2 14.5 ± 2.1 23.0 ± 3.7 28.4 ± 11.0 21.1 ± 4.3 18.0 ± 3.1
α T1/2 (days) 4.6 ± 2.7 3.1 ± 2.4 0.3 ± 0.1 4.0 ± 2.9 0.3 ± 0.3 0.8 ± 2.1 0.3 ± 0.2 2.2 ± 3.0
β T1/2 (days) 39.7 ± 4.4 40.5 ± 5.5 33.4 ± 4.2 35.8 ± 4.2 32.8 ± 3.7 40.7 ± 3.5 40.0 ± 2.5 36.0 ± 4.0
AUCb (μM*hr) 7.32 ± 0.42 9.86 ± 0.74 58.18 ± 3.00 149.76 ± 10.60 10.72 ± 0.78 17.74 ± 1.02 89.18 ± 5.00 213.94 ± 16.00
AUCb / Dose (μM *hr/mg/kg) 3.66 ± 0.21 4.93 ± 0.37 5.82 ± 0.30 7.49 ± 0.53 5.36 ± 0.39 8.87 ± 0.51 8.92 ± 0.50 10.67 ± 0.80
CL (mL/hr/kg) 0.546 ± 0.031 0.406 ± 0.031 0.068 ± 0.004 0.267 ± 0.019 0.373 ± 0.027 0.226 ± 0.013 0.045 ± 0.003 0.186 ± 0.013
V1

c (mL/kg) 417 ± 31 280 ± 48 176 ± 27 34.6 ± 4.8 297 ± 43 222 ± 84 136 ± 25 27.9 ± 4.7
V2

d (mL/kg) 264 ± 71 244 ± 81 123 ± 42 43.9 ± 7.7 124 ± 62 93.4 ± 93.0 86.3 ± 37.3 27.5 ± 6.5
Fe (%) n/a 135 159 205 n/a 165 166 200

n/a: not applicable.
F = Bioavailability.
T1/2=half-life.
a Dose administered over five days.
b Predicted from model (two-compartment).
cVolume of distribution for the central compartment.
dVolume of distribution for the peripheral compartment.
eEstimated by dividing dose-adjusted IV AUC by dose-adjusted Gavage AUC.
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showed that PFOS had the highest Tmax out of the three. The dose-
adjusted AUC was much lower in males exposed to PFBS compared to
males exposed to PFHxS or PFOS (Fig. 7A). AUC also increased with
chain length in females, where PFBS had the lowest and PFOS had the
highest AUC (Fig. 7B). Shorter chain length PFAS had a shorter half-life
than longer-chain analytes, corroborating findings from other studies
(Ohmari et al., 2003; [8]). Since blood levels of PFAS were not mea-
sured, tissue:plasma ratios were used to compare tissue accumulation.
The plasma:blood partitioning for the three sulfonate PFAS studied here
have not been determined in rodents. In humans, PFOS, PFHxS and
other anionic PFAS show preferential binding in plasma with plasma:-
blood ratios of around 2:1 [19,20]. Plasma:blood partitioning for PFBS
has not been reported in humans. However, PFBS does bind to human
serum albumin [18]. Thus, using the assumption that the three PFAS
evaluated in this study have plasma:blood ratios of 2:1 in both male and
female rats, tissue:plasma ratios reported in this study underestimate
tissue:blood ratios and comparisons across chemicals and sexes can be
made. In our study, the tissue:plasma ratios of PFOS tended to be higher
than PFBS or PFHxS. In summary, shorter chain lengths were associated
with faster absorption, less tissue distribution, and higher elimination,
leading to less systemic exposure.

Differences in elimination and systemic exposure due to chain
length of PFAS have been reported in other studies and may be due to a
variety of mechanisms. Shorter chain PFAS have increased solubility
which could contribute to faster elimination and differences in tissue
absorption (Danish EPA 2015). Additionally, longer chain carboxylate
PFAS were associated with increased induction of efflux transporter
proteins, ABCB1 and ABCC1, in hepatocytes (Rusiecka and
Składanowski, 2008), potentially influencing their elimination. Since
humans are typically exposed to numerous PFAS at a time, changes in

transporter proteins induced by long-chain PFAS may modify the
transport kinetics of other PFAS. Furthermore, chain length may in-
fluence the binding of PFAS to proteins. Short-chain PFAS have less
affinity for serum proteins than the long-chain chemicals and carbox-
ylate PFAS have stronger affinities than the sulfonate ones [17,18].
Because PFAS can also bind to proteins within tissues such as liver fatty
acid-binding protein [21], differences in the affinity for these proteins
could also lead to differences in tissue retention and elimination.
However, given species differences in protein expression and activity,
the association between chain length and kinetics observed in rats may
not be maintained in humans. For instance, the half-life of PFHxS in
humans is considerably longer than that of PFOA and PFOS [11,22,23].

There was some evidence of saturation or induction of elimination
with administration of these PFAS. Changes in dose-adjusted AUC with
increasing dose have also been observed in Charles River Sprague-
Dawley rats exposed to PFOS [15]. Since these PFAS are not known to
be metabolized further in the body [3], stimulation of elimination or
saturation of binding proteins/transporters may explain the changes in
dose-adjusted AUC. High-affinity resorption processes in the kidney
may play a primary role in PFAS kinetics, leading to sex differences and
longer half-lives for longer chain chemicals, but also are saturable such
that at higher doses the dose-adjusted systemic exposure decreases
[24]. In addition to renal resorption, perfluorinated alkyl acids, in-
cluding the sulfonate PFAS, are thought to undergo hepatic transport
and enterohepatic circulation (Johnson 1984; [25,3]). PFBS, PFHxS,
and PFOS were found to be transported by both rat and human bile-acid
transporting protein Na+/taurocholate cotransporting polypeptide
(NTCP) [26]. The high bioavailability (> 100%) observed at some
doses may also be due to enterohepatic circulation, occurring with
gavage but not IV administration.

Fig. 5. Liver and kidney concentrations (nM; mean and SEM) in male and female Hsd:Sprague-Dawley rats after a single gavage administration of PFOS (2 or 20mg/
kg) or multiple administrations of PFOS (2mg/kg/day for five days).
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Sex differences in toxicokinetics were observed with PFHxS, to a
lesser extent with PFBS, but not with PFOS. These findings are generally
consistent with the available literature of these PFSAs. In this study,
PFBS, the shortest of the PFAS studied here, had a plasma k10 half-life
on the order of ˜3-4 h in males and 1–2 hours in females after gavage

administration. Sex differences in PFBS kinetics have been reported but
the literature is inconsistent [27,28]. In this study, the male half-life of
PFHxS was a little more than two weeks, while females displayed a half-
life of around two days. Similarly, a previous report in Sprague-Dawley
rats given 4mg/kg PFHxS orally found females to have a half-life of

Fig. 6. Tissue/plasma ratio (mean and SEM) for male and female Hsd:Sprague Dawley SD rats after a single gavage administration of PFOS (2 or 20mg/kg) or
multiple administrations of PFOS (2mg/kg/day for five days).

Fig. 7. Dose-adjusted area under the curve (AUC) of plasma concentrations vs. time of PFBS, PFHxS, or PFOS in male (A) and female (B) Hsd:Sprague-Dawley rats
after a single gavage administration of chemical.
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around 2 days and males, 27 days [29]. For both PFBS and PFHxS, AUC
and dose-adjusted AUC in plasma were lower and clearance was higher
in females compared to males. The lower Cmax and higher clearance of
PFBS in females has been reported in monkeys and rats [28] but was not
found in exposures of PFHxS to CD-1 mice or monkeys [14]. In this
study, female rats tended to have lower liver, kidney, and brain con-
centrations of PFBS and PFHxS and faster elimination of these chemi-
cals from the tissues than their male counterparts. This sex difference
has been reported for PFHxS [14], but PFBS tissue distribution has been
previously studied only in male rodents [13].

The longest chain PFSA, PFOS, had a half-life in the range of 33–40
days and did not display a sex difference in half-life after IV or gavage
administration. Similarly, other studies have reported that the plasma
half-life of PFOS was not different between sexes [29,30]. One report
did find a sex difference in half-life: Charles River Sprague Dawley rats
followed for 10 weeks after an oral dose of 2 or 15mg/kg showed a 2-
fold increase in half-life in females compared to males, 62 vs 38 days
[15]. AUC was slightly higher in females than males in our study, which
was the opposite of PFBS and PFHxS. and consistent with the Chang
et al., 2012 report, but not Kim et al., 2016. Sex differences in liver,
kidney, and brain concentrations of PFOS were not apparent in our
study, which is consistent with values reported in another study [15].

The sex-dependence of elimination and tissue absorption reported in
rats has been attributed to differential expression of renal organic anion
transporters that facilitate resorption [31,32]. Binding of PFAS to sex-
specific proteins such as liver and kidney-form α2μ-globulin may also
contribute to inefficient clearance in males [33]. While many of these
mechanistic studies focus on PFOA and other perfluorinated carbox-
ylates, sulfonate PFAS may also have these interactions, given their
similar structure.

The doses used in these studies greatly exceed the levels that hu-
mans are exposed to in the environment. Using body surface area
normalization [34], the human equivalent doses of doses in this study
range from 0.32 to 16mg/kg/day. In comparison, concentrations of
perfluorinated sulfonic acids that have been detected in drinking water
around the world range from 0.24 to 27 ng/L [35–37], though con-
centrations in the 1700–8000 ng/L range have also been observed [22].
The amounts in drinking water do not come close to the exposures used
in this animal study. Internal dose is also helpful in comparing animal
with human exposures. Human plasma concentrations of PFHxS and
PFOS have been found in the range of 0.1 to 70.7 ng/ml. PFBS in
plasma was below detection limit in multiple studies ([38,39]; when
detectable, concentrations of PFBS tend to be very low (e.g. 0.06 and
0.46 ng/ml) (Jansen et al., 2019; [37]). Plasma concentrations in ani-
mals from this study are multiple orders of magnitude higher than
observed human plasma concentrations. Despite the high dose and in-
ternal exposure in animals compared to human exposures, this study
was designed to evaluate the kinetics of the PFAS, which cannot be
done in a controlled and systematic manner in humans, and not ne-
cessarily to evaluate risk and toxicity. These animal studies thus pro-
vide an idea of the trends in elimination of PFAS that could be expected
to occur in humans.

The kinetics of PFOS and PFOA have been studied extensively, but
less is known about the toxicokinetics of short-chain PFAS, such as PFBS
and PFHxS. Our study corroborated much of the currently available
literature on PFOS toxicokinetics and expanded the knowledge base on
PFBS and PFHxS. Furthermore, our study provided a direct comparison
of kinetics across three different chain length PFAS. In Sprague-Dawley
rats in our study, shorter chain PFAS had faster plasma and tissue
elimination and lower systemic exposure compared to longer-chained
chemicals. Sex differences were found in the kinetic parameters and
tissue distribution of PFBS and PFHxS, but not of PFOS. Because these
toxicokinetic studies were conducted in the same strain as studies done
with carboxylate PFAS and studies assessing PFAS toxicity at the NTP,
these data will facilitate future discussions comparing the kinetics and
toxicities of perfluoroalkyl carboxylic and sulfonic acids as well as how

the toxicity observed in rodents translates to human risk.
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