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BACKGROUND: Hexafluoropropylene oxide dimer acid [(HFPO-DA), GenX] is a member of the per- and polyfluoroalkyl substances (PFAS) chemical
class, and elevated levels of HFPO-DA have been detected in surface water, air, and treated drinking water in the United States and Europe.

OBJECTIVES: We aimed to characterize the potential maternal and postnatal toxicities of oral HFPO-DA in rats during sexual differentiation. Given
that some PFAS activate peroxisome proliferator-activated receptors (PPARs), we sought to assess whether HFPO-DA affects androgen-dependent
development or interferes with estrogen, androgen, or glucocorticoid receptor activity.

METHODS: Steroid receptor activity was assessed with a suite of in vitro transactivation assays, and Sprague-Dawley rats were used to assess mater-
nal, fetal, and postnatal effects of HFPO-DA exposure. Dams were dosed daily via oral gavage during male reproductive development (gestation days
14-18). We evaluated fetal testes, maternal and fetal livers, maternal serum clinical chemistry, and reproductive development of F1 animals.

REesuLTS: HFPO-DA exposure resulted in negligible in vitro receptor activity and did not impact testosterone production or expression of genes key
to male reproductive development in the fetal testis; however, in vivo exposure during gestation resulted in higher maternal liver weights
(>62.5 mg/kg), lower maternal serum thyroid hormone and lipid profiles (>30 mg/kg), and up-regulated gene expression related to PPAR signaling
pathways in maternal and fetal livers (>1 mg/kg). Further, the pilot postnatal study indicated lower female body weight and lower weights of male
reproductive tissues in F1 animals.

ConcLusIONS: HFPO-DA exposure produced multiple effects that were similar to prior toxicity evaluations on PFAS, such as perfluorooctane sulfo-
nate (PFOS) and perfluorooctanoic acid (PFOA), but seen as the result of higher oral doses. The mean dam serum concentration from the lowest dose
group was 4-fold greater than the maximum serum concentration detected in a worker in an HFPO-DA manufacturing facility. Research is needed to
examine the mechanisms and downstream events linked to the adverse effects of PFAS as are mixture-based studies evaluating multiple PFAS.

https://doi.org/10.1289/EHP4372

Introduction

Per- and polyfluoroalkyl substances (PFAS) are a group of high-
profile contaminants of emerging concern; the concern is primarily
due to extensive research indicating these compounds have
extreme environmental persistence (Awad et al. 2011), widespread
occurrence (Kaboré et al. 2018; Kannan et al. 2004; Pan et al.
2018), long biological half-lives (Li et al. 2018), and nearly ubiqui-
tous human exposure (Calafat et al. 2007). Further, there is
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concern for human health effects due to laboratory animal and ep-
idemiological research on both perfluorooctane sulfonate (PFOS)
and perfluorooctanoic acid (PFOA). When administered throughout
gestation, both PFOS and PFOA have been shown to produce
adverse effects in rodent models, including extensive pup mortality
and reduced growth rates (Grasty et al. 2003; Lau et al. 2003;
Thibodeaux et al. 2003), and their administration is also correlated
with increased incidence rates of thyroid dysfunction (Coperchini
etal. 2017) and low birth weight (Apelberg et al. 2007) in human
populations. Because of the combination of these factors, PFOS
was primarily phased out of production by 2002, and subse-
quently added to Annex B of the Stockholm Convention, and the
U.S. EPA has set drinking water health advisories for PFOS and
PFOA at 70 parts per trillion (U.S. EPA 2016b). Similarly, begin-
ning in 2006 the major manufacturers of PFOA voluntarily agreed
to phase out production by 2015 (U.S. EPA 2006). However, a vari-
ety of structural analogs have been developed and utilized as
replacement compounds in the production of a range of consumer
and industrial products for which fluoropolymers provide desirable
characteristics (Wang et al. 2013; Wang et al. 2017b).
Hexafluoropropylene oxide dimer acid [(HFPO-DA), GenX] is
aPFAS compound that is used as a polymerization aid in the manu-
facturing of high-performance fluoropolymers following the phase
out of PFOA (Beekman et al. 2016). Recent environmental moni-
toring studies in North Carolina and the Netherlands have reported
elevated levels of HFPO-DA, among other PFAS, in air, ground-
water, and surface water sampled within the proximity of manufac-
turing sites and in drinking water originating from contaminated
surface sources (Gebbink et al. 2017; McCord et al. 2018; Strynar
et al. 2015; Sun et al. 2016). Despite the extensive in vivo toxicity
research available for PFOS and PFOA, relatively little peer-
reviewed experimental data exist for HFPO-DA or the other PFAS
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analogs that have been recently detected. In addition to peer-
reviewed studies (Caverly Rae et al. 2015; Gannon et al. 2016;
Rushing et al. 2017; Wang et al. 2017a), guideline registration stud-
ies from the manufacturer of HFPO-DA are publicly available
(https://hero.epa.gov/hero/index.cfm/project/page/project_id/2627);
however, even though in utero exposure to PFOS and other PFAS
induced extensive neonatal mortality and reduced offspring body
weights in rats, similar studies have not been conducted with HFPO-
DA to our knowledge. Overall, the paucity of data has led to calls for
coordinated efforts to screen and assess the toxicity of the myriad
PFAS currently detected in environmental matrices (Bruton and
Blum 2017; Wang et al. 2017b).

PFOS and PFOA are known activators of peroxisome
proliferator-activated receptors (PPARs), primarily alpha (PPARa)
and gamma (PPARY) (Vanden Heuvel et al. 2006). HFPO-DA is
hypothesized to activate PPARs based on observed up-regulation
of PPAR-signaling pathway genes (Wang et al. 2017a), increased
markers of liver peroxisome proliferation (DuPont 2008a, 2008b;
Rushing et al. 2017), and increased liver weight in mice and/or rats
(Caverly Rae et al. 2015; DuPont 2008a, 2008b; Rushing et al.
2017; Wang et al. 2017a). Some phthalate ester metabolites are
also PPAR activators (Lapinskas et al. 2005) and in utero exposure
reduces gene expression of steroidogenic enzymes and decreases
production of testosterone in the testes of male offspring, leading
to reproductive tract malformations in rats (Hannas et al. 2011;
Mylchreest et al. 2002; Parks et al. 2000; Wilson et al. 2004b).
Similarly, Zhao et al. (2014) reported that PFOS reduced testoster-
one production and impaired fetal rat Leydig cells following in
utero exposure. The specific molecular initiating event(s) (MIE)
by which PFOS and some phthalate esters produce male reproduc-
tive toxicity remain(s) elusive; however, it has been proposed that
activation of PPAR, specifically PPARa, plays an essential role
(Corton and Lapinskas 2005; Gazouli et al. 2002; Nepelska et al.
2015). If this MIE is truly responsible for the anti-androgenic
effects of phthalates, then oral exposure to other proposed PPAR
agonists, such as HFPO-DA, would be expected to reduce male
testis testosterone production in utero and cause male rat reproduc-
tive tract malformations, similar to the active phthalates.

In regard to the above concerns, there were two goals for the
present study. First, we were interested in identifying whether
HFPO-DA, like other PFAS, activates PPAR signaling pathways
and, if so, does this lead to a reduction in fetal testis testosterone
production resulting in the subsequent increase in the incidence/
severity of male reproductive defects. Second, we wanted to le-
verage these experiments to provide additional relevant in vivo
data on the potential for gestational oral HFPO-DA exposure to
produce toxic effects in the mother or offspring. We conducted
studies with pregnant rats dosed during the specific gestational
window critical to masculinization of the male fetal reproductive
tract [gestation days (GD) 14-18] (Carruthers and Foster 2005).
We evaluated and report on a range of effects primarily related to
the maternal and fetal livers, circulating maternal thyroid hor-
mones and lipids, and a single-dose level pilot study on postnatal
development. Further, because of prior conflicting reports on the
endocrine receptor activity of PFAS and the potential relevance
to mammalian reproductive development, we assessed the estro-
gen, androgen, and glucocorticoid receptor activity (agonism/
antagonism) of HFPO-DA using in vitro transcriptional activa-
tion assays.

Methods

Dosing Solutions

Dosing solutions were prepared using high-performance liquid
chromatography-grade water purchased from Honeywell Research
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Chemicals and HFPO-DA ammonium salt (CAS: 62037-80-3;
Product No.: 2122-3-09; Lot: 00005383) purchased from
SynQuest Laboratories. HFPO-DA purity was 100% as determined
by the supplier via perchloric acid titration. Dosing was adminis-
tered once daily via oral gavage at 2.5 mL/kg body weight across
arange of 1-500 mg HFPO-DA/kg-body weight per day (specific
doses for different studies reported below). Doses were selected
based on data from existing developmental toxicity studies
on HFPO-DA in Sprague-Dawley rats. A published study by
Caverly Rae et al. (2015) reported 1 mg/kg perday was a no
observed adverse effect level NOAEL) and 500 mg/kg per day
was an upper dose that was tolerated in the rat. Further, an
industry guideline prenatal developmental toxicity study by
DuPont (2010) reported a NOAEL of 10 mg/kg per day and that
1,000 mg/kg perday was overtly toxic to the dam. The doses
utilized in the present experiments were chosen to evaluate the
reported NOAELSs and allow for full dose—response assessment
while avoiding overt maternal toxicity at highly elevated doses.

Animals

Time-mated Sprague-Dawley rats [Crl:CD(SD)], approximately
90 d of age, were purchased from Charles River Laboratories and
shipped to the National Health and Environmental Effects Research
Laboratory at the U.S. EPA in Research Triangle Park, North
Carolina, on GD2 (GDO =bred date; GD1 = plug positive date).
Dams and their offspring were housed individually in clear polycar-
bonate cages (20 X 25 x 47 cm) with heat-treated, laboratory-grade
pine shavings and fed NIHO7 rodent diet and filtered (5 pm) munici-
pal tap water ad libitum. Dams were weight-ranked and stratified
then randomly assigned to treatment groups to produce similar
mean weights and variances. This study was conducted in accord-
ance with a protocol approved by the U.S. EPA National Health and
Environmental Effects Research Laboratory’s Institutional Animal
Care and Use Committee. Animals were housed in a facility accred-
ited by the Association for Assessment and Accreditation of
Laboratory Animal Care and maintained at 20-22°C, 45-55% hu-
midity, and a 12:12 h photoperiod (lights off at 1800 hours).

Evaluation of Fetal and Maternal Effects during Gestation

A total of three blocks of 15 dams per block were dosed once
daily from GD14-18 with either water vehicle (control) or
HFPO-DA to evaluate fetal and maternal effects (Figure 1A).
The first block of dams was dosed with control, 62.5, 125, 250,
or 500 mg/kg HFPO-DA (n=3 dams for each). The second and
third blocks of dams were dosed with control, 1, 3, 10, or
30 mg/kg HFPO-DA (n=3 per dose per block). Total sample
sizes were n=9 for control, n=6 for 1, 3, 10, 30 mg/kg, and
n=3 for 62.5, 125, 250, and 500 mg/kg HFPO-DA. In the first
two blocks, spanning the entire dose range, we evaluated fetal
testis testosterone production, fetal testis gene expression, fetal
and maternal liver gene expression, fetal body weight, and mater-
nal serum thyroid hormone and lipid concentrations. In the third
block, encompassing the lower dose range utilized here, we col-
lected fetal plasma for measuring HFPO-DA concentrations.
Across all three blocks we evaluated maternal weight gain during
dosing, reproductive output (number of fetuses and resorptions),
maternal serum HFPO-DA concentration, and maternal liver
weight at necropsy.

For the first two blocks, spanning the full dose range, late ges-
tation (GD18) dams were euthanized by decapitation at ~ 2 h af-
ter the final oral dose [~ 0830-1000 hours Eastern Standard
Time (EST)]. Trunk blood was collected and serum isolated via
centrifugation (10,000 X g for 15 min at 4°C) in vacutainer tubes,
transferred to 1.5-mL microcentrifuge tubes and stored at —80°C.
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A) Evaluation of fetal and maternal effects during gestation

GDO GD14 GD18 0

Fo -

Liver PPAR pathway gene expression
+ Liver weight

Serum [lipids] and [thyroid hormones]
» Serum [HFPO-DA]

F,| Collect fetal tissues |—> .

Testis testosterone production
Testis gene expression

* 3-9 dams/litters per dose group

+ 0,1,3,10, 30, 62.5, 125, 250, 500 mg HFPO-DA/kg/d .

+ Liver PPAR pathway gene expression
Plasma [HFPO-DA]*
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Figure 1. Schematic diagram of study designs for evaluating maternal, fetal, and postnatal effects of oral gestational hexafluoropropylene oxide dimer acid
(HFPO-DA) exposure. Both (A) fetal and (B) postnatal study designs used oral gavage dosing from gestation day (GD) 14-18 at the indicated exposure levels.
Fetal plasma HFPO-DA concentration (¥) was only evaluated at doses of 0-30 mg/kg per day. AGD, anogenital distance; NR, nipple retention; PND, postnatal
day; PPAR, peroxisome proliferator-activated receptor; PPS, preputial separation; VO, vaginal opening.

Dam liver weight was recorded and a sample of liver tissue was
collected into a polypropylene microcentrifuge tube containing
500 uL. TRIzol Reagent (Invitrogen) on ice. Fetuses were
removed and two randomly selected fetuses per litter were
weighed. Fetal testes were collected from all male pups with a
single testis from the first three males used for determination of
ex vivo testosterone production and the remaining testes were ho-
mogenized and preserved in TRIzol Reagent for gene expression
analysis. The liver was collected from a single, randomly selected
fetus per dam/litter for gene expression analysis and transferred
to a polypropylene microcentrifuge tube containing 500 pL
TRIzol Reagent (Invitrogen) on ice. Both dam and fetal liver
samples were individually homogenized using a Bullet Blender
(Next Advance) with 1-mm zirconium oxide beads, transferred to
clean tubes, and stored at —80°C prior to RNA extraction (see
below). Ex vivo fetal testis testosterone production was measured
as previously reported (Wilson et al. 2004b) except the radioim-
munoassay (RIA) utilized here was supplied by ALPCO (Catalog
No. 72-TESTO-CT2, ALPCO). Briefly, one testis was isolated
from each of three separate male fetuses in each litter and incu-
bated in a humidified atmosphere at 37°C for 3 h in 500 pL of
M-199 media (phenol red—free; Hazelton Biologics, Inc.) supple-
mented with 10% dextran-coated charcoal-stripped fetal bovine
serum (Hyclone Laboratories) in 24-well plates under gentle agi-
tation. After incubation, media were removed and stored in sili-
conized microcentrifuge tubes at —80°C until RIA analyses,
which were performed according to manufacturer specifications.
Gene expression in fetal testes and fetal/maternal livers was
assessed using reverse transcriptase real-time PCR of cDNA
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synthesized from RNA extracted from sample homogenates.
RNA extraction was conducted according to TRIzol Reagent
manufacturer specifications using chloroform and isopropanol.
Following extraction, RNA was purified using the RNeasy Mini
Kit (Catalog No. 74104; Qiagen). RNA concentration and purity
(260:280 ratio >1.8) were determined with a NanoDrop 2000
spectrophotometer (Thermo Scientific). For the fetal testes, a 96-
well gene array plate was previously custom designed to contain
89 target genes and 3 housekeeping genes, an intra-assay control,
a genomic DNA control, a reverse transcriptase control, and a
positive PCR control [see Table S1; SABioscience; (Hannas et al.
2012)]. For the fetal and maternal livers, we utilized the RT?
Profiler PCR Array for Rat PPAR Targets by Qiagen (Catalog
No. 330231 PARN-149Z), which contains 84 target genes rele-
vant to PPARa, -B/6, and -y signaling pathways and 5 potential
housekeeping genes (see Table S2). PCR reactions were run
using RT2 SYBR Green quantitative PCR (qPCR) Master Mix
(SABioscience) on an iCycler iQ Real-Time Detection System
(Bio-Rad) for fetal testes and on a CFX96 Touch Real-Time
Detection System (Bio-Rad) for maternal and fetal livers.

For the third block, dosed with the lower dose range
(1-30 mg/kg HFPO-DA), late gestation (GD18) dams were eu-
thanized by decapitation ~ 2 h after the final dose, liver weight
was recorded, and trunk blood was collected for serum isola-
tion. Serum was isolated from trunk blood via centrifugation
(10,000 %X g; 15 min; 4°C) using Becton Dickinson vacutainer
tubes and stored in 1.5-mL siliconized microcentrifuge tubes at
—80°C for future analyses. Fetuses were removed and fetal blood
was collected from the jugular vein from all fetuses within a litter
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using heparinized glass capillary tubes. Blood was expelled from
capillary tubes using fine-tip disposable transfer pipets into a
microcentrifuge tube forming a single composite sample per lit-
ter. Fetal blood was then centrifuged at 10,000 X g for 15 min at
4°C and plasma was transferred to clean tubes and frozen at
—-80°C.

Maternal sera from all three blocks and fetal plasma from the
third block were analyzed for HFPO-DA concentrations similar
to previously reported methods (McCord et al. 2018; Reiner et al.
2009; Rushing et al. 2017). Serum or plasma samples (25 pL)
were denatured using 0.1 M formic acid (FA) followed by a cold
(—=20°C) acetonitrile (ACN) protein crash. The volumes of FA
and ACN varied based on the anticipated concentrations of
HFPO-DA in the sample (0-100ng HFPO-DA/mL =100 pL
FA +0.5 mL ACN; 100-5,000ng HFPO-DA/mL =100 pL. FA
+1.0 mL ACN; 5,000-200,000ng HFPO-DA/mL=1.0 mL
FA added, then 100-uL subsamples removed and crashed with
900 pL cold ACN). Samples were vortex mixed after FA and
ACN additions then centrifuged at 10,000 X g for 5 min and the
supernatant removed. Sample extracts were separated using a
Waters ACQUITY ultra performance liquid chromatograph (UPLC)
(Waters Corporation) fitted with a Waters ACQUITY UPLC BEH
C18 column (2.1 mmx 50 mm; 1.7 pm; 130 A). Detection was
performed using a Waters Quattro Premier XE tandem quadru-
pole mass spectrometer in negative ionization mode. A stable iso-
tope of HFPO-DA (13C3, Wellington Laboratories) was used as
an internal standard for quantitation. Separate calibration curves
were prepared for the ranges 0-100ng/mL, 100-5,000 ng/mL,
and 5,000-200,000 ng/mL to account for expected concentration
differences between control, offspring (fetus/pup), and dam con-
centrations across the dose range tested.

Maternal serum samples from the first two blocks were analyzed
for thyroid hormones and a standard lipid panel. Total triiodothyro-
nine (T3) and thyroxine (T4) were quantified by radioimmunoassay
(RIA) according to manufacturer specifications (IVD Technologies).
Thyroid hormone samples were run in duplicate (mean intra-assay
coefficient of variation 15.5% for T, 11.5% for T4), and two calibra-
tion standards were run as unknowns with observed concentrations
varying from expected by <15% for T5 and <20% for T4. Thyroid
hormone RIA values were considered below detection when specific
binding (B/By) was >90% (0.2 ng/mL for T5 and 2 ng/mL for Ty)
(Sui and Gilbert 2003). Serum total cholesterol, high-density lipopro-
teins (HDL), low-density lipoproteins (LDL), and triglycerides were
quantified using a Beckman Coulter AU480 clinical chemistry ana-
lyzer (Beckman Coulter, Inc.) as per manufacturer’s protocol. All
reagents were obtained from the instrument manufacturer except for
the LDL assay, which was obtained from Diazyme Laboratories.

Pilot Evaluation of Postnatal Development

A single-dose level pilot study utilizing time-mated SD rats was
conducted to examine the potential postnatal effects of in utero
exposure to HFPO-DA from a similar dosing interval to the fetal
studies (Figure 1B). The study consisted of dams exposed to oral
daily dosing with either water vehicle or 125 mg/kg HFPO-DA
(n=3 for each) from GD14-18. This dose was selected because
it was the highest dose level that did not significantly reduce
maternal weight gain during dosing from the fetal evaluation
studies. Dams gave birth naturally beginning on the morning of
GD22 [i.e., postnatal day (PND) 0]. On PND2 all pups were
sexed, weighed, and anogenital distance (AGD) was measured
using a Leica MZ6 stereomicroscope (Leica Microsystems) fitted
with an ocular micrometer. On PND13, the offspring were sexed,
weighed, and evaluated for retention of female-like nipples/areolae.
On PND27, the dams were euthanized, uterine implantation sites
were scored, pups were weaned to two animals per cage by sex and
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treatment group, and food was changed to NTP2000 rodent diet.
Beginning on PND31 for female offspring and PND41 for male off-
spring, individuals were evaluated daily for markers of pubertal
onset, vaginal opening (VO) for females and balano-preputial sepa-
ration (BPS) for males.

Beginning at PND128, adult F1 females were weighed, eutha-
nized via decapitation, and examined via necropsy for any repro-
ductive tract malformations and tissue weights were collected for
uterus, paired ovaries, liver, paired kidneys, and visceral adipose
tissue. Similarly, beginning at PND146 adult F1 males were
weighed, euthanized, and examined for reproductive tract malfor-
mations and weights were collected for all relevant reproductive
tissues. Male necropsy included weights of glans penis, ventral
prostate, paired seminal vesicles, paired testes, paired epididy-
mides, levator ani-bulbocavernosus (LABC), paired bulboure-
thral (Cowper’s) glands, paired kidneys, visceral adipose tissue,
and epididymal adipose tissue. After weighing, the left epididy-
mis was separated into two sections, the cauda and the corpus
plus caput, and individually minced in M-199 media. Total sperm
counts in epididymal sections were measured using a Multisizer
3 Coulter counter (Beckman Coulter).

In Vitro Transcriptional Activation Assays

HFPO-DA was assessed for agonism and antagonism of tran-
scriptional activation for estrogen (ER), androgen (AR), and
glucocorticoid receptors (GR). Method details for in vitro trans-
activation assays for ER (Wilson et al. 2004a), AR (Hartig et al.
2002, 2007), and GR (Conley et al. 2017; Medlock Kakaley et al.
2018) have been previously reported. Briefly, for ER activity we
utilized the stably transfected T47D-KBluc cell line [publicly
available via American Type Culture Collection (ATCC); CRL-
2865] according to protocols provided by ATCC with the modifi-
cation of Dulbecco’s Modified Eagle Media (DMEM) as the cell
culture media instead of Roswell Park Memorial Institute
(RPMI) media. We utilized adenoviral transduction to introduce
chimp AR (Ad5chAR-g) (Hartig et al. 2007) or human GR (Ad/
GR4) (Shih et al. 1991) and a luciferase-based promoter-reporter
construct (MMTV-Luc; Ad/mLuc7) (Shih et al. 1991) into CV-1
cells (ATCC CCL-70) to assess GR and AR activity, respec-
tively. For viral transduction, cells were grown to confluence in
60-mm Petri dishes in 10% dextran-coated charcoal-treated fetal
bovine serum RPMI-1640 growth media. Confluent cells were
split at a ratio of 1:3 into 60-mm dishes and inoculated on day 7
(~5x10° cells /dish) with adenoviral vectors at multiplicities of
infection of 1 receptor to 50 reporter constructs. After 24 h incu-
bation with adenoviral vectors, cells were rinsed, resuspended in
media, and seeded into assay plates. All assays were run in 96-
well plates and luminescence was detected using a BMG Fluostar
Omega luminometer (BMG Labtech) following 24-h exposure.
HFPO-DA was tested for receptor agonism and antagonism at
10-fold concentration intervals from 100 pM to 10 uM (ER) or
100pM to 100 pM (AR and GR). For ER activity, the reference
agonist was 17B-estradiol [(E2) CAS: 50-28-2] and the reference
antagonist was ICI-182780 (CAS: 129453-61-8). When assessing
ER antagonism, HFPO-DA was competed against 10 pM E2.
For AR activity the reference agonist was dihydrotestosterone
[(DHT) CAS: 521-18-6] and the reference antagonist was
hydroxyflutamide (CAS: 52806-53-8). When assessing AR an-
tagonism, HFPO-DA was competed against 100 pM DHT. For
GR activity, the reference agonist was dexamethasone [(Dex)
CAS: 50-02-2] and the reference antagonist was mifepristone
(CAS: 84,371-65-3). When assessing GR antagonism, HFPO-
DA was competed against 1 nM Dex. Cellular cytotoxicity across
the dosing range was determined for CV-1 cells utilizing the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) dye
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(Mosmann 1983). HFPO-DA was analyzed using n =2-3 biologi-
cal replicate assay plates (i.e., unique cell passages) with four tech-
nical replicates per treatment per plate.

Data Analyses

All values are reported as mean + standard error (SE) and all
statistical comparisons were conducted at oo=0.05 significance
level except for PPAR pathway gene expression, which utilized
0=0.0001 to detect highly significant analysis of variance
(ANOVA) results and o =0.01 to determine pairwise differences
of treatment as compared with controls for significant genes.
Treatment effects as compared with control were identified using
ANOVA in SAS (version 9.4; SAS Institute). Fetal and postnatal
data were analyzed using PROC MIXED to correct for the nested
effects of individuals within litters (fetus/pup data nested within
litter, litter as random variable); dam data were analyzed using
PROC GLM. Pairwise comparison of significant ANOVA results
was performed using the least squares means (LSMEANS) pro-
cedure in SAS. GraphPad Prism (version 7.02; GraphPad, Inc.)
was used to generate all figures and to conduct dose-response
curve analyses.

Fetal testis and maternal/fetal liver gene expression data were
analyzed using the comparative cycle threshold (Cr) method.
Briefly, delta Cy values were calculated using the equation 2724€r
and normalized to the mean Cr value of the appropriate housekeep-
ing genes. We selected housekeeping genes for each tissue and
gene array that did not display a significant (ANOVA p>0.01)
treatment effect of HFPO-DA exposure (fetal liver = Actb, B2m;
maternal liver = Actb, Hprt1, Rplp1; and fetal testis = Actb, Gusb,
Ldha). Delta Crt values were then converted to fold-induction by

dividing the treated replicate delta Cy by the mean delta Cr of the
control replicates for each gene. Fold-induction values were then
then log,-transformed prior to ANOVA.

Fetal testis testosterone production was normalized to the
mean control concentration within a given block and analyzed as
percentage of control values across blocks. Maternal liver weight
was analyzed using body weight as a covariate within PROC
GLM followed by pairwise comparison using LSMEANS, this
analysis produces linear regressions of body weight versus liver
weight for each dose group. Mean female AGD was subtracted
from individual male AGD measures to calculate percentage
reduction as compared with control.

Serum HFPO-DA concentrations in the mother and the fetus
were analyzed as a function of oral dose administered to the mother.
We utilized nonlinear regression (exponential one-phase associa-
tion) to describe the increase and saturation of serum HFPO-DA
concentrations across the full oral dose range (1-500 mg/kg) for
maternal serum. Fetal plasma HFPO-DA concentrations were only
analyzed in the low-dose range (1-30 mg/kg), which was better
described using a linear uptake model. We compared the slopes of
the low-dose linear regressions for maternal serum and fetal plasma
HFPO-DA concentrations using GraphPad Prism.

Dose-response analyses for the in vitro transactivation assay
data and the most sensitive in vivo end points and were conducted
using four-parameter logistic regression in GraphPad Prism (con-
straint to bottom = 0%, top = 100%). In vitro luminescence data
was normalized to background (vehicle control), log,, trans-
formed, and converted to percentage maximum response based
on saturating levels of reference agonist. /n vivo data were mod-
eled as a function of log,,-transformed internal dose (i.e., dam se-
rum HFPO-DA concentration from GD18), and response data

A Fetal liver B Maternal liver
Ehhadh 4.6 IR 8 44.8 4.8 W Ehhadh 29| 3.0
Fabp1 3.3 [Tt 6.6 8 88 0 Fabp1 1.5
Hmgcs2 29| 46 6 0.9 0 Hmgcs2
Cpt1b 1.7] 30| 35 0 6 6.4 Cpt1b
Acox1 12| 15| 23| 87| 57 Acox1
Ech1 15| 241 2.6 4.6 4.3 Ech1 22| 20 3.8
Cpt2 14| 241 29| 32 4.1 40| 43 Cpt2 1.7 1.6 23| 28 b : b
Scd1 17| 24| 29| 36| 36 Scd1 20| 15] 27| 41| 47| 56| 37
Rxrg 22| 40| 44| 49| 34 34 Rxrg 15/ 16| 11| 17| 15] 16/ 16| 1.3
Acaa2 18] 23| 25 3.2 33| 34 Acaa2 19| 35| 42| 5.0 5.4
Slc22a5 1.6 1.7] 26| 24 3.4 32 29| SiIc22a5 2.0 1.4 3.1 26| 30| 38 4.0
Sic27a2 1.2 1.6 18] 2. 24 25| 27| Slc27a2 18] 2.1 22| 23 2.3
Acadm 14 17] 19| 24| 23| 25/ Acadm 18] 17| 22| 27| 26
Acadl 1.3 1.4 15| 19| 20[ 22 Acadl 15 23] 23] 27| 27
Fads2 1.2] 11 1.6 18] 20] 22| 21 Fads2 18] 27 30/ 26 1.8
Acsl3 12] 13| 14] 15[ 15 Acsl3 1.7] 20| 24| 27
Pck1 Fabp3 38| 56
Angptl4 1.6 Txnip 37| 38| 45| 39| 27
Cptla Hspd1 1.3] 11] 19| 18] 22| 21
s : ctt 1 3 10 30 625 125 250 500
Miycd 14| 23| 26| 24| 21
ka T2 A 1ol 1750 Maternal HFPO-DA dose (mg/kg/d)
Fabp5 13| 14| 15 1.8
Aqp7 15| 16| 17| 16] 1.8
Acsl4 1.5 1.6 1.7 1.7 1.7
Dgat1 14| 15| 12| 15| 15/ 15
Lpl 12| 14| 13| 15| 15/ 14
Ctl 1 3 10 30 625 125 250 500

Maternal HFPO-DA dose (mg/kg/d)

Figure 2. Expression of significantly up-regulated genes (ANOVA, p <0.0001) from peroxisome proliferator-activated receptor (PPAR) signaling pathway
gene arrays in (A) fetal (n=6 for control, n=3 for treated) and (B) maternal (n=5 for control, n=3 for treated) livers following gestation day (GD) 14-18
oral maternal exposure to hexafluoropropylene oxide dimer acid (HFPO-DA). Upper portions (above break) display significantly altered genes common to both
fetal and maternal livers, lower portions display genes differentially altered between fetal and maternal livers. Cell values represent significant (p < 0.01) dose-
level fold-induction values relative to control livers [cells with no value were not significantly different from control (see Table S2 for gene descriptions, and
Tables S3 and S6 for complete gene expression data)]. Legend indicates fold-induction compared with control with darker shaded genes more highly expressed.
Genes with fold-induction >25-fold of control were beyond the scale of the legend. Ctl, control.
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was normalized to control and presented as a percentage. We esti-
mated effect concentrations equivalent to a 5% deviation from
control (ECs). Reduction in maternal serum T5 concentration was
modeled by ascribing a concentration of one-half of the detection
limit (i.e., 0.1 ng/mL; detection limit of 0.2 ng/mL) for the dose
groups that were below the detection limit.

Maternal rat serum concentrations were compared with human
plasma concentrations from workers in a HFPO-DA manufacturing
facility in Dordrecht, Netherlands (DuPont 2017). Human plasma
samples represented workers who volunteered to participate in the
study with the goal of determining whether there were measurable
quantities of HFPO-DA in their blood. Some of the workers were in
areas with potential for exposure and others were not (17/24 partici-
pants had detectable HFPO-DA levels). Comparisons were made in
order to determine how the doses used in the current study relate to
likely “worst case” human concentrations based on internal expo-
sure levels rather than comparing exposures across species based
upon estimated external dose levels. We calculated the margin of in-
ternal exposure (MOIE) as a ratio of maternal rat serum concentra-
tion to human plasma concentration for each of the 17 workers with
detectable levels (Bessems et al. 2017). MOIEs were calculated
using the mean maternal rat serum HFPO-DA concentration from
the 1- and 125-mg/kg dose levels because these represented the
lowest oral dose administered and the administered oral dose for the
pilot postnatal study.

Results

Fetal Effects from GD14-18 Dosing

Fetal livers from HFPO-DA—exposed litters displayed highly sig-
nificant (ANOVA p <0.0001), dose-responsive up-regulation of
28 different genes in the PPAR signaling pathway arrays (Figure
2A; see also Table S3). Most affected genes were associated with
fatty acid metabolism (Acaa2, Acadl, Acadm, Acoxl, Acsll,
Acsl3, Acsld, Cptla, Cptlb, Cpt2, Ehhadh, Etfdh, Fads2, Fabpl,
Gk, Hmgcs2, Mlycd, and Scdl). Remaining up-regulated genes
were associated with lipid transport (Angptl4, Dgatl, Lpl), adipo-
genesis (Echl, Lpl), water transport (Agp7), insulin signaling
(Cptla, Dgatl, Pckl), PPAR transcription factors (Rxrg), or
PPAR ligand transporters (Fabpl, Fabp5, Slc22a5, Slc27a2).
The most highly up-regulated genes included Ehhadh (321-fold),
Fabpl (105-fold), Pckl (27-fold), Hmgcs2 (23-fold), Cptlb (21-
fold), and Angptl4 (17-fold). Several genes were significantly
(»<0.01) up-regulated even at the lowest dose level tested
(1 mg/kg) including Cpt1b, Angptl4, and Acox]I.

In contrast to the observed changes in fetal PPAR liver genes,
the results for the expression of genes from our custom array for
detecting phthalate-like effects in the fetal testis were not signifi-
cantly different from controls (see Table S4). Further, fetal testis
testosterone production was not significantly different from con-
trols at any dose (see Figure S1, Table S5).

Maternal Effects from GD14-18 Dosing

Similar to fetal livers, maternal livers displayed highly up-regulated
expression of PPAR signaling pathway—associated genes (Figure
2B; see also Table S6). Overall, the maternal and fetal livers shared
up-regulation of 16 genes. The majority of shared, up-regulated
genes were associated with fatty acid metabolism (Acaa2, Acadl,
Acadm, Acoxl, Acsl3, Cptlb, Cpt2, Ehhadh, Fads2, Fabpl,
Hmgcs2, and Scd). Also similar to the fetal liver, the remaining up-
regulated maternal genes were associated with adipogenesis (Echl),
PPAR transcription factors (Rxrg), or PPAR ligand transporters
(Slc22a5, Slc27a2). In contrast to the fetal liver, the maternal livers
of treated rats did not differ significantly from controls in the
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expression of Acsll, Acsl4, Angptl4, Aqp7, Cptla, Dgatl, Etfdh,
Fabp5, Gk, Lpl, Mlycd, or Pckl; whereas 2 genes associated with
cell proliferation (Hspdl, Txnip) and 1 with fatty acid metabolism
(Fabp3) were significantly up-regulated in the maternal liver but not
the fetal liver. Further, the maternal and fetal livers shared the most
highly up-regulated gene (Ehhadh; 55-fold in maternal liver) and
both had highly up-regulated Cpt1b expression (24-fold in maternal
liver). Only 1 of the shared genes was noticeably more highly up-
regulated in the maternal liver than the fetal liver (Echl; 18-fold vs.
6-fold in maternal and fetal livers, respectively). Overall, the PPAR
signaling pathway was up-regulated in both maternal and fetal liv-
ers, with both sharing many of the same up-regulated genes; how-
ever, the overall profiles of induction were noticeably different
between the two life stages, with the fetal liver seemingly displaying
greater sensitivity both in terms of the number of genes affected and
the degree of up-regulation.

During the GD14-18 dosing window, dams had significantly
less body weight gain at the 250- and 500-mg/kg dose levels
compared with controls (ANOVA p=0.0037; Figure 3A; see
also Table S5). On GD18, dams had significantly higher liver
weights in the 62.5-to500-mg/kg dose groups than controls
(ANOVA p <0.0001; Figure 3B; see also Table S5). There were
no significant differences in numbers of live pups, resorptions, or
fetal body weight compared with controls (see Table SS5).
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Figure 3. (A) Maternal body weight gain during gestation day (GD)14—-18 dos-
ing period and (B) maternal liver weight on GD18. Data points represent individ-
ual replicates (control, n=9; 1-30 mg/kg, n = 6; 62.5-500 mg/kg, n =3), bars
and whiskers represent mean + standard error, and asterisks represent significant
differences compared with control values (¥, p<0.05; ** p<0.01; ***,
p <0.001; **** p <0.0001). Statistical significance was determined using anal-
ysis of variance; for liver weight analysis, body weight was included as a
covariate.
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Maternal serum samples displayed dose—responsive decreases
in all measures of thyroid hormones and lipids (Figure 4; see also
Table S5). Serum triglycerides were significantly lower at
500 mg/kg, cholesterol and HDL were significantly lower at 250
and 500 mg/kg, and total T4 and LDL were significantly lower at
>125 mg/kg. The most sensitive end point was serum total T,
which was significantly lower at >30 mg/kg and below assay
detection levels (i.e., <0.2 ng/mL) in the top two dose levels.

Postnatal Effects from GD14-18 Dosing

In the HFPO-DA pilot postnatal study that utilized GD14-18 dos-
ing, one of three control dams was not pregnant, reducing the sample

size to n =2 litters. Control dams and dams dosed with 125 mg/kg
HFPO-DA gave birth to litters with equal numbers of viable pups.
On a litter means basis, there were no significant differences for any
end point measured through the onset of puberty (see Table S7). On
an individual pup basis (as opposed to litter means), female off-
spring body weight was significantly lower than controls at multiple
time points (PND2, PND27, and at VO), indicating a potential trend
in growth deficit to investigate in future studies.

Adult males at necropsy had significantly lower tissue weight
of the right epididymis on a litter means basis, but no other tis-
sues were affected as compared with controls (see Table S8). On
an individual basis, treated male rats had significantly lower tis-
sue weights of the right testis, left testis, paired testes, right
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Figure 4. Concentrations of (A) total triiodothyronine (T3), (B) total thyroxine (T4), and lipids [(C) cholesterol, (D) triglycerides, (E) high-density lipoproteins
(HDL), and (F) low-density lipoproteins (LDL)] in maternal serum following oral hexafluoropropylene oxide dimer acid (HFPO-DA) dosing from gestation
days (GD) 14-18. Dam serum was collected on GD18 approximately 2 h after final oral dose. Data points represent individual replicates (control, n = 6; treated,
n=3), bars and whiskers represent mean + standard error, and asterisks represent significant differences compared with control values using analysis of var-
iance (¥, p <0.05; ** p <0.01; *** p <0.001; *¥*** p <0.0001). <DL, values below radioimmunoassay detection limit.
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epididymis, left epididymis, paired epididymides, and epididymal
adipose tissue as compared with controls.

Adult females at necropsy displayed no significant differences
in any end point as compared with controls on a litter means basis
(see Table S9). On an individual basis, treated female rats had
significantly smaller AGD and lower liver weight as compared
with controls.

HFPO-DA Concentrations in Maternal Serum and Fetal
Plasma

Maternal serum and fetal plasma contained increasing concentra-
tions of HFPO-DA as a function of oral dose following dosing
during the GD14-18 experimental window (Figure 5; see also
Table S10). Over the full maternal dose range (1-500 mg/kg),
uptake appeared to saturate at the higher dose levels and was
modeled using exponential one-phase association (R>=0.84)
with a plateau of 112 + 15 pg/mL (Figure 5A). In the lower dose
range (1-30 mg/kg), increases in maternal serum and fetal
plasma HFPO-DA concentrations were linear (Figure 5B); how-
ever, the maternal slope was significantly greater than the fetal slope
with maternal serum HFPO-DA increasing 0.46 pg/mL and fetal
plasma HFPO-DA concentration increasing 0.12 pg/mL for each
1-mg/kg increase in oral maternal dose (p < 0.0001).

Dose—Response Analyses

Using maternal serum HFPO-DA concentrations, we estimated
effect concentrations for an ECs for the most sensitive end

A

[HFPO-DA] (ug/mL)

points: maternal liver weight, maternal liver gene expression,
and maternal serum [T3] and [T4] (Figure 6). Maternal [T3] was
the most sensitive end point with an ECs of 3.8 pg/mL (esti-
mated maternal oral dose of 8.2 mg/kg using the linear equa-
tion from Figure 5) followed by liver Ehhadh expression
(EC5=14.1 ng/mL), liver weight (ECs5=17.6 pg/mL), and
[T4] (ECs=17.8 pg/mL).

Comparison of Maternal Rat and Human Internal
Exposure Levels

The human worker HFPO-DA plasma concentrations reported
by Dupont (2017) ranged from 0.001-0.169 pg/mL, whereas
the mean maternal rat serum concentrations reported here
ranged from 0.68-100.7 pg/mL following a 5-d exposure. At
the lowest dose level tested here (1 mg/kg), the rat:human
MOIEs ranged from 4 to 566 (14/17 MOIEs were >100; Figure
7A). Further, at the dose utilized in the postnatal pilot study
(125 mg/kg), the rat:human MOIEs ranged from 272 to 38,333
(15/17 MOIEs were >1,000 and 12/17 MOIEs were >10,000;
Figure 7B). It is important to note that the maternal rat serum
concentrations utilized in this comparison were from short-
term (5-d) exposures, whereas the human plasma concentra-
tions were from individuals working in an HFPO-DA manufac-
turing facility and likely represent chronic exposure levels, but
it is unknown whether these concentrations represent a steady
state.
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R?= 0.840

0 100 200 300

400 500

Maternal HFPO-DA dose (mg/kg/d)

20+

[HFPO-DA] (ug/mL)

-@ Maternal serum
slope = 0.46+0.06
y-intercept = 0.032+0.80
R?=0.709

{F Fetal plasma
slope = 0.12+0.0094

y-intercept = 0.17+0.13
R? = 0.924

Maternal HFPO-DA dose (mg/kg/d)

Figure 5. Maternal serum and fetal plasma hexafluoropropylene oxide dimer acid (HFPO-DA) concentrations (mean + standard error, n=3-9; see Table S10)
as a function of oral dose following maternal exposure from gestation day (GD) 14-18. Samples were collected on GD18 approximately 2 h after final oral
dose. (A) Full maternal dose range modeled using exponential one-phase association and (B) low dose range modeled using linear regression (95% confidence
intervals shaded). Fetal plasma was collected only from the low dose range (1-30 mg/kg per day).
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Figure 6. Dose-response curves (four-parameter logistic regression) and 5% effect estimates [ECs with 95% confidence intervals (CIs)] for the most sensitive
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62.5-500 mg/kg per day n=3; (B-D) control, n=6; treated, n=3.

In Vitro Nuclear Receptor Transactivation

HFPO-DA did not display any estrogenic activity (agonism or an-
tagonism) at concentrations ranging from 100 pMto 10 M (see
Figure S2). Further, there was no androgen or glucocorticoid re-
ceptor agonism at concentrations ranging from 100 pM to 100 pM.
At the very highest dose tested (100 tM), which approached the
cytotoxic dose of 300 uM, HFPO-DA exposure did result in a
slight glucocorticoid receptor antagonism (28 +3% reduction in
luciferase expression) and a moderate androgen receptor antago-
nism (42 + 1% reduction).

Discussion

The range of adverse effects resulting from oral maternal HFPO-
DA exposure reported here are consistent with limited data avail-
able for HFPO-DA (Caverly Rae et al. 2015; DuPont 2008a, 2010;
Gannon et al. 2016; Rushing et al. 2017; Wang et al. 2017a) and
the extensive toxicity literature available for other PFAS, notably
PFOS and PFOA [reviewed by ATSDR (2018), ECHA (2014),
OECD (2002) and U.S. EPA (2016a)]. We observed up-regulation
of genes associated with PPAR signaling pathways, maternal hepa-
tomegaly, reductions in maternal serum lipids and thyroid hor-
mones, and indications of reduced body and tissue weights in F1
animals. All of these effects have been observed following mater-
nal exposure to PFOS/PFOA in laboratory animals and several
have been previously observed for HFPO-DA. However, despite

Environmental Health Perspectives

037008-9

extensive PPAR pathway up-regulation, HFPO-DA did not pro-
duce any effects that are hallmarks of phthalate syndrome, includ-
ing reduced fetal testis testosterone production, phthalate-specific
fetal testis gene expression changes, reduced AGD on PND2, or
male reproductive malformations. This lends support to the hy-
pothesis that the effects of phthalates on male reproductive devel-
opment are not mediated via the PPAR pathway.

The specific dosing interval utilized in developmental toxicity
studies with PFAS is a critical factor for the types of effects that
have been described. Grasty et al. (2003) reported significantly
increased neonatal mortality and reduced pup weight in Sprague-
Dawley rats following gestational PFOS exposure at 25 mg/kg
across a range of 4-d dosing windows. These effects increased in
severity as the dosing window moved later in gestation. Further,
it was demonstrated that dosing only on GD19-20 was sufficient
to produce these effects. Subsequent studies that included dosing
during the full gestational period also reported pup mortality and
reduced pup body weight. Lau et al. (2003) examined PFOS ex-
posure in the rat and reported significantly increased neonatal
mortality shortly after birth (<24 h) at >3 mg/kg. Separate stud-
ies in Sprague-Dawley rats confirmed the neonatal mortality fol-
lowing gestational exposure to PFOS at >1.6 mg/kg (Luebker
et al. 2005a, 2005b). Similar results have been reported with
other PFAS, primarily PFOA, and in other species, including
mice and cynomolgus monkeys [reviewed by Abbott (2015) and
Lau et al. (2007)]. In the pilot postnatal study presented here,
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Figure 7. Comparison of mean maternal Sprague-Dawley rat serum hexafluoropropylene oxide dimer acid (HFPO-DA) concentration from (A) 1- and (B) 125-
mg/kg per day exposure groups and individual human plasma HFPO-DA concentrations from workers in an HFPO-DA manufacturing facility in the
Netherlands (DuPont 2017). Horizontal lines indicate various margins of internal exposure (MOIE) levels as compared with individual worker plasma

concentrations.

there was an indication of decreased female pup weight but no
effect on pup survival following HFPO-DA exposure from
GD14-18 at a relatively high dose (125 mg/kg). However,
expanding the dosing timeline to include the entire period of fetal
development (i.e., GDS8 through parturition) appears to reduce
neonatal survival and body weight similar to PFOS exposure but
at ~20-fold higher oral maternal doses [J.M. Conley and L.E.
Gray (personal communication)].

As mentioned above, female pup body weight in the HFPO-
DA dose group was significantly lower, on an individual analysis
basis, 2 d after birth compared with control animals. Previous
studies with laboratory rats have reported stunted growth of sur-
viving pups following PFOS exposure. Lau et al. (2003) reported
that pups exposed in utero to PFOS at >2 mg/kg displayed lower
body weights, and Luebker et al. (2005b) reported the same response
in all dose levels tested (i.e., >0.4 mg/kg). Overall, reduced pup
weight appears to be one of the most sensitive end points in in utero
PFAS studies. This effect aligns with multiple epidemiological stud-
ies, indicating a negative association between human birth weight
and concentrations of PFOS/PFOA [reviewed by Bach et al. (2015)
and Negri et al. (2017)] and should be more extensively evaluated
for HFPO-DA exposure.

PFAS are known to primarily activate PPARa, particularly in
the mammalian liver, however other receptors, such as PPARY,
have also been shown to be activated (Vanden Heuvel et al.
2006). Although the biological significance of induction of
PPAR pathway gene expression is not known, it was overall the
most sensitive end point in the present studies. Even at the lowest
dose tested (1 mg/kg), the fetal liver displayed multiple signifi-
cantly up-regulated genes (Cptib, Acoxl, Angptl4). Bjork et al.
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(2008) performed a similar experiment with gestational PFOS ex-
posure in the SD rat (exposed to 3 mg/kg from GD2 to GD20)
and identified 445 genes via microarray that were significantly
altered in the fetal liver. Four genes associated with fatty acid
metabolism were individually verified using qPCR, 3 of which
were also identified as significantly up-regulated in the present
study (Acoxl, Cptla, Cptlb). Further, maternal PPAR pathway
gene expression was almost equally as affected as the fetal livers,
however with a notably distinct profile. Wang et al. (2017a)
reported up-regulation of PPAR pathway genes in mouse liver
following HFPO-DA exposure, whereas Hu et al. (2005) and
Martin et al. (2007) performed microarray analyses of adult rat
liver gene profiles following oral PFOS and PFOA exposure and
reported similar up-regulation of clusters of genes primarily asso-
ciated with lipid homeostasis. The gene expression profiles
reported here indicate that HFPO-DA reached the fetal organs
and activated nuclear receptor—mediated cell-signaling pathways
and that the profile of expression was different than the maternal
gene expression profile. However, the findings are not adequate
to definitively conclude that a PPARa mechanism of action is op-
erative for the HFPO-DA effects observed here.

In addition to changes in PPAR-mediated gene expression in
the maternal liver, we observed a number of alterations to mater-
nal serum lipid and thyroid hormone profiles similar to previous
PFAS studies. Luebker et al. (2005b) reported significantly
reduced serum cholesterol in pregnant SD rats following PFOS
exposure, and Martin et al. (2007) also reported significantly
reduced serum cholesterol in adult male SD rats following both
PFOS and PFOA exposure. Disruption of maternal rat cholesterol
synthesis with a HMG-CoA reductase inhibitor in utero has been
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shown to induce fetal and neonatal death and retard growth in the
absence of maternal toxicity (Henck et al. 1998). It is believed
that the majority, if not all, of the cholesterol utilized in the ear-
liest stages of fetal development is derived from the mother, prior
to the onset of fetal cholesterol synthesis (Baardman et al. 2013).
Further, Martin et al. (2007), Thibodeaux et al. (2003), and Yu
et al. (2009) reported significant reductions in serum total T3 and
T4 for both PFOS and/or PFOA; however, T4 appeared to be
more greatly reduced, whereas in the present study T3 was more
affected. Maternal thyroid hormones are critical for fetal neuro-
logical development because the mother is the primary source of
T, for the developing brain (Morreale de Escobar et al. 2004) and
reduced maternal thyroid hormone concentrations are quantita-
tively linked to reduced fetal concentrations (O’ Shaughnessy et al.
2018). Despite the consistency observed across laboratory rat
studies, it is unclear how these results relate to human health
effects from PFAS exposure because many epidemiological stud-
ies report the opposite patterns or equivocal results (Lau et al.
2007; U.S. EPA 2016a).

Gomis et al. (2018) recently reported on the potential discrep-
ancy in toxicity among a range of PFAS when using orally
administered dose as compared with internal dose. By accounting
for toxicokinetics in rats across multiple PFAS, the toxicity of
some fluorinated alternatives appears to be more equitable to the
long-chain PFAS when potency is compared based on internal
dose. However, it is important to highlight the substantial toxico-
kinetic differences between PFOS and HFPO-DA in the rat. In
the female rat, HFPO-DA has a reported half-life of ~5 h fol-
lowing oral exposure to 10-30 mg/kg (Gannon et al. 2016) and
is not expected to accumulate, whereas PFOS has a reported half-
life of ~60-70days following oral exposure to 2-15 mg/kg
(Chang et al. 2012) and does accumulate. Our samples were col-
lected 2 h after the final oral dose, which is just slightly after the
peak serum concentration is achieved in the female rat based on
the Gomis et al. (2018) model.

In addition to intraspecies differences in PFAS toxicokinetics, it
is also important to note that interspecies differences in absorption,
distribution, metabolism, and excretion of PFAS are vast, with half-
lives and clearance rates of numerous compounds appearing to be
significantly longer in humans and nonhuman primates than in rats/
mice (Chang et al. 2012; Olsen et al. 2007). The half-life of HFPO-
DA in humans is currently unknown; however, similar to the discus-
sion above, internal dosimetry can potentially reduce uncertainty in
cross-species hazard assessment. For comparison, we calculated
MOIE values for maternal rat serum concentrations versus plasma
samples from humans working in a HFPO-DA manufacturing facil-
ity in the Dordrecht, Netherlands (DuPont 2017) (Figure 7).
Bessems et al. (2017) originally described the use of MOIE as a
physiologically based kinetic modeling approach for reducing
uncertainty in the safety assessment of human dermal exposures
using oral rodent toxicity data. Comparison of MOIE accounts
for species- and route-dependent differences in metabolism
between humans and research animals. Here, we utilized a simi-
lar calculation to reduce the species-to-species variation in PFAS
toxicokinetics and to provide context for the oral doses utilized in
terms of known human exposure levels. The highest detected
plasma concentration from a worker (0.169 pg/mL) was 4-fold
lower than the mean maternal rat serum HFPO-DA concentration
from the lowest dose level (1 mg/kgperday) reported here;
whereas the same worker concentration was 272-fold below
the mean maternal serum concentration from the dose level
(125 mg/kg perday) used in the pilot postnatal study presented
here. Overall, characterizing toxicokinetics and internal dosime-
try for PFAS, including HFPO-DA, can facilitate the determina-
tion of the relevance of doses in laboratory animals to human
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exposures, thereby reducing some of the uncertainty in estimat-
ing human health risks from exposure.

The HFPO-DA toxicity profile observed here was highly sim-
ilar to effects observed in peer-reviewed and industry guideline
studies for HFPO-DA as well as in studies conducted for PFOS
(among other PFAS). PPAR signaling pathways were activated
in maternal and fetal livers and may also be activated in other tis-
sues/organs; however, the effects observed are not necessarily
exclusive to PPARa, or even PPAR signaling in general (Rosen
et al. 2017). The GenX chemicals health assessment is currently
undergoing independent, external peer-review in the Office of
Water (U.S. EPA). Included in that assessment is a summary of
available mode-of-action (MOA) information. Although findings
in this study are consistent with other PPARa agonists (e.g.,
increases in liver weight, up-regulation of PPAR pathway target
genes), data gaps exist for key events and other mechanisms that
might be involved, particularly in other tissues besides those like
the liver with high PPARa levels. Overall, the findings for
HFPO-DA are limited and not adequate to support ascribing a
PPARo MOA to the multitude of effects seen in this study. Due
to the reductions in maternal serum thyroid hormones and lipids
observed here, and preliminary studies in our lab, an expanded
dosing period that includes the entire period of fetal development
may lead to effects on fetal and neonatal development similar to
those observed with PFOS and PFOA exposure. Extensive
research is needed to investigate the mechanism(s) by which
HFPO-DA/PFOS/PFOA produce toxicity, to characterize the tox-
icokinetics for this and other PFAS in order to better predict toxic
effects, and to assess the mixture-based effects of exposure to
multiple PFAS compounds given their ubiquitous occurrence.
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