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BACKGROUND: Perﬂuorooctanoic acid (PFOA) is a poly- and perﬂuoroalkyl substance (PFAS) associated with adverse pregnancy outcomes in mice
and humans, but little is known regarding one of its replacements, hexaﬂuoropropylene oxide dimer acid (HFPO-DA, referred to here as GenX), both
of which have been reported as contaminants in drinking water.
OBJECTIVES: We compared the toxicity of PFOA and GenX in pregnant mice and their developing embryo–placenta units, with a speciﬁc focus on
the placenta as a hypothesized target.
METHODS: Pregnant CD-1 mice were exposed daily to PFOA (0, 1, or 5 mg=kg) or GenX (0, 2, or 10 mg=kg) via oral gavage from embryonic day
(E) 1.5 to 11.5 or 17.5 to evaluate exposure eﬀects on the dam and embryo–placenta unit. Gestational weight gain (GWG), maternal clinical chemistry, maternal liver histopathology, placental histopathology, embryo weight, placental weight, internal chemical dosimetry, and placental thyroid hormone levels were determined.
RESULTS: Exposure to GenX or PFOA resulted in increased GWG, with increase in weight most prominent and of shortest latency with 10 mg=kg=d
GenX exposure. Embryo weight was signiﬁcantly lower after exposure to 5 mg=kg=d PFOA (9.4% decrease relative to controls). Eﬀect sizes were
similar for higher doses (5 mg=kg=d PFOA and 10 mg=kg=d GenX) and lower doses (1 mg=kg=d PFOA and 2 mg=kg=d GenX), including higher
maternal liver weights, changes in liver histopathology, higher placental weights and embryo–placenta weight ratios, and greater incidence of placental abnormalities relative to controls. Histopathological features in placentas suggested that PFOA and GenX may exhibit divergent mechanisms of
toxicity in the embryo–placenta unit, whereas PFOA- and GenX-exposed livers shared a similar constellation of adverse pathological features.
CONCLUSIONS: Gestational exposure to GenX recapitulated many documented eﬀects of PFOA in CD-1 mice, regardless of its much shorter reported
half-life; however, adverse eﬀects toward the placenta appear to have compound-speciﬁc signatures. https://doi.org/10.1289/EHP6233

Introduction
Perﬂuorooctanoic acid (PFOA) is a fully ﬂuorinated, eight-carbon
synthetic chemical belonging to the class of compounds known as
poly- and perﬂuoroalkyl substances (PFAS). PFAS are used in a
wide range of industrial processes and consumer products and are
globally ubiquitous, persistent, and detectable in nearly all humans
living in industrialized nations (ATSDR 2019; Kato et al. 2011).
Although humans are exposed to PFAS through multiple routes,
drinking water is one of the most well-understood sources of exposure (Hu et al. 2016).
Within the general U.S. population, serum levels of PFOA
have declined from a geometric mean of 5:2 ng=mL in 1999–2000
(CDC 2009) to 1:56 ng=mL in 2015–2016 (CDC 2019). This shift
is likely the result of eﬀorts by the U.S. Environmental Protection
Agency (U.S. EPA) to reduce environmental emissions and to
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phase out U.S. production and use of PFOA by 2015 (U.S. EPA
2006). Similarly, in 2017, the European Union placed restrictions
on the production and use of PFOA (European Commission
2017). Despite such eﬀorts, exposure to PFOA remains a concern
due to its long human half-life ( ∼ 3:5 y) (Olsen et al. 2007), environmental persistence (Lindstrom et al. 2011), and the fact that
longer-chain/precursor PFAS chemicals can degrade and form
PFOA. In response to restrictions on PFOA, manufacturers
have increased production on replacement compounds with alternative chemistries aimed at making the compounds less bioaccumulative and with shorter serum half-lives; however, toxicity
data for these alternative PFAS are limited (Bao et al. 2018).
Hexaﬂuoropropylene oxide dimer acid (HFPO-DA), referred
to herein as GenX, is a PFOA replacement compound. GenX has
received intense public scrutiny in North Carolina since its discovery in (Strynar et al. 2015), and contamination of, the Cape
Fear River Basin following release from a manufacturing facility
(Sun et al. 2016). GenX has also been measured in the environment in other regions of the United States, including the Ohio
River (Hopkins et al. 2018), as well as in other countries, including the Xiaoqing River in China (Brandsma et al. 2018) and the
Rhine River in Europe (Heydebreck et al. 2015).
PFAS are detectable in the serum of pregnant women and in
cord blood, and the ratio of the concentration of PFOA in maternal serum to cord serum is typically ∼ 1:1 (Kim et al. 2011;
Monroy et al. 2008). Maternal exposure to PFOA has been associated with multiple adverse health outcomes, including increased
gestational weight gain (GWG) (Ashley-Martin et al. 2016),
pregnancy-induced hypertension (Darrow et al. 2013), preeclampsia (Savitz et al. 2012; Stein et al. 2009), and reduced birth
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weight (Apelberg et al. 2007; Fei et al. 2007; Johnson et al. 2014;
Kobayashi et al. 2017; Lam et al. 2014; Rijs and Bogers 2017).
Based on a systematic review of the literature and meta-analysis,
the shift in birth weight associated with PFOA exposure has been
estimated to be −18:9 g birth weight per 1-ng=mL increase in serum PFOA [95% conﬁdence interval (CI): −29:8, −7:9] (Johnson
et al. 2014).
In mice, the reproductive and developmental eﬀects of gestational exposure to PFOA are well documented. Previous studies
have shown gestational exposure to PFOA in mice results in
maternal liver damage (Lau et al. 2006), maternal hypolipidemia
(Yahia et al. 2010), and reduced embryo weight (Koustas et al.
2014). It has been estimated from a meta-analysis of data from
eight mouse studies that the shift in mice is −0:023 g pup birth
weight per 1-mg=kg body weight (BW)/d increase in PFOA dose
to pregnant dams (95% CI: −0:29, −0:016) (Koustas et al. 2014).
In contrast, there is a paucity of data regarding the reproductive
and developmental eﬀects of GenX. A previous reproductive and
developmental toxicity study of GenX in CD-1 mice determined
the no observed adverse eﬀect level (NOAEL) for reproductive
toxicity and maternal systemic toxicity (microscopic changes in
maternal liver) was 5 mg=kg=d HFPO-DA (GenX; DuPont18,405-1,037). A recent study in rats showed limited gestational
exposure to HFPO-DA (GenX) resulted in a lowest observed
adverse eﬀect level (LOAEL) for disrupted maternal thyroid
hormone (TH) (LOAEL: 30 mg=kg=d) and lipids (LOAEL:
125 mg=kg=d), up-regulated gene expression in peroxisome
proliferator–activated receptor (PPAR) signaling pathways in
both maternal and embryo liver (LOAEL: 1 mg=kg=d), and
lower BWs in gestationally exposed female oﬀspring (LOAEL:
125 mg=kg=d) (Conley et al. 2019). Additional studies examining the reproductive and developmental eﬀects of GenX are
needed.
The biological mechanism through which PFOA exerts adverse
eﬀects on embryo growth is not known, but the placenta is a suspected target tissue. The placenta is critical for embryo growth and
development, and disruptions in placental development or function
can lead to adverse outcomes for both maternal and embryo health.
Previous animal studies have examined the eﬀect of gestational
exposure to PFOA on maternal mammary gland development and
embryo growth (Macon et al. 2011; White et al. 2007), but eﬀects
on the placenta have yet to be evaluated. The aims of this study
were to compare the eﬀects of gestational exposure to PFOA and
a replacement, GenX, on GWG, embryo growth, liver pathology,
and placental development/morphology.

Methods
Animals
Naïve female CD-1 mice between 7.5 and 15.5 wk of age from
the NIEHS colony were bred in-house on a single night, and copulatory plug–positive females were identiﬁed on embryonic day
(E) 0.5. Pregnant dams were singly housed in ventilated polypropylene cages and received nesting materials, National Institutes
of Health (NIH)-31 diet (Zeigler Bros., Inc.) and reverse osmosis
deionized (RODI) water ad libitum. Animals were housed in humidity- and temperature-controlled rooms with 25°C and 45–
60% average humidity and standard 12-h light cycles. All animal
procedures were approved by the NIEHS Animal Care and Use
Committee (ASP #2017-0022).

Dosing Solutions
PFOA ammonium salt (CAS #3825-26-1) was purchased from
Millipore Sigma, and GenX [ammonium 2,3,3,3-tetraﬂuoro-2Environmental Health Perspectives

(heptaﬂuoropropoxy)propanoate; CAS# 62,037-80-3] was purchased from SynQuest Laboratories. PFOA and GenX dosing
solutions were prepared in RODI water and administered to mice
once daily via oral gavage. Daily doses were administered
between 0700 and 0800 hours and adjusted to the BW of the
mouse based on the previous day’s weight at a volume of
0:01 mL=g BW. PFOA doses of 5 mg=kg BW=d (high dose) and
1 mg=kg BW=d (low dose) were selected based on previous
work that demonstrated a reduction in neonatal weight gain (Lau
et al. 2006; White et al. 2007). The dose of 1 mg=kg BW=d
PFOA, used in the mouse developmental toxicity study of Lau
et al. 2006, provided a lowest eﬀect dose that was used to set the
reference dose within the U.S. EPA’s drinking water lifetime
health advisory level (HAL) of 70 ppt PFOA (U.S. EPA 2016).
Given that the state of North Carolina has a provisional health
goal of 140 ppt GenX (double the PFOA HAL), we selected
doses of GenX (10 mg=kg BW=d, high dose; 2 mg=kg BW=d,
low dose) to mirror doses of PFOA previously used in HAL
decision-making.

Study Design
This experiment was conducted over two blocks (Block 1 and
Block 2) to achieve a total of n = 11–13 litters per treatment
group and sacriﬁce time point (E11.5 and E17.5). The experimental design of the second block was identical to the ﬁrst block of
the study, and experimental methods were similar but expanded
upon to include more rigorous and detailed measurements.
Copulatory plug–positive mice (E0.5) were weighed to obtain a
baseline BW and placed into one of ﬁve groups. Once all mice
were assigned to groups, mean BWs were calculated, and a few
animals were reassigned so that mean BWs in each group were
similar. This was done to avoid confounding eﬀects of baseline
BW. Treatment groups were then randomly assigned a color by
using a random sequence generator. Experimenters and dosing
technicians were blinded to the treatment group to which the
color groups corresponded throughout the duration of the study,
including at necropsy. Randomly assigned treatment groups
included in each block: vehicle control (deionized water only),
1 mg=kg BW=d PFOA, 5 mg=kg BW=d PFOA, 2 mg=kg BW=d
GenX, and 10 mg=kg BW=d GenX. Pregnant dams were dosed
via oral gavage from E1.5 to E11.5 or from E1.5 to E17.5. The
sacriﬁce time points were selected a priori to examine eﬀects of
gestational PFOA or GenX exposure on embryo and placental
growth prior to placental maturation (E11.5) as well as after full
placental maturation (E17.5) (Watson and Cross 2005). The
E11.5 early-gestation time point was selected because it overlaps
a critical period of placental development in the mouse where the
placenta undergoes vascularization with the uterine wall and chorioallantoic branching of vessels begins (Watson and Cross
2005). The E17.5 late-gestation time point was selected so that
embryo weight changes that may be related to treatment would
be evident.

Necropsy
On the day of necropsy, dams received daily oral gavage between
0700 and 0800 hours and were weighed and then euthanized
humanely by swift decapitation, and serum was collected. In
Block 1, necropsies were completed from 0800 to 1600 hours,
and in Block 2, necropsies were completed from 0800 to 1200
hours. Serum from dams euthanized in Block 1 was snap frozen
for internal dosimetry analyses. Serum and urine from Block 2
dams were reserved for clinical chemistry analyses. In both
blocks, the uterus was removed, and total implantation sites were
counted based on gross observation of an implantation nodule
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along the uterine horn. Viable embryos, nonviable embryos, and
sites of resorption were counted based on gross observation.
Embryos were considered viable if they were properly formed,
were not pale in color, and were of similar size to neighboring
embryos. Embryos that were poorly formed and pale in color
(without heartbeat) were considered nonviable. Sites of resorption were deﬁned as a dark red–appearing clot-like nodule apparent on gross observation.
From each uterus, ﬁrst, viable embryos and their matched placentas were collected in succession within a horn and immediately snap frozen (n = 2–5 per litter), and subsequent embryos
were collected for growth measurements (n = 2–11 per litter).
Additional placentas were collected and placed in 4% paraformaldehyde (PFA) for histological analysis (Block 2 only). Amniotic
ﬂuid was collected by needle aspiration from litters euthanized at
E11.5 and snap frozen in liquid nitrogen. Embryo livers were collected from litters euthanized at E17.5 and snap frozen in liquid
nitrogen. Dam livers were weighed, a portion of the left lateral
lobe was placed in 4% PFA for histology, and another portion of
the same lobe was snap frozen in liquid nitrogen. A third liver
section was obtained from Block 2 dams and ﬁxed in McDowell
and Trump’s ﬁxative for electron microscopy (EM). Gross
lesions were collected when observed and placed in 4% PFA for
histology. Dam kidneys were removed, a cross section was prepared from the right kidney, a longitudinal section was prepared
from the left kidney, and both sections were ﬁxed in 4% PFA for
histological analysis.

Tissue Preparation/Histology/Clinical Measures
Dam livers, kidneys, and placentas were trimmed and embedded
by the NIEHS Mouse Embryo Phenotyping Core. Tissues collected at necropsy were ﬁxed in 4% PFA for 72 h and paraﬃn
embedded, and 5-lm sections were prepared and stained with hematoxylin and eosin (H&E). Pathology was evaluated and a pathology review conducted by S.A.E. Diplomate American
College of Veterinary Pathologists (DACVP). Pathology reviews
were conducted as an informed approach analysis [e.g., nonblinded analysis; see Sills et al. (2019)]. Select tissue slides were
scanned using the AT2 Scanner (Aperio). Images were then captured for publication using the ImageScope software; version
12.3.0.5056 (Aperio). Serum and urine obtained from dams in
Block 2 were analyzed using the AU480 clinical chemistry analyzer (Beckman Coulter Inc.). Reagents and calibration standards
used to measure alkaline phosphatase (ALP), alanine aminotransferase (ALT), aspartate aminotransferase (AST), blood urea
nitrogen (BUN), serum creatinine, urine creatinine, glucose
(Glu), total protein (TP), triglyceride (Trig), high-density lipoprotein (HDL), cholesterol (Chol), and albumin (ALB) were purchased from Beckman Coulter Inc. Reagents for sorbitol
dehydrogenase (SDH), total bile acid (TBA), and micro-TP were
purchased from Sekisui Diagnostics. The reagent used to measure
low-density lipoprotein (LDL) was purchased form Diazyme
Laboratories.

Transmission Electron Microscopy
Block 2 dam liver portions stored in McDowell and Trump’s ﬁxative (McDowell and Trump 1976) were processed using a Leica
EM TP processor. Brieﬂy, samples were rinsed with buﬀer, postﬁxed in 1% osmium tetroxide in 0:1-M phosphate buﬀer, rinsed
in distilled water, dehydrated, and embedded in Ply/Bed® 812
(Polysciences, Inc.) epoxide resin. Blocks were trimmed, and
semithin sections ( ∼ 0:5 lm) were stained with 1% toluidine
blue (Poly-scientiﬁc R&D Corp.) O in 1% sodium borate to ascertain areas of interest. Ultrathin sections (90–110 nM) were cut
Environmental Health Perspectives

from areas of interest and placed on 200-mesh copper grids and
stained with uranyl acetate and lead citrate, and digital images
were captured using an Orius® SC1000 side mount camera
(Gatan) attached to a Techani T12 transmission electron microscope (TEM) (FEI Company). In general, peroxisomes were
smaller than mitochondria and round with a dark, electron-dense,
granular matrix and surrounded by a single membrane.
Mitochondria were round to elongated, had a matrix that was less
electron dense than peroxisomes and contained crista, and were
surrounded by an inner and outer membrane. Samples were analyzed by R.D.K., Ph.D.

Placental Thyroid Hormone Quantification
Thyroid hormones (T3, triiodothyronine; T4, thyroxine; rT3,
reverse triiodothyronine) in placenta were analyzed according to
the methods described in Leonetti et al. (2016). Brieﬂy,
∼ 300 mg (207– 526 mg) of two to three pooled placental tissues
of same-sex embryos was homogenized and digested for 16 h
overnight in PRONASE® Protease (Streptomyces griseus) solution (EMD Millipore Corp.). Each pooled sample of two to three
placentas was considered as one biological replicate and included
placentas from the same litter when possible. Three biological
replicates were used for each treatment group and each sex.
Samples were spiked with an antioxidant solution (containing
37:5 mg=mL each of citric acid, ascorbic acid, and dithiothreitol)
and 13 C isotopically labeled internal standards (T4, T3, and rT3),
and cold acetone was added to stop the digestion reaction.
Samples were vortex mixed and centrifuged three times for 2 min
at 10,000 relative centrifugal force (rcf), and the supernatants
were collected and combined. Sample pH was adjusted with 6 M
hydrochloric acid to pH < 2. A liquid–liquid extraction with
cyclopentane was performed and the cyclopentane layer discarded; brieﬂy, 1 mL of cyclopentane was added to the supernatant and vortexed before the sample was centrifuged for 3 min at
3,000 rcf and the cyclopentane layer discarded, and this was
repeated three times. A liquid–liquid extraction with ethyl acetate was performed; brieﬂy, 3 mL of ethyl acetate was added
to the extract and vortexed before being shaken on a plate
shaker for 30 min and centrifuged for 3 min at 3,000 rcf, and
the ethyl acetate layer collected; this was repeated three times.
Ethyl acetate extracts were dried down to 50 lL under a gentle
nitrogen stream and resuspended in 1 mL of 0:01 M hydrochloric acid in 10% methanol. Samples were puriﬁed by solidphase extraction using SampliQ Optimized Polymer Technology
(OPT) cartridges (3 mL, 50 mg; Agilent Technologies). Final
extracts in 400 lL of 1:1 methanol:water were ﬁltered using
Whatman® Mini-UniPrep® Syringeless Filters [Polytetraﬂuoroethylene (PTFE), 0:2 lm; GE Healthcare]. Extracts were analyzed on
an Agilent high-performance liquid chromatography (HPLC) 1260
with a Synergi™ 50 mm × 2 mm Polar-RP column (2:5 lm;
Phenomenex) coupled to an Agilent model 6460 tandem mass
spectrometer with electrospray ionization (HPLC-MS/MSESI). Mobile phases consisted of 10 mM formic acid in methanol and 10 mM formic acid in water. Laboratory processing
blanks were extracted alongside the placental tissues to monitor
background levels. No TH were detected in the lab blanks.
Method detection limits (MDLs) were calculated using a signal-tonoise value of 3 for each analyte (T3, T4, and rT3). Values were
normalized to the wet weight of placenta extracted for a ﬁnal value
of nanogram hormone/gram placenta. Values below the MDL (T4,
0:84 ng=g; T3, 0:42 ng=g; rT3, 0:67 ng=g) were imputed using the
calculation MDL × 0:5, and values lacking a quantiﬁable peak on
mass spectrometry were excluded from the analysis.
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Internal Dosimetry
Maternal serum, maternal liver, amniotic ﬂuid, and whole
embryos were analyzed for PFOA and GenX concentrations
using methods similar to those previously reported (Conley et al.
2019; McCord et al. 2018; Reiner et al. 2009; Rushing et al.
2017). Solid tissues were homogenized in RODI water at a ratio
of approximately 1:3 tissue mass (milligrams) to liquid volume
(microliters). Maternal serum, amniotic ﬂuid, and tissue homogenates (25 lL) were spiked with internal standard suspended in
0:1 M formic acid in a denaturation step, followed by a subsequent
protein crash using ice-cold acetonitrile. Samples were vortex
mixed after addition of formic acid and acetonitrile and then centrifuged at 10,000 × g for 5 min. Extract supernatants were separated using a Waters ACQUITY UPLC® (Waters Corporation)
ﬁtted with a Waters ACQUITY UPLC® BEH C18 Column (130Å;
1:7 lm; 2:1 mm × 50 mm). Detection was performed using a
Waters Quattro Premier™ XE tandem quadrupole mass spectrometer in negative ionization mode. Stable isotopes of PFOA (13 C3 ,
MPFOA; Wellington Laboratories) or GenX (13 C3 , M3HFPODA; Wellington Laboratories) were used as internal standards for
quantiﬁcation of vehicle control samples (run against a nine-point
calibration curve of 0–100 ng=mL) and experimental samples (run
against a nine-point calibration curve of 200–20,000 ng=mL).
Vehicle control and dosed animal samples were quantiﬁed for
both PFOA and GenX using respective isotope-labeled chemicals and calibration curves.

Embryo/Placental Growth Metrics
Gross observations were recorded at necropsy. Embryo sex was
determined by polymerase chain reaction (PCR) ampliﬁcation of
the Sry gene (forward, 5 0 -GCTTCAGTAATCTCAGCACCTAGAA-3 0 , and reverse, 3 0 -CACATTGGCATGATAGCTCCAAATT-5 0 ) using a snipped portion of tissue (TransnetYX®, Inc.).
Embryos and their placentas were weighed separately as wet tissue. Images of embryos were obtained on a Leica Z16 APO
imaging scope, and embryo length was measured as snout-torump distance using FIJI (Schindelin et al. 2012) and Zen 2 Blue
(Zeiss).

Statistical Analysis
Data were analyzed in R (version 1.1.456; R Development Core
Team). Sample sizes for each end point are reported in the
accompanying ﬁgure legends or tables. A threshold of p < 0:05
was used for determining statistical signiﬁcance unless otherwise
noted. Analyses combining data from both experimental blocks
were performed after verifying the absence of experimental block
eﬀects. Single-observation dam outcomes (e.g., liver weight, relative liver weight, implantation sites, resorptions, viable embryos,
and internal dose metrics) were analyzed by analysis of variance
using the lme4 (Bates et al. 2014) and lmerTest packages
(Kuznetsova et al. 2017). Simultaneous tests for general linear
hypotheses were corrected for multiple comparisons of means
using Tukey contrasts in the package multcomp (Hothorn et al.
2009).
For all statistical tests adjusting for litter size as a ﬁxed eﬀect
in the model, litter size was deﬁned as the number of viable
embryos. GWG on the day of sacriﬁce was adjusted for litter size
using a general linear model. To compare GWG growth curves,
GWG was measured as the percent change in BW compared to
E0.5 and analyzed using mixed-eﬀects models controlling for litter size and accounting for repeated measures of dams over time.
Embryo and placental metrics were analyzed using mixedeﬀect models and included a priori ﬁxed eﬀects of treatment
group and litter size and a random-eﬀects term for the dam using
Environmental Health Perspectives

the lme4 package. Embryo and placental metrics included embryo
weight, embryo length, placental weight, and embryo:placenta
weight ratios, a meaningful predictor of fetal birth outcomes
in humans (Hayward et al. 2016). To account for potential
introduction of random eﬀects, the study block (Block 1 or
Block 2) and experimenter handling of embryo/placental tissues
(Experimenter A or Experimenter B) were included as additional
random eﬀects. Models were ﬁt in a stepwise procedure for random eﬀects, and ﬁnal models included treatment group and litter
size as ﬁxed eﬀects using the lmerTest package (Kuznetsova et al.
2017). All ﬁnal models included dam as a random eﬀect but were
allowed to vary in the inclusion of experimenter and experimental
block random eﬀects based on likelihood ratio test results. Point
estimates and 95% CIs were determined from the ﬁnal model
using the Wald method. The number of individual observations
for each outcome (embryo weight, placenta weight, and embryo:
placenta weight ratio) and the number of litters evaluated in the
mixed-eﬀect models are shown in Table S1.
To document the eﬀects of PFOA and GenX on the placenta,
placentas were assessed for histopathological lesions in ﬁve to six
litters per treatment group for both time points, with an average of
seven individual placentas evaluated per litter. Analyses of histopathological data included placentas collected from viable
embryos and excluded fused placentas and placentas collected
from sites of resorption, which did not occur more frequently than
at expected background levels in this strain. Histopathological
lesions of evaluated placenta were evaluated using two statistical
approaches. The ﬁrst approach assumed the absence of litter
eﬀects and considered each placenta evaluated within a treatment
group to be a totally independent observation, regardless of its litter of origin. These data were analyzed as counts using a generalized linear model with a Poisson regression using the package
lme4 (Bates et al. 2014). The second approach considered the litter
as the biological unit and compared the relative incidence of placental lesions [e.g., percent within normal limits (WNL)] to adjust
for diﬀerences in the total number of observations across litters
within and between treatment groups. These data were analyzed
using a linear model. Both approaches were subjected to simultaneous tests for general linear hypotheses to correct for multiple
comparisons using Tukey contrasts in the package multcomp
(Hothorn et al. 2009).
TH concentrations in the placenta were quantiﬁed, and the
ratios of T3:T4 and rT3:T4 in E17.5 placentas were assessed to
evaluate potential disruption of peripheral TH control (e.g.,
impacts on thyroid deiodinase activity). Each end point was analyzed for sex × treatment interaction or for an overall eﬀect of
sex. Placenta TH were analyzed by analysis of variance using
lme4 (Bates et al. 2014). Simultaneous tests for general linear
hypotheses were corrected for multiple comparisons of means
using Tukey contrasts in the package multcomp (Hothorn et al.
2009). Placental TH and their ratios were initially analyzed with
embryo sex as an interaction term in the model, with the dose
group as the predictor variable. Inclusion of a sex interaction or
sex covariate in the ﬁnal model was examined in a stepwise fashion. Internal dosimetry data were analyzed by analysis of variance. Simultaneous tests for general linear hypotheses were
corrected for multiple comparisons of means using Tukey contrasts in the package multcomp (Hothorn et al. 2009).

Results
Internal Dosimetry
Maternal serum, maternal liver, amniotic ﬂuid (E11.5 only), and
whole-embryo dosimetry varied based on compound, dose, and
time point. Urine collection was attempted at necropsy of pregnant
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dams exposed to GenX but was unable to be consistently collected
in suﬃcient volume for dosimetry analysis. Concentrations of GenX
in the serum of dams exposed daily to 10 mg=kg of GenX was
equivalent to the concentration of PFOA in serum of dams exposed
to 5 mg=kg=d of PFOA at E11.5 (118:1 ± 10:4 lg GenX=mL serum and 117:3 ± 20:6 lg PFOA=mL serum, respectively; Figure
1A,B; Table S2). In contrast, GenX accumulation in the serum of
dams exposed to 2 mg=kg=d GenX was 32% higher than the accumulation of PFOA in the serum of dams exposed to 1 mg=kg=d
PFOA (33:5 ± 15:7 lg GenX=mL serum and 25:4 ± 3:7 lg PFOA=
mL serum, respectively; Figure 1A,B; Table S2). Serum levels of either dose of PFOA or GenX measured at E17.5 were lower from
those measured at E11.5 (Figure 1A,B; Tables S2 and S3). This could
be explained by a dilution eﬀect caused by blood volume expansion
over the course of gestation or may be due to increased transfer to
embryos over time.
Accumulation of PFOA in the maternal liver was greater than
the accumulation of GenX, regardless of dose level or collection
time point (Figure 1C,D; Tables S2 and S3). While maternal serum levels of PFOA or GenX were surprisingly roughly equivalent at E11.5 in dams exposed to PFOA or GenX, respectively,
the accumulation of PFOA in the maternal liver was markedly
higher in mice exposed to PFOA than the accumulation of GenX
in liver of mice exposed to GenX (Figure 1C,D; Tables S2 and
S3). It appeared that bioaccumulation of PFOA in the liver had

reached a maximum of approximately 160–180 lg PFOA=g liver
by E17.5 regardless of PFOA dose group (Figure 1C; Table S3).
When comparing across low (1 mg=kg=d PFOA vs. 2 mg=kg=
day=GenX) and high (5 mg=kg=d PFOA vs. 10 mg=kg=d GenX)
dose groups at each time point, the fold change comparing GenX
accumulation in the liver to the PFOA accumulation in the liver
was 7.6-fold lower (2 mg=kg GenX vs. 1 mg=kg PFOA; E11.5),
8.9-fold lower (10 mg=kg GenX vs. 5 mg=kg PFOA; E17.5),
11.2-fold lower (10 mg=kg GenX vs. 5 mg=kg PFOA; E17.5),
and 39.7-fold lower (2 mg=kg GenX vs. 1 mg=kg PFOA; E17.5)
(Figure 1C,D; Tables S2 and S3). Unlike PFOA, GenX did not
signiﬁcantly bioaccumulate further in dam livers between E11.5
and E17.5 (Figure 1D; Tables S2 and S3).
Amniotic ﬂuid concentrations of PFOA and GenX were
roughly equivalent when comparing the accumulation in dams
exposed at the high (5 mg=kg=d PFOA vs. 10 mg=kg=d GenX)
and low doses (1 mg=kg=d PFOA vs. 2 mg=kg=d GenX) (Figure
2A,C; Table S2). Comparing across PFOA and GenX dose
groups, embryo accumulation at E11.5 was greatest in mice
exposed to 10 mg=kg=d GenX (3:21 ± 0:5 lg=g), followed by
mice exposed to 5 mg=kg=d PFOA (2:34 ± 0:3 lg=g), 2 mg=
kg=d GenX (0:91 ± 0:2 lg=g), and 1 mg=kg=d PFOA (0:80 ±
0:10 lg=g) (Figure 2B,D; Table S2). At E17.5, embryo accumulation was not diﬀerent between sexes for either compound at the
doses tested (Figure 2B,D; Table S3). Concentrations of PFOA or

Figure 1. Internal dosimetry of perﬂuorooctanoic acid (PFOA) and GenX [hexaﬂuoropropylene oxide dimer acid (HFPO-DA)] in maternal serum and liver at
embryonic day (E) 11.5 and E17.5. (A) Maternal serum concentration (microgram PFOA per milliliter serum) at E11.5 and E17.5, (B) maternal serum concentration (microgram GenX per milliliter serum) at E11.5 and E17.5, (C) maternal liver concentration (microgram PFOA per gram liver) at E11.5 and E17.5, and
(D) maternal liver concentration (microgram GenX per gram liver) at E11.5 and E17.5 were determined by high-performance liquid chromatography–tandem
mass spectrometry. Treatment group mean values are denoted with an “X” ﬂanked above and below by error bars showing standard deviation, and individual
data points are shown as gray circles (n = 6–8). Vehicle control (VC) samples were quantiﬁed for PFOA and GenX; all VC means were below the limit of
detection (LOD) of 10 ng=mL for both PFOA and GenX except for maternal serum (0:211 ± 0:55 lg=mL). Statistical comparisons of internal dosimetry across
all treatment groups are shown in Tables S2 and S3.
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Figure 2. Internal dosimetry of perﬂuorooctanoic acid (PFOA) and GenX [hexaﬂuoropropylene oxide dimer acid (HFPO-DA)] in amniotic ﬂuid and whole
embryos. (A) Amniotic ﬂuid concentration (microgram PFOA per milliliter amniotic ﬂuid) at embryonic day (E) 11.5, (B) whole-embryo concentration (microgram PFOA per gram embryo) at E11.5 and E17.5, (C) amniotic ﬂuid concentration (microgram GenX per milliliter amniotic ﬂuid) at E11.5, and (D) wholeembryo concentration (microgram GenX per gram embryo) at E11.5 and E17.5 were determined by high-performance liquid chromatography–tandem mass
spectrometry. Treatment group mean values are denoted with an “X” ﬂanked above and below by error bars showing standard deviation, and individual data
points are shown as gray squares, circles, or triangles (n = 6–8). Triangles, E17.5 male embryos; circles, E17.5 female embryos; squares, pooled E11.5 embryos
(B and D). Vehicle control (VC) samples were quantiﬁed for PFOA and GenX; all VC means were below the limit of detection (LOD) of 10 ng=mL for both
PFOA and GenX. Statistical comparisons of internal dosimetry across all treatment groups are shown in Tables S2 and S3.

GenX in embryos were greater when measured at E17.5 than
at E11.5, suggesting accumulation of both compounds over
time in the embryo regardless of the shorter half-life of GenX
(Figure 2B,D; Tables S2 and S3).

Maternal Outcomes
Gross anomalies were visually evident in some dams upon necropsy; excess abdominal ﬂuid, edematous tissues, clotted placentas, and two fetuses attached to a single placenta were noted.
However, these ﬁndings were unexpected a priori and thus were
not looked for in each animal, were not reported by dose group,
and require further investigation in future studies.
Mean dam BWs at E0.5 were similar across all treatment
groups, including PFOA and GenX, for either sacriﬁce time point
and did not diﬀer from vehicle controls (Table 1). The relative
change in dam BW from E0.5 to the time of collection (percent
change in weight; GWG) was signiﬁcantly greater after exposure
to 10 mg=kg=d GenX at E11.5 (7.4% greater BW gain at E11.5
relative to vehicle controls; p < 0:05; Table 1). The number of
implantation sites, viable embryos, nonviable embryos, and
resorptions did not signiﬁcantly diﬀer among treatment groups,
Environmental Health Perspectives

including PFOA and GenX, at either time point relative to the vehicle controls, although 10 mg=kg=d GenX-treated dams had
fewer implantation sites and viable embryos at E17.5 (Table S4).
When controlling for litter size, relative GWG was signiﬁcantly
greater than controls in 10 mg=kg=d Gen-treated mice (E11.5:
7.1% greater compared to controls; E17.5: 19.1% greater compared to controls) and 5 mg=kg=d PFOA-treated mice (E17.5:
14.5% greater compared to controls; Table S5). Eﬀect estimates
from mixed-eﬀect models adjusting for repeated measures of relative GWG (dataset shown in Figure 3C), litter size, and gestational/
embryonic day showed signiﬁcantly higher relative GWG in mice
exposed to 10 mg=kg=d GenX (E11.5 and E17.5) (Figure 3A,B),
2 mg=kg=d GenX (E17.5) (Figure 3B), and 5 mg=kg=d PFOA
(E17.5) (Figure 3B).
Dam liver weights were signiﬁcantly higher in all treated
groups compared to vehicle controls at E11.5 (Table 1). At
E17.5, absolute liver weights of dams were signiﬁcantly higher in
the 5 mg=kg=d PFOA, 2 mg=kg=d GenX, and 10 mg=kg=d
GenX-treatment groups than in vehicle controls (Table 1). Dam
relative liver weight (as a percentage of BW) was signiﬁcantly
higher in both PFOA and GenX treatment groups relative to vehicle controls at E11.5 and E17.5 (Table 1). At E11.5, vehicle
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Table 1. Maternal indices at embryonic day 11.5 and 17.5 [mean ± standard deviation ðSDÞ; n = 11–13].
Embryonic
day
11.5
11.5
11.5
11.5
11.5
11.5
11.5
17.5
17.5
17.5
17.5
17.5
17.5
17.5

Maternal index
E0.5 weight (g)
Weight at necropsy (g)
Weight at necropsy (% change
from E0.5)
Liver weight (g)
Relative liver weight (% BW)
Kidney weight (g)
Relative kidney weight (% BW)
E0.5 weight (g)
Weight at necropsy (g)
Weight at necropsy (% change
from E0.5)
Liver weight (g)
Relative liver weight (% BW)
Kidney weight (g)
Relative kidney weight (% BW)

Vehicle
control

1 mg=kg BW=d
(PFOA)

5 mg=kg BW=d
(PFOA)

2 mg=kg BW=d GenX
(HFPO-DA)

10 mg=kg BW=d GenX
(HFPO-DA)

30:6 ± 5:5
37:9 ± 4:3
24:9 ± 9:2

31:2 ± 3
38:8 ± 2:4
24:7 ± 6:3

31:1 ± 3:2
40:2 ± 3:5
29:6 ± 6:3

29:7 ± 2:2
38:3 ± 3:2
28:9 ± 5:4

30:7 ± 2:5
40:0 ± 2:5
32:3 ± 9:6*

2:2 ± 0:3
5:9 ± 0:7
0:20 ± 0:01
0:53 ± 0:01
30:5 ± 3:3
56:3 ± 5:6
86:0 ± 22:8

2:9 ± 0:2*
7:4 ± 0:5*
0:20 ± 0:02
0:51 ± 0:04
28:5 ± 3:8
54:6 ± 5:3
92:6 ± 17:1

4:5 ± 0:5*
11:0 ± 0:9*
0:21 ± 0:03
0:51 ± 0:05
29:1 ± 3:4
57:4 ± 6:0
98:7 ± 20:2

3:1 ± 0:2*
8:1 ± 0:5*
0:22 ± 0:02
0:54 ± 0:04
28:2 ± 3:5
55:4 ± 6:5
97:3 ± 15:2

4:2 ± 0:5*
10:2 ± 0:7*
0:23 ± 0:06
0:52 ± 0:11
28:7 ± 3:6
56:7 ± 5:5
98:5 ± 15:7

2:7 ± 0:3
4:8 ± 0:3
0:21 ± 0:02
0:37 ± 0:04

3:1 ± 0:4
5:6 ± 0:5*
0:22 ± 0:04
0:40 ± 0:04

5:3 ± 0:5*
9:3 ± 0:7*
0:24 ± 0:03
0:40 ± 0:03

3:5 ± 0:5*
6:3 ± 1:0*
0:21 ± 0:02
0:37 ± 0:02

4:6 ± 0:4*
8:1 ± 0:5*
0:25 ± 0:02*
0:43 ± 0:03*

Note: BW, body weight. n = 6–8 for kidney weight and relative kidney weight. *p < 0:05 relative to vehicle control [analysis of variance (ANOVA) with post hoc multiple comparison
correction using Tukey contrasts].

control livers exhibited either normal hepatocellular features with
uniform hepatocellular size and cytoplasmic glycogen or minimal
centrilobular hepatocellular hypertrophy with decreased glycogen, consistent with pregnancy at this stage of gestation. At
E17.5, vehicle control livers exhibited hepatocellular changes
consistent with pregnancy at this stage of gestation (minimal to
mild centrilobular hepatocellular hypertrophy with karyomegaly,
increased mitotic ﬁgures, decreased glycogen, and increased
basophilic granular cytoplasm (Figures 4A and 5A). Compared
with their respective controls, all livers (100% incidence) from
both PFOA- and GenX-treated dams at E11.5 and E17.5 showed
a variety of adverse outcomes (Figure S1), including some
degree of cytoplasmic alteration, characterized by varying
degrees of hepatocellular hypertrophy with decreased glycogen
and intensely eosinophilic granular cytoplasm (Figures 4C,E
and 5C,E; Tables S6 and S7). As the severity increased, there
was extension of the cytoplasmic alteration into the midzonal
and periportal regions. Also, as the cytoplasmic alteration
increased in severity, there was an observed decrease in mitoses
and increase in apoptotic cell death (Figures 4E and 5E). A few
livers from exposed animals also had focal regions of classic
necrosis. Incidence of liver lesions and vacuolation are reported
in Tables S6 and S7.
Histopathological liver ﬁndings from a subset of E17.5 dams,
including all dose groups for PFOA, GenX, and vehicle controls
for comparison, were further evaluated using TEM. All vehicle
control livers exhibited normal ultrastructure for this stage of
gestation. In the centrilobular regions with hepatocellular hypertrophy, there was abundant glycogen, prominent rough endoplasmic reticulum (RER) with abundant ribosomes, numerous
lysosomes, and minimal vacuolation with vacuoles often containing remnant membrane material as myelin ﬁgures (Figures
4B and 5B). Livers from mice exposed to 1 mg=kg=d PFOA
exhibited enlarged hepatocytes with increased cytoplasmic organelles consistent with mitochondria and peroxisomes, evenly
dispersed glycogen, and small vacuoles in the centrilobular
regions (Figure 4D) compared to vehicle controls. Livers from
mice exposed to 5 mg=kg=d PFOA exhibited abnormal ultrastructure with abundant organelles consistent with mitochondria
and peroxisomes, highly prevalent cytoplasmic vacuolation,
reduced RER with fewer ribosomes, and less abundant glycogen (Figure 4F). Livers from mice exposed to 2 mg=kg=d GenX
exhibited abnormal ultrastructure with enlarged hepatocytes
containing more abundant cytoplasmic organelles consistent
with mitochondria and peroxisomes, and vacuolation (Figure
Environmental Health Perspectives

5D). Livers from mice exposed to 10 mg=kg=d GenX exhibited
abnormal ultrastructure with enlarged hepatocytes containing
abundant organelles consistent with mitochondria and peroxisomes, and prevalent vacuolation often with remnant membrane
material as myelin ﬁgures, abundant RER with few ribosomes
present, and unevenly dispersed glycogen appearing as clustered
clumps (Figure 5F). At the level of TEM, PFOA and GenX generally caused a variety of cellular alterations: increased vacuolation,
increased numbers of cytoplasmic organelles consistent with mitochondria and peroxisomes, reduced glycogen stores and reduction
of RER ribosomes (Figure S2). Marked clumping of glycogen was
a unique observation in livers of mice exposed to 10 mg=kg=d
GenX, likely a secondary eﬀect due to abundant mitochondria,
peroxisomes, and RER.
Kidney weights and relative kidney weights of dams exposed
to either dose of PFOA or GenX did not diﬀer from vehicle controls at E11.5 (Table 1). At E17.5, 10 mg=kg=d GenX-exposed
mice exhibited higher kidney weight relative to vehicle controls
(both absolute kidney weight and relative kidney weight) (Table 1).
Kidney cross sections and longitudinal sections were histopathologically evaluated at E11.5 and E17.5 time points, and diagnoses were
made with no threshold: cortical glomeruli; cortical and medullary
tubules; papillary collecting ducts; parenchyma; and vascular tree
including renal artery, interlobar artery, interlobular artery, arcuate
artery, and renal veins. Kidneys from vehicle control and treated
animals were histologically WNL.

Clinical Chemistry
Dam serum Trig levels were signiﬁcantly lowered at E11.5 across
all treatment groups compared to controls in a dose–response
manner (5 mg=kg=d PFOA and 10 mg=kg=d GenX lowered
Trigs by 58% and 61%, respectively; 1 mg=kg=d PFOA and
2 mg=kg=d GenX lowered Trigs by 37% and 43%, respectively;
Table 2). At E17.5, dam serum Trigs were signiﬁcantly lower in
5 mg=kg=d PFOA and 10 mg=kg=d GenX-treated mice (66%
lower and 74% lower, respectively) (Table 3).
At E11.5, serum Glu levels in dams exposed to 5 mg=kg=d
PFOA and 10 mg=kg=d GenX were lower relative to controls
(20% and 18% lower, respectively), but this shift did not reach
statistical signiﬁcance (Table 2; p = 0:06 and p = 0:20, respectively). By E17.5, serum Glu remained lower in 5 mg=kg=d
PFOA-exposed mice and 10 mg=kg=d GenX-exposed mice, but
this shift was also not statistically signiﬁcant (Table 3; p = 0:41
and p = 0:42, respectively).
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Figure 3. Gestational weight gain (GWG) repeated-measure, mixed-eﬀect model estimates for pregnant dams exposed to perﬂuorooctanoic acid (PFOA) and
GenX [hexaﬂuoropropylene oxide dimer acid (HFPO-DA)]. Eﬀect estimates for pregnant dams exposed through embryonic day 11.5 (A) or 17.5 (B) are centered around the vehicle control group (y = 0) and show the point estimate of the relative change in dam weight (percent change from E0.5) with 95% conﬁdence intervals (CIs). (C) Boxplots of relative weight gain over time, with the upper and lower hinges corresponding to the ﬁrst and third quartiles (25th and
75th percentiles), the middle hinge corresponding to the median, and the upper whisker extending to the highest value that is within 1.5 times the distance
between the ﬁrst and third quartiles [interquartile range (IQR)] of the hinge and the lower whisker extending to the lowest value within 1.5 times the IQR of
the hinge. n = 11–13 dams per treatment group. *p < 0:05. **p < 0:01. ***p < 0:001. Beta estimate 95% conﬁdence intervals do not overlap zero. [Repeatedmeasures mixed-eﬀect model adjusting a priori for litter size and gestational (embryonic) day as ﬁxed eﬀects and the dam as a random eﬀect, vehicle control
as reference group].

At E11.5, dams exposed to 2 mg=kg=d GenX exhibited higher
Chol and HDL compared with controls (66% and 56% higher,
respectively) (Table 2). E11.5 dams exposed to 5 mg=kg=d PFOA
and 10 mg=kg=d GenX similarly exhibited higher Chol and HDL
levels relative to controls, but this shift did not reach statistical signiﬁcance (p = 0:42 and p = 0:42, respectively) (Table 3). By E17.5,
treatment-related eﬀects on Chol and HDL appeared to be generally
attenuated (Table 3). At E17.5, mice exposed to 5 mg=kg=d PFOA
and 10 mg=kg=d GenX exhibited lower LDL (50% lower and 31%
lower, respectively), but only the shift in PFOA-exposed mice was
signiﬁcant (Table 3).
Dams exposed to 5 mg=kg=d PFOA and 10 mg=kg=d GenX
exhibited higher ALT relative to controls (a 172% increase and a
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200% increase, respectively), but these shifts were not statistically signiﬁcant with post hoc corrections (Table 2). By E17.5,
treatment group–related eﬀects on ALT were attenuated. At
E17.5, dams exposed to 5 mg=kg=d PFOA exhibited lower serum
ALB, increased AST, increased SDH, and lower total serum protein relative to controls (Table 3). Similar shifts occurred in mice
exposed to 10 mg=kg=d GenX with respect to AST, SDH, and
TP, but were not statistically signiﬁcant (Table 3). Overall, GenX
and PFOA liver pathology was consistent across dose groups and
time points (100% incidence of cytoplasmic alteration) (Table S6
and S7), while changes in ALT, AST, and SDH measurements
were not statistically signiﬁcant across all GenX or PFOA dose
groups or time points.
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Figure 4. Light and transmission electron microscopy (TEM) of liver from vehicle control (VC) and perﬂuorooctanoic acid (PFOA)–exposed pregnant dams at
embryonic day (E) 17.5. (A) Light microscopic image at 40 × magniﬁcation of liver from a VC pregnant dam (control) showing centrilobular hepatocellular
hypertrophy with karyomegaly, increased basophilic granular cytoplasm, and decreased glycogen. (B) Corresponding TEM magniﬁcation shows prominent
rough endoplasmic reticulum (arrows) with abundant ribosomes and evenly dispersed, abundant glycogen (asterisk) (see Figure S2A). (C) Light microscopic
image at 40 × magniﬁcation of liver from a pregnant dam at E17.5 and treated with 1 mg=kg=d PFOA. (D) Although this liver appears to be within normal
limits when viewed with light microscopy, TEM reveals an increase in scattered vacuoles (see Figure S2B); decreased, evenly dispersed glycogen (asterisks);
as well as abundant mitochondria (arrows) and peroxisomes (arrowheads). (E) Light microscopic image at 40 × magniﬁcation of liver from a pregnant dam at
E17.5 and treated with 5 mg=kg=d PFOA. Increased cytoplasmic vacuoles are evident at this light microscopic level. (F) TEM reveals abundant cytoplasmic
organelles consistent with mitochondria (M) and peroxisomes (P), extensive vacuoles (V), less prominent rough endoplasmic reticulum (arrows) with fewer
ribosomes and less abundant glycogen (see Figure S2C,S2D). Note: N, nucleus; NU, nucleolus; TEM, transmission electron microscopy.

Embryo and Placenta Outcomes
Although the number of implantation sites, viable embryos, nonviable embryos, or resorptions did not signiﬁcantly diﬀer across
treatment groups at E11.5 or E17.5 (Table S4), we evaluated
embryos and their placentas for diﬀerences in weight. At E11.5,
there were no signiﬁcant diﬀerences in viable embryo weight, placental weight, or embryo:placenta weight ratios across treatment
groups relative to vehicle controls (Table S8). At E17.5, signiﬁcantly lower viable embryo weight was observed in 5 mg=kg=d
PFOA-treated mice (5 mg=kg=d PFOA embryos were 129 mg
lower in BW than vehicle control embryos based on mixed-eﬀect
model estimates; Figure 6A and Table S8). At E17.5, placental
weight was signiﬁcantly higher in 5 mg=kg=d PFOA- and
10 mg=kg=d GenX-treated mice relative to vehicle controls (an
estimated 21 mg and 15:5 mg increase in placental weight relative
to controls, respectively; Figure 6B and Table S8). Embryo:placenta weight ratios (mg:mg) were signiﬁcantly reduced relative to
controls in 5 mg=kg=d PFOA- and 10 mg=kg=d GenX-treated
mice at E17.5 (Figure 6C and Table S8).
Environmental Health Perspectives

At E11.5, placental lesions were relatively sparse and mostly
included labyrinth atrophy, labyrinth necrosis, or early ﬁbrin clot
formation. At E11.5, there were no diﬀerences in the incidence of
placentas WNL across treatment groups (Table S9). At E17.5,
placental abnormalities were observed in all treatment groups
and tended to occur as litter-speciﬁc eﬀects (e.g., most or all placenta within one litter were aﬀected), and the most common
lesions included labyrinth congestion (Figure 7B), labyrinth atrophy (Figure 7C), early ﬁbrin clots (Figure S3A), labyrinth necrosis (Figure 7D), and placental nodules (Figure S3B). Placental
nodules were most likely resorption of an adjacent twin.
Placentas of mice exposed to 5 mg=kg=d PFOA exhibited labyrinth congestion as the most common lesion, whereas placentas
of mice exposed to either 2 mg=kg=d or 10 mg=kg=d GenX primarily exhibited atrophy of the labyrinth (Figure 8 and Table
S10). Early ﬁbrin clots were most common in placentas of mice
exposed to 10 mg=kg=d GenX (Figure 8 and Table S10). At
E17.5, placentas WNL were signiﬁcantly lower in mice exposed
to 5 mg=kg=d PFOA or 10 mg=kg=d GenX when all evaluated
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Figure 5. Light and transmission electron microscopy (TEM) of liver from vehicle control (VC) and GenX-exposed pregnant dams at embryonic day (E) 17.5.
(A) Light microscopic image at 40 × magniﬁcation of liver from a VC pregnant dam showing centrilobular hepatocellular hypertrophy with karyomegaly,
increased basophilic granular cytoplasm, and decreased glycogen. (B) Corresponding medium TEM magniﬁcation shows prominent rough endoplasmic reticulum (arrows) with abundant ribosomes and evenly dispersed, abundant glycogen (asterisk) (see Figure S2A). (C) Light microscopy at 40 × magniﬁcation, and
(D) transmission electron microscopy of liver from a pregnant dam at E17.5 treated with 2 mg=kg=d GenX [hexaﬂuoropropylene oxide dimer acid (HFPODA)] or 10 mg=kg=d GenX (E and F). Marked cytoplasmic alteration is evident in (C) and (E). TEM (D and F; see Figure S2E and S2F, respectively) reveals
an abundance of cytoplasmic organelles, consistent with mitochondria (M) and peroxisomes (P) that increase with increasing dose (D compared to F). Note
also the decreased glycogen (asterisks) as well as the vacuole (V) and rough endoplasmic reticulum (arrows). N, nucleus.

placentas were considered as independent observations (regardless
of litter of origin) (Table S10). Placental lesions were also evaluated to account for litter eﬀects by using the proportion of placenta within a litter that was WNL (percent WNL). Comparing
placenta using this method showed a reduction in placenta WNL
in mice exposed to 5 mg=kg=d PFOA, 2 mg=kg=d GenX, and
10 mg=kg=d GenX (Table S10).

toward a lower T3:T4 ratio was observed in placentas exposed to
10 mg=kg=d GenX, but this eﬀect was attenuated after applying
post hoc corrections. There were no other signiﬁcant eﬀects of
sex or treatment on placental rT3, T3, T3:T4 ratio, or rT3:T4
ratio.

Discussion
Placental Thyroid Hormones
For all placental TH endpoints, sex × treatment interaction and
sex as a covariate did not signiﬁcantly inﬂuence model ﬁt and
were not incorporated in the ﬁnal linear model (Table S11).
Placentas exposed to 10 mg=kg=d GenX had signiﬁcantly higher
T4 relative to controls (60% increase) (Table 4). This eﬀect
occurred in both male and female placentas, but statistical signiﬁcance was attenuated post hoc in sex-stratiﬁed models likely due
to low sample sizes. There was a trend towards a signiﬁcant
eﬀect of higher T4 in placentas exposed to 2 mg=kg=d GenX
(38% increase; Table 4), but this eﬀect was attenuated after
applying post hoc corrections for multiple tests. Similarly, a trend
Environmental Health Perspectives

Our prior work in mice has consistently shown reduced birth
weight resulting from gestational exposure to PFOA (Macon et al.
2011; White et al. 2007), but we did not examine eﬀects on the
placenta, a critical organ that facilitates embryo growth, nor did
we examine the eﬀects of replacement PFAS congeners. Here we
present evidence consistent with previous reports of PFOAreduced embryo growth and provide novel evidence indicating
that the pregnant dam liver and placenta are sensitive targets of
both PFOA and a replacement PFAS, GenX. Adverse placental
and maternal eﬀects were most prominent in late gestation
(E17.5) in mice gestationally exposed to 5 mg=kg=d PFOA and
10 mg=kg=d GenX, but 2 mg=kg=day GenX also exhibited signiﬁcant eﬀects on maternal liver and placenta. Future studies
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Table 2. Clinical chemistry panel of dam serum at embryonic day 11.5.
Measurement

Vehicle control
[mean ± SD (n)]

1 mg=kg=d PFOA
[mean ± SD (n)]

5 mg=kg=d PFOA
[mean ± SD (n)]

2 mg=kg=d GenX
[mean ± SD (n)]

10 mg=kg=d GenX
[mean ± SD (n)]

ALB (g/dL)
ALP (U/L)
ALT (U/L)
AST (U/L)
BUN (mg/dL)
Chol (mg/dL)
Cre (mg/dL)
Glu (mg/dL)
HDL (mg/dL)
LDL (mg/dL)
SDH (U/L)
TBA (lM=L)
TP (g/dL)
Trig (mg/dL)
Ucrea (mg/dL)

2:48 ± 0:18 (5)
68:8 ± 13:0 (5)
26:0 ± 5:6 (5)
63:6 ± 9:9 (5)
16:0 ± 2:1 (5)
56:4 ± 4:6 (5)
0:21 ± 0:02 (5)
275:2 ± 39:5 (5)
32:2 ± 1:5 (5)
10:8 ± 1:3 (5)
9:4 ± 7:5 (5)
2:0 ± 0:71 (5)
4:22 ± 0:18 (5)
205:6 ± 56:0 (5)
54:4 ± NA (1)

2:42 ± 0:22 (5)
54:6 ± 4:4 (5)
28:8 ± 11:5 (5)
144:6 ± 167:6 (5)
15:0 ± 2:7 (5)
68:8 ± 18:0 (5)
0:2 ± 0:05 (5)
278:4 ± 27:8 (5)
34:8 ± 10:9 (5)
12:2 ± 1:9 (5)
8:4 ± 7:8 (5)
1:5 ± 0:58 (4)
4:04 ± 0:3 (5)
130:4 ± 16:2* (5)
92:0 ± 13:1 (4)

2:36 ± 0:21 (5)
56:6 ± 35:6 (5)
70:8 ± 16:2 (5)
92:6 ± 20:3 (5)
15:8 ± 1:3 (5)
69:4 ± 9:9 (5)
0:18 ± 0:03 (5)
220:4 ± 22:1 (5)
42:6 ± 4:0 (5)
10:6 ± 1:5 (5)
12:4 ± 8:3 (5)
2:0 ± 0:0 (5)
3:78 ± 0:22 (5)
86:4 ± 15:8* (5)
50:1 ± 33:8 (4)

2:75 ± 0:33 (4)
58:4 ± 9:0 (5)
24:2 ± 13:7 (5)
69:0 ± 22:0 (5)
18:3 ± 4:6 (4)
93:4 ± 27:8* (5)
0:2 ± 0:04 (4)
249:3 ± 25:8 (4)
50:2 ± 15:7* (5)
15 ± 4:8 (4)
7:0 ± 6:5 (4)
1:4 ± 0:55 (5)
4:5 ± 0:48 (4)
117:6 ± 33:9* (5)
53:2 ± 14:0 (3)

2:8 ± 0:17 (3)
83:0 ± 25:8 (5)
78:2 ± 62:0 (5)
136:8 ± 138:9 (4)
13:7 ± 1:5 (3)
77:0 ± 16:4 (4)
0:18 ± 0:02 (3)
226:7 ± 28:9 (3)
43:3 ± 6:1 (4)
12:5 ± 1:9 (4)
8:0 ± 3:65 (4)
35:3 ± 67:8 (4)
4:37 ± 0:29 (3)
80:3 ± 14:4* (4)
82:9 ± 33:2 (5)

Note: ALB, albumin; ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; Chol, cholesterol; Cre, creatinine; Glu,
glucose; HDL, high-density lipoprotein; LDL, low-density lipoprotein; SD, standard deviation; SDH, sorbitol dehydrogenase; TBA, total bile acids; TP, total protein; Trig, triglycerides; Ucrea, urinary creatinine; U/L, units per liter. *p < 0:05 relative to vehicle control [analysis of variance (ANOVA) with post hoc multiple comparison correction using Tukey
contrasts].

should investigate adverse eﬀects at doses lower than 2 mg=kg=d
GenX to determine more precise percent responses at diﬀerent
lower dose levels using a benchmark dose approach.
It is well documented in humans and animal models that
PFAS readily pass from maternal serum to the developing
embryo via the placenta (Chen et al. 2017; Yang et al. 2016a,
2016b) and that PFOA transplacentally transfers to the mouse
oﬀspring (Fenton et al. 2009). Here, we report transplacental
transfer of both PFOA and GenX, higher placenta weight, higher
incidence of placental lesions, and lower embryo–placenta weight
ratios in mice exposed to 5 mg=kg=d PFOA or 10 mg=kg=d
GenX.
In humans, placenta weight and placental-to-fetal (also
reported as feto-placental) weight ratios are clinically relevant
end points that have been associated with adverse pregnancy outcomes (Hutcheon et al. 2012; Risnes et al. 2009; Thornburg et al.
2010). The placenta is a critical organ that mediates the transport
of nutrients, oxygen, waste, and xenobiotics between mother and
embryo, and it is rarely evaluated in reproductive toxicity studies.
We chose the placenta as a focal end point due to its importance
in studies of human pregnancy outcomes (Hutcheon et al. 2012;
Risnes et al. 2009), its role as a programming agent of latent
health outcomes in both the mother and child (Thornburg et al.

2010), and our own hypothesis that it is a key target tissue of
PFAS.
Placental insuﬃciency (PI) occurs when functional capacity
of the placenta is limited or deteriorates, resulting in reduced
transplacental transfer of oxygen and nutrients to the fetus
(Gagnon 2003). Reduction or impairment of placental blood ﬂow
(Chaddha et al. 2004), aberrant ﬁbrin depositions or other
thrombo-occlusive damage in the placenta (Chaddha et al. 2004),
and disruption of maternal–placental THs (Belet et al. 2003) are
all believed to contribute to PI pathogenesis in women. We provide evidence illustrating pathological and physiological features
that are concordant with PI in our experimental mouse model.
Here we show maternal exposure to PFOA- or GenX-induced atrophy, necrosis, and congestion of the murine placental labyrinth
(suggestive of impaired transplacental transfer of nutrients and/or
oxygen), aberrant formation of early ﬁbrin clots, and disruption
of placental TH (GenX only). These data are suggestive of a PI
phenotype induced by maternal exposure to PFAS in mice that
deserves further investigation.
In epidemiological studies, disproportionately large placentas
increase the risk for adverse health outcomes in neonates
(Hutcheon et al. 2012) and adult oﬀspring (Risnes et al. 2009).
The placenta inﬂuences cardiovascular disease (CVD) risk in the

Table 3. Clinical chemistry panel of dam serum at embryonic day 17.5.
Measurement
ALB (g/dL)
ALP (U/L)
ALT (U/L)
AST (U/L)
BUN (mg/dL)
Chol (mg/dL)
Cre (mg/dL)
Glu (mg/dL)
HDL (mg/dL)
LDL (mg/dL)
SDH (U/L)
TBA (lM=L)
TP (g/dL)
Trig (mg/dL)
Ucrea (mg/dL)

Vehicle control
[mean ± SD (n)]
2:23 ± 0:21 (4)
58:0 ± 7:8 (4)
13:0 ± 7:5 (4)
81:0 ± 6:5 (4)
16:0 ± 2:9 (4)
75:5 ± 11:6 (4)
0:18 ± 0:04 (4)
129:3 ± 11:7 (4)
34:0 ± 10:2 (4)
22:0 ± 0:8 (4)
5:5 ± 7:9 (4)
3:8 ± 0:96 (4)
4:2 ± 0:37 (4)
472:5 ± 78:9 (4)
25:8 ± 15:8 (2)

1 mg=kg=d PFOA
[mean ± SD (n)]
2:04 ± 0:09 (5)
50:2 ± 4:2 (5)
7:0 ± 4:3 (5)
73:0 ± 14:0 (5)
16:4 ± 1:7 (5)
83:8 ± 20:0 (5)
0:2 ± 0:01 (5)
121:0 ± 17:3 (5)
37:2 ± 6:2 (5)
24:0 ± 10:7 (5)
3:4 ± 6:1 (5)
3:0 ± 1:2 (5)
3:9 ± 0:11 (5)
364:0 ± 272:9 (5)
24:7 ± 23:1 (2)

5 mg=kg=d PFOA
[mean ± SD (n)]
1:53 ± 0:27* (6)
74:8 ± 23:8 (6)
16:8 ± 7:7 (6)
172:2 ± 63:1* (6)
18:7 ± 5:3 (6)
68:5 ± 16:4 (6)
0:16 ± 0:06 (6)
112:0 ± 15:8 (6)
38:8 ± 11:2 (6)
11:0 ± 3:0 (5)
24:3 ± 11:2* (6)
8:0 ± 7:9 (6)
2:8 ± 0:39* (6)
159:0 ± 65:5* (6)
11:5 ± 5:9 (3)

2 mg=kg=d GenX
[mean ± SD (n)]
2:32 ± 0:26 (5)
55:4 ± 11:8 (5)
4:4 ± 3:9 (5)
65:6 ± 12:1 (5)
13:6 ± 1:1 (5)
86:6 ± 17:1 (5)
0:17 ± 0:03 (5)
123:2 ± 13:1 (5)
39:4 ± 8:5 (5)
20:0 ± 3:9 (5)
1:2 ± 2:2 (5)
4:8 ± 3:0 (5)
4:1 ± 0:36 (5)
257:0 ± 120:3 (5)
18:6 ± 5:1 (4)

10 mg=kg=d GenX
[mean ± SD (n)]
2:26 ± 0:3 (5)
88:8 ± 13:0* (5)
9:6 ± 2:1 (5)
113:2 ± 36:6 (5)
15:2 ± 1:8 (5)
97:4 ± 8:4 (5)
0:15 ± 0:06 (5)
111:6 ± 15:5 (5)
50:0 ± 8:9 (5)
15:2 ± 2:9 (5)
11:4 ± 6:8 (5)
6:2 ± 4:2 (5)
3:9 ± 0:52 (5)
120:6 ± 31:7* (5)
20:2 ± 15:7 (4)

Note: ALB, albumin; ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; Chol, cholesterol; Cre, creatinine; Glu,
glucose; HDL, high-density lipoprotein; LDL, low-density lipoprotein; SD, standard deviation; SDH, sorbitol dehydrogenase; TBA, total bile acids; TP, total protein; Trig, triglycerides; Ucrea, urinary creatinine. *p < 0:05 relative to vehicle control (ANOVA with post hoc multiple comparison correction using Tukey contrasts).
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Figure 6. Mixed-eﬀect model estimates for (A) embryo weight (mg), (B) placental weight (mg), and (C) embryo:placenta weight ratios (mg:mg) after exposure
in utero to perﬂuorooctanoic acid (PFOA) or GenX [hexaﬂuoropropylene oxide dimer acid (HFPO-DA)] at embryonic day (E) 17.5. Eﬀect estimates are centered around the vehicle control group (y = 0) and show the point estimate of the relative change in weight (in milligrams; A and B) or weight ratio (mg:mg;
C) with 95% conﬁdence intervals (CIs). *p < 0:05. **p < 0:01. ***p < 0:001. Beta estimate 95% conﬁdence intervals do not overlap zero (mixed-eﬀect model
adjusting a priori for litter size as a ﬁxed eﬀect and the dam as a random eﬀect, vehicle control as reference group). Adjusted estimates and 95% CIs are shown
in Table S8.

oﬀspring (Risnes et al. 2009), and the functional capacity of the
placenta is likely the driver of fetal heart ﬁtness (Thornburg et al.
2010). Placentas that are disproportionately large relative to fetal
size tend to exhibit reduced functional capacity with respect to
optimal blood ﬂow and vascular resistance (Risnes et al. 2009;
Salaﬁa et al. 2006), which could lead to both adverse perinatal
(Hutcheon et al. 2012) and adult CVD outcomes (Thornburg et al.
2010). Here we show higher placenta weights that were disproportionate to embryo weights in mice exposed to PFOA and
GenX. Whether the increased placental weight is due to pathological changes or is a compensatory mechanism to protect the
developing fetus is not known. The extent to which gestational
exposure to these environmental contaminants could adversely
impact perinatal and adult oﬀspring health outcomes, especially
cardiovascular outcomes, should be the focus of future studies.
A previous report has shown dose-dependent necrotic
changes in the placenta of mice exposed to 10 mg=kg=d and
25 mg=kg=d PFOA, and pup mortality and gestational weight
loss were evident (Suh et al. 2011). Here, placental lesions in

mice exposed to 2 mg=kg=d GenX, 10 mg=kg=d GenX, and
5 mg=kg=d PFOA at E17.5 occurred at a signiﬁcantly higher
incidence compared to controls, and the labyrinth was the speciﬁc
target. This is signiﬁcant because the maternal–embryo exchange
of oxygen, nutrients, and waste occurs in the placental labyrinth.
Adverse placental eﬀects of 5 mg=kg=d PFOA and 10 mg=kg=d
GenX occurred at both the litter level as well as across all placenta evaluated, regardless of litter, and adverse placental eﬀects
of 2 mg=kg=d GenX were signiﬁcant when considered at the
level of the litter as a unit. The lowest doses tested in this study
resulting in adverse placental pathology were 2 mg=kg=d GenX
and 5 mg=kg=d PFOA. Given that maternal serum accumulation and embryo deposition of PFOA and GenX were similar at
the high (5 mg=kg PFOA vs. 10 mg=kg GenX) and low doses
(1 mg=kg PFOA vs. 2 mg=kg GenX) and that the placenta is at
the interface between these two compartments, the disparate
patterns in adverse placenta histopathology suggest that the placenta may be more sensitive to the eﬀects of GenX vs. PFOA.
The mechanisms of toxicity towards the placenta may also

Figure 7. Representative examples of histopathological placenta ﬁndings observed in dams at embryonic day (E) 11.5 and E17.5, treated with perﬂuorooctanoic acid (PFOA) or GenX [hexaﬂuoropropylene oxide dimer acid (HFPO-DA)]. (A) Normal labyrinth from a vehicle control dam at E17.5. (B) Labyrinth congestion in a dam at E17.5 that was treated with 10 mg=kg=d GenX (C) Moderate labyrinth atrophy of the trilaminar trophoblast layer at E17.5 in a dam treated
with 10 mg=kg=d GenX. (D) Labyrinth necrosis (arrows) in an E17.5 dam that was treated with 10 mg=kg=d GenX. All images at 20 × magniﬁcation.
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Figure 8. Incidence of placenta lesions across treatment groups at embryonic
day 17.5. n = 5–6 litters with 31–41 placentas evaluated per treatment group
(an average of 6–8 placentas per litter). Incidence values <4% are not
numerically indicated, but all values and statistical comparisons of placenta
lesion incidences across treatment groups at E17.5 are shown in Table S10.

diﬀer between the two PFAS and will be pursued in ongoing
studies.
TH play a critical role in neurodevelopment (de Escobar et al.
2004; Porterﬁeld 1994). PFAS are well-documented thyroid disrupters in humans (Coperchini et al. 2017; Webster et al. 2016),
including in pregnant women (Ballesteros et al. 2017; Berg et al.
2015; Wang et al. 2014; Webster et al. 2014). Generally, maternal PFAS levels during pregnancy are associated with shifts in
TH levels consistent with hypothyroidism (e.g., elevated thyroidstimulating hormone), which is associated with increased risk for
low birth weight (Alexander et al. 2017). It is possible that PFAS
chemicals exert some adverse eﬀects on embryo growth via TH
disruption across the maternal–placental–embryo unit. Indeed,
Conley et al. (2019) reported maternal serum total triiodothyronine (T3) and thyroxine (T4) were reduced in rats exposed to
125–500 mg=kg=d HFPO-DA (GenX) during gestational days
14–18. Maternal serum TH could not be measured due to volume
constraints in our study. As the placenta regulates the degree to
which maternal THs pass to the developing fetus, and it maintains
the optimal balance of the TH throughout embryo development
(Chan et al. 2009), the relationship between PFAS-induced

maternal TH changes and placental function requires additional
study, especially given the role of TH in fetal neurodevelopment.
In a systematic review and meta-analysis of nonhuman evidence for eﬀects of PFOA on BW, it was estimated that a 1-unit
(1 mg=kg BW/d) increase in PFOA is associated with a
−0:023 g (95% CI: −0:029, −0:016) shift in pup birth weight
(Koustas et al. 2014). Here we report a −0:028 g (95% CI:
−0:114, 0.586) shift in embryo weight on E17.5 in mice exposed
to 1 mg=kg=d PFOA and a −0:129 g (95% CI: −0:215, −0:043)
shift in mice exposed to 5 mg=kg=d PFOA. Eﬀects on embryo
weight at E17.5 in this study can be summarized as most severe
to least severe: 5 mg=kg=d PFOA (−0:129 g), 10 mg=kg=d
GenX (−0:042 g), 1 mg=kg=d PFOA (−0:023 g), and 2 mg=
kg=d GenX (−0:009 g). An industry study of CD-1 mice exposed
to 5 mg=kg=d HFPO-DA (GenX) from preconception through
weaning showed reduced pup weight at postnatal day (PND) 1
that persisted through PND 21 with eﬀects more severe in male
oﬀspring (DuPont-18,405-1,037). In rats, mean embryo weights
were decreased in rats exposed to 100 mg=kg=d HFPO-DA
(GenX) for 15 d of gestation (Edwards 2010a), and in a diﬀerent
study, female birth weights were reduced after 5 d of gestational
exposure at 125 mg=kg (Conley et al. 2019). To our knowledge,
there are no human data showing associations between maternal
GenX exposure and birth weight outcomes.
Several human cohort studies have shown that higher levels of
prenatal or early-life PFOA exposure is associated with increased
adiposity in childhood (Braun et al. 2016; Fleisch et al. 2017) and
metabolic disruption in young adulthood (Domazet et al. 2016).
Additionally, it is known that low birth weight is associated with
adult diseases, including metabolic syndrome in both humans and
animals (Barker 2004). Due to the environmental ubiquity of a
mixture of PFAS chemicals, it is diﬃcult to unravel the relative
contributions of prenatal and postnatal (e.g., chronic, lifelong) exposure and adverse health outcomes. Animal studies allow for discrete measurement of health outcomes associated with speciﬁc
critical periods of exposure, and future work should investigate
metabolic disruption in oﬀspring exposed in utero to provide key
insights on the metabolic programming capacity of PFAS.
In the present study, PFOA (5 mg=kg=d) and GenX
(2 mg=kg=d or 10 mg=kg=d) exposures resulted in signiﬁcantly
higher GWG in mice, with signiﬁcant eﬀects emerging at an earlier point in gestation in mice exposed to GenX and occurring at
a lower dose than PFOA (2 mg=kg=d GenX vs. 5 mg=kg=d
PFOA). In contrast, a decrease in mean maternal weight gain
was reported in a recent study of gestational exposure to GenX in
rats exposed to 250 or 500 mg=kg=d (Conley et al. 2019).
Although these ﬁndings are not consistent with the higher GWG
reported here, it is possible that statistical methods (absolute
change in maternal weight vs. relative change in weight analyzed
using repeated measures models), diﬀering windows of exposure
(5 d during mid- to late gestation vs. exposure throughout gestation), and interspecies diﬀerences in preliminary PFAS elimination

Table 4. Placental thyroid hormone measurements at embryonic day 17.5.
Hormone
rT3 (ng/g)
T3 (ng/g)
T4 (ng/g)
T3:T4 ratio
rT3:T4 ratio

Vehicle control
{mean ± SD [n (a, b)]}

1 mg=kg=d PFOA
{mean ± SD [n (a, b)]}

5 mg=kg=d PFOA
{mean ± SD [n (a, b)]}

2 mg=kg=d GenX
{mean ± SD [n (a, b)]}

10 mg=kg=d GenX
{mean ± SD [n (a, b)]}

1:2 ± 0:7 [5 (4, 1)]
0:3 ± 0:2 [6 (1, 5)]
3:8 ± 0:6 [6 (6, 0)]
0:07 ± 0:04 [6]
0:33 ± 0:19 [5]

0:7 ± 0:4 [6 (3, 3)]
0:2 ± 0 [6 (0, 6)]
2:5 ± 1:0 [6 (6, 0)]
0:09 ± 0:03 [6]
0:30 ± 0:21 [6]

1:4 ± 0:7 [5 (5, 0)]
0:2 ± 0 [4 (0, 4)]
2:8 ± 1:3 [6 (6, 0)]
0:07 ± 0:02 [4]
0:45 ± 0:05 [5]

1:7 ± 0:8 [6 (6, 0)]
0:3 ± 0:2 [5 (0, 5)]
5:3 ± 1:7 [6 (6, 0)]
0:05 ± 0:01 [5]
0:32 ± 0:12 [6]

1:6 ± 0:3 [6 (6, 0)]
0:2 ± 0 [6 (0, 6)]
6:1 ± 1:1* [6 (6, 0)]
0:03 ± 0:01 [6]
0:27 ± 0:08 [6]

Note: Sample sizes are expressed as the total number of samples (n) as well as the number of samples above the MDL (a) and below the MDL (b). Nonquantifiable samples below the
MDL were imputed using the calculation MDL × 0:5. MDL values were: T4, 0:84 ng=g; T3, 0:42 ng=g; rT3, 0:67 ng=g. MDL, method detection limit; rT3, reverse triiodothyronine;
SD, standard deviation; T3, triiodothyronine; T4, thyroxine. *p < 0:05 relative to vehicle control [analysis of variance (ANOVA) with post hoc multiple comparison correction using
Tukey contrasts].
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rates [GenX elimination half-life in rats: ∼ 5 h vs. ∼ 20 h in
mice, (Gannon et al. 2016)] could explain these disparate results.
It is possible that diﬀerent elimination rates of the compound
make the comparison of equivalent or similar external doses a
challenge. In fact, dam serum concentrations of rats exposed to
500 mg=kg=d from gestation day (GD) 14-18 reported in Conley
et al. (2019) were of similar magnitude to those observed in mice
exposed to 10 mg=kg=d throughout gestation in the present study
( ∼ 100 lg=mL). Similarly, serum concentrations from pregnant
mice in the current study exposed to 2 mg=kg=d GenX were
roughly equivalent ( ∼ 33 lg=mL) to serum concentrations obtained
from rat dams exposed to 62:5 mg=kg=d GenX in the study by
Conley et al. (2019).
Higher GWG observed in our PFOA-exposed mice is consistent with ﬁndings reported in humans; interquartile range increases
in GWG were associated with elevated cord blood levels of PFOA
(odds ratio = 1:33; 95% CI: 1.13,1.56) (Ashley-Martin et al. 2016).
Similarly, other legacy PFAS compounds such as perﬂuorooctanesulfonic acid are positively associated with GWG (Jaacks et al.
2016). However, our data describing the relationship between
maternal exposure to GenX and increased GWG in a mouse model
are novel. Importantly, higher GWG is associated with adverse
outcomes for both mother and infant in humans, including
increased risk for pregnancy-associated hypertension (with or
without smaller birth weights), gestational diabetes, postpartum
weight retention, increased risk for unsuccessful breastfeeding,
and increased risk for stillbirth, infant mortality, and preterm birth
(Rasmussen and Yaktine 2009). These disorders share many risk
factors, but it is not fully understood to what extent their etiologies
are interrelated and/or interdependent (Villar et al. 2006) or what
mechanisms may be driving them. Our data suggest a need for
additional study of the adverse maternal and oﬀspring health outcomes associated with GenX exposure.
Liver toxicity is a consistent ﬁnding in animal studies of
PFOA (Li et al. 2017) and other PFAS, but studies examining
GenX are limited. Here, we report similar histopathological ﬁndings in livers of exposed pregnant dams to those previously
described by our group (and others) in oﬀspring prenatally
exposed to PFOA, including increased extent of hepatocellular
hypertrophy, cytoplasmic alteration, and increased mitochondria
(Filgo et al. 2015; Lau et al. 2006). We hypothesize that the
consistent and persistent hepatic cytoplasmic alterations seen following PFAS exposures lead to increased incidence and/or distribution of cell death, which is consistent with the decrease in
mitotic ﬁgures compared to control liver sections. This constellation of lesions is considered adverse and is incompatible with
long-term normal liver function. The maternal liver responds to
estrogen produced by the placenta and produces thyroid-binding
globulin, which, in turn, regulates the level of maternal circulating TH (Nader et al. 2009). It is possible that altered maternal
liver function due to PFOA or GenX exposure plays an important
role in mediating placental and embryo outcomes.
In addition to consistently observed histopathological changes
in the liver induced by either PFOA or GenX, maternal clinical
chemistry indicated shifts in liver enzymes, including higher
ALT (10 mg=kg=d GenX; E11.5), higher ALP (10 mg=kg=d
GenX; E17.5), higher AST (5 mg=kg=d PFOA; E17.5), and
higher SDH (5 mg=kg=d PFOA; E17.5). Our TEM ﬁndings build
upon a growing body of evidence demonstrating potential mechanisms of PFAS-induced hepatic toxicity other than PPAR and
demonstrate this for the ﬁrst time with GenX.
In a previous reproductive and developmental toxicity study
of HFPO-DA (GenX) in CD-1 mice, 5 mg=kg=d was determined
to be the NOAEL for reproductive toxicity and maternal systemic
toxicity (based on microscopic changes in maternal liver;
Environmental Health Perspectives

DuPont-18,405-1,037) (Edwards 2010b). Here, we are not able to
report a NOAEL, as signiﬁcant adverse eﬀects occurred in the
lowest GenX dose group evaluated in this study (2 mg=kg=d).
We demonstrate adverse systemic toxicity of dams exposed to
2 mg=kg=d GenX, which include microscopic alterations in the
liver, higher GWG, and higher incidence of placental lesions.
Dam serum GenX concentrations obtained at E17.5 in the present
study were comparable to dam plasma concentrations reported by
DuPont-18,405-1,037: 22:9 lg=mL (present study, 2 mg=kg=d
on E17.5), 36:4 lg =mL (DuPont-18,405-1,037, 5 mg=kg=d on
lactation day 21), and 58:5 lg=mL (present study, 10 mg=kg=d
on E17.5; compared in Figure S4). However, it should be noted
that in the present study at all tested doses, both PFOA and
GenX, maternal serum concentrations were higher at E11.5 than
E17.5. This could be explained by maternal oﬀ-loading of body
burden to developing embryos and other maternal tissues (i.e.,
liver) and rapid expansion of maternal blood volume throughout
the course of pregnancy.
There are several limitations to this study regarding experimental design, sample sizes, and interspecies diﬀerences. Due to
performing the experiment over two experimental blocks, some
end points were only evaluated from one of the two blocks, limiting statistical power. It is possible that some eﬀects would achieve
statistical signiﬁcance with a larger number of observations. The
two-block design did not impair the strength of the eﬀect when
signiﬁcant eﬀects were present in end points evaluated at both
time points, which was veriﬁed by statistical analysis. It is possible
that variance in half-life, amount of exposure to these chemicals,
and other interspecies diﬀerences may limit the human relevance
of the ﬁndings reported here. Although the mouse and human both
have discoid hemochorial placenta, the maternal–placental–
embryo unit in mice diﬀers from that in humans in other ways,
including the labyrinthine vs. villous structure, the number of oﬀspring carried during each pregnancy ( ∼ 14 vs. ∼ 1), and gestation
length ( ∼ 20 d vs. ∼ 280 d). Although there are distinct interspecies diﬀerences between humans and mice, the outbred CD-1
mouse was selected in the current study due to its genetic diversity. While the CD-1 mouse is sensitive to PFOA, compared to
other inbred mouse strains (Tucker et al. 2015), signiﬁcant
treatment-related eﬀects were still detectable despite its greater
biologic variability in response. It is not known whether there are
strain diﬀerences in sensitivity to GenX, which should be investigated in future studies.

Conclusion
In a comparative reproductive and developmental study in mice
of PFOA and a replacement, GenX, we report adverse eﬀects of
both compounds against the maternal–embryo–placenta unit.
Both PFOA and GenX induced elevated GWG, higher maternal
liver weights, adverse microscopic pathological changes in the
maternal liver, and abnormal histopathological lesions in mature
placenta. Importantly, we provide evidence that illustrates GenX
(as low as 2 mg=kg=d) signiﬁcantly aﬀects the maternal–embryo–
placenta unit diﬀerently than its predecessor PFOA and that this
alternative compound may have a unique mechanism(s) of reproductive toxicity in this model system. Lastly, we build a case for
the importance of evaluating the placenta as a critical tissue in
studies of developmental and reproductive toxicity through utilizing clinically relevant, translational end points to illustrate the
unique susceptibility of this organ to the adverse eﬀects of GenX.
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