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Abstract

Per- and polyfluoroalkyl substances (PFAS) are a family of chemicals that are ubiquitous

in the environment. Some of these chemicals, such as perfluorooctanesulfonic acid (PFOS),
perfluorohexanesulfonate (PFHxS) and perfluorooctanoic acid (PFOA), are found in human sera
and have been shown to cause liver steatosis and reduce postnatal survival and growth in rodents.
The purpose of this work is to evaluate the impact of diet and PFAS exposure to mouse dam (/s
musculus) on the risk to pup liver and metabolism endpoints later in life, as well as evaluate PFAS
partitioning to pups. Timed-pregnant dams were fed a standard chow diet or 60% kcal high fat
diet (HFD). Dams were administered either vehicle, 1 mg/kg PFOA, 1 mg/kg PFOS, 1 mg/kg
PFHXS, or a PFAS mixture (1 mg/kg of each PFOA, PFOS, and PFHxS) daily via oral gavage
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from gestation day 1 until postnatal day (PND) 20. At PND 21, livers of dams and 2 pups of
each sex were evaluated for lipid changes while remaining pups were weaned to the same diet

as the dam for an additional 10 weeks. Dam and pup serum at PND 21 and PND 90 were also
evaluated for PFAS concentration, alanine aminotransferase (ALT), leptin and adiponectin, and
glycosylated hemoglobin Alc. Perinatal exposure to a HFD, as expected, increased pup body
weight, maternal liver weight, pup liver triglycerides, pup serum ALT, and pup serum leptin.
PFOA and the PFAS mixture increased liver weights, and. treatment with all three compounds
increased liver triglycerides. The maternal HFD increased dam and pup serum PFAS levels,
however, was protective against PFOA-induced increase in serum ALT and observed increases in
liver triglycerides. The PFAS mixture had very distinct effects when compared to single compound
treatment, suggesting some cumulative effects, particularly when evaluating PFAS transfer from
dam to pup. This data highlights the importance of diet and mixtures when evaluating liver effect
of PFAS and PFAS partitioning.
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Introduction

Per- and polyfluoroalkyl substances (PFAS) are a class of over 7,000 synthetic chemicals on
the market for use in numerous household and consumer products, as well as firefighting
foams (Wang et al. 2017; Glige et al., 2020; US EPA, Chemistry Dashboard, 2020).

PFAS have strong carbon-fluorine bonds that allow them to persist in the environment
(Mortensen et al. 2011). The most well studied PFAS are the perfluoroalkyl acids

(PFAA), such as perfluorooctanesulfonate (PFOS), perfluorooctanoic acid (PFOA), and
perfluorohexanesulfonic acid (PFHxS), which will be the focus of this work. A major
concern to government regulators regarding many of these compounds are the long serum
half-lives in humans; PFOS, PFHXS, and PFOA have mean half-lives of 5.4 years, 8.5 years,
and 3.8 years, respectively (Olsen et al. 2007). In 2006, eight companies that were part of the
EPA PFOA stewardship program in the US voluntarily agreed to reduced PFOA emissions
and content of PFOA by 95 percent by 2010 (US EPA, 2020). Since 1999-2000, serum
PFOS and PFHXS concentrations in the U.S. population have been declining, whereas the
PFOA concentrations remained constant between 2003-2008 (Kato et al. 2011). PFOA,
PFOS, and PFHXS are still widely distributed in humans and the natural environment (Jian et
al., 2018).

Many human studies have found significant associations with adverse outcomes and PFAA
exposure, such as suppressed immunity, dyslipidemia, and kidney and testicular cancers in
areas with extremely high exposures (Barry et al. 2013; Vieira et al. 2013; Grandjean et al.
2017a; Grandjean et al. 2017b; Lin et al. 2019; Sunderland et al. 2019). PFOS and PFOA
have been shown to transfer to the fetus and are found in umbilical cord serum and human
breast milk and may, consequently, pose a risk for developmental toxicity (Midasch et al.
2007; Tao et al. 2008; von Ehrenstein et al. 2009; Fromme et al. 2010; Ode et al. 2013).
Self-reported health outcomes of pregnancies from the C8 Science Panel study population
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(2000-2006) have reported associations of PFOA with preeclampsia, and of PFOS with
preeclampsia and low birth weight (Stein et al. 2009). Studies in rats and mice found
exposure to PFOS and PFOA in utero delays development and reduces postnatal survival
and growth (Lau et al. 2003; Butenhoff et al. 2004; Luebker et al. 2005; Lau et al. 2006).

In rodents and monkeys, liver is known to be a sensitive organ to PFAA exposure. PFOS

and PFOA treatment has been shown to decrease body weight, increase liver weight, and
cause hepatocellular hypertrophy and lipid vacuolation (Butenhoff et al. 2002; Seacat et

al. 2002; Seacat et al. 2003; Son et al. 2008; Qazi et al. 2010; Wan et al. 2012). Human
studies have found positive associations between PFAA exposure and biomarkers of liver
injury; however, it is unclear if PEAA exposure causes liver steatosis in humans (Lin et

al. 2010; Gallo et al. 2012; Gleason et al. 2015; Darrow et al. 2016; Bassler et al. 2019).
Perinatal exposure to PFOS and PFOA has been shown to increase body weight gain, as
well as effect leptin and insulin later in life (Hines et al. 2009; Wan et al. 2014). The

livers of rats and mice exposed to PFOA and PFOS perinatally have been described to have
hepatomegaly and altered liver fatty acid metabolism gene expression (Bjork et al, 2008;
Lau et al, 2003; Luebker et al, 2005; Abbott et al. 2009; White et al. 2011), and /n utero
PFOA exposure induced liver lesions in 18-month-old mice (Filgo et al., 2015). In adults,
liver effects of PFOS have been shown be modulated with diet and the time in which the diet
was administered (Marques et al., 2020; Pfohl et al., 2021; Salter et al., 2021). However, few
studies have explored how diet may, effect and modulate liver effects with perinatal exposure
to PFOA, PFOS, or PFHXxS.

Here, high fat diet (HFD) feeding and perinatal PFAS (specifically PFOA, PFOS and
PFHXS) exposure to pregnant CD-1 dams was evaluated as a risk factor of liver steatosis.
Timed-pregnant mice were treated with PFAS and a HFD during gestation and lactation.
Maternal intake of HFD during gestation and lactation has been shown to predispose
adult offspring to hepatic steatosis (Gregorio et al. 2010). We hypothesized that PFAS
administration would worsen hepatic steatosis later in life. We have included treatments
with PFOA, PFOS and PFHXS, as well as a mixture of the three. Humans are exposed to
multiple PFAS, so it is relevant to understand the combined effect. This knowledge could
be leveraged to further the current understanding on how maternal diet may play a role in
perinatal PFAS exposure and potential adverse outcomes later in life.

2.0 Material and Methods

2.1 Chemicals.

PFAS chemicals were purchased from Sigma Aldrich (St. Louis, MO): PFOA
(Perfluorooctanoic acid, CAS# 335-67-1, Catalog# 171468, 95% purity), PFOS,
(Heptadecafluorooctanesulfonic acid potassium salt, CAS# 2795-39-3, Catalog# 89374,
298.0% purity, ~70% linear and ~30% branched isomers based on LC-MS/MS analysis
[data not shown]) and PFHXS (Tridecafluorohexane-1-sulfonic acid potassium salt, CAS#
3871-99-6, Catalog# 50929, >98.0% purity). Stable isotope-labeled internal standards
were purchased from Wellington Laboratories (Ontario, Canada): 13C4-PFOS (Product
code: MPFQOS), 13C4-PFOA (Product code: MPFOA), and 13C3-PFHXS (Product code:
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M3PFHXxS). Other chemicals and solvents, if not specified, were obtained from Sigma
Aldrich (St. Louis, MO) or Thermo Fisher Scientific (Waltham, MA).

2.2 Dosing Solutions.

PFOS, PFOA, and PFHxS were dissolved in 0.5% Tween 20 in Millipore-treated water.

The final dose administered was 1 mg/kg (dosing volume of 10 mL/kg) for each individual
compound, and 3 mg/kg total PFAS for the mixture using a 1:1:1 ratio of the same dose as
the individual treatments. The rationale for the stacking the dose was to be able to compare
effects of the mixture to the same dose of single PFAS treatments to understand the potential
cumulative effects. As the present study was focused on mechanistic analysis, the dose of

1 mg/kg/day was selected to be above the lowest observed adverse effect level (LOAEL)

of liver enlargement in dams, and to ensure maternal transfer of PFAS to pups, and is not
necessarily representative of potential human exposure levels (Lau et al. 2006; Wan et al.
2014).

2.3 Animals and treatments.

All animal protocols were reviewed and approved by the University of Rhode Island

(URI) Institutional Animal Care and Use Committee (IACUC). The overall study timeline

is illustrated in Fig. 1. Timed-pregnant CD-1 mice from Charles River Laboratories
(Wilmington, MA) were received on gestation day (GD) 1 (day of sperm-positive designated
as GD 0). Upon arrival, mice were weighed and randomly distributed to PFAS and diet
treatment groups. The mice were housed under a controlled temperature (20-26°C) with
relative humidity (30-70%), lighting (12 h, light-dark cycles). Mice received either a
standard chow diet (SD; Harlan Teklad Extruded Global Diet, 2020X) or 60% kCal high

fat diet (HFD; Research Diets, D12492) ad /ibitum. Dams were dosed via oral gavage with
either vehicle,1 mg/kg PFOA, 1 mg/kg PFOS, 1 mg/kg PFHXS, or a PFAS mixture (1 mg/kg
of each PFOS, PFOA, and PFHXS) throughout gestation (GD1-birth [GD18 or 19]) and
lactation (birth to postnatal day [PND] 21). Body weights of dams were recorded every 3—4
days and used for dose calculations, with the last dose on PND 20. At PND 5, neonates were
weighted, and litters were culled to 10 pups to ensure equal lactational PFAS exposure. At
PND 21, dams and 2 pups of each sex were euthanized. Remaining pups were weaned to
same diet as dam and continued on study for an additional 10 weeks. Dams and pups were
fasted for 4-6 hours prior to euthanasia via cardiac puncture. Liver weights were measured,
~50 mg sections of the left lateral lobe were prepared for histopathology and scoring, and
the remaining liver tissues were snap frozen in liquid nitrogen and stored at =70°C until
analysis.

2.4 Histopathology and scoring.

Liver sections were fixed in 10% buffered formalin for a minimum of 24 h, processed

to paraffin, and sectioned to 5 pm thickness. Sections were stained with hematoxylin and
eosin (H&E) or post-fixed with osmium tetroxide and periodic acid-Schiff counterstain, and
evaluated for lipid content as describe by Gates et al., (2016). All sections were examined/
analyzed by a board-certified veterinary pathologist for the surveillance of any treatment
related histomorphological changes including lipid content. Osmium-stained sections were
scored for subtle lipid accumulation with incidence and semi-quantitative scoring based
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on the vacuole size number and distribution of lipid. Semiquantitative volume/distribution
rankings were roughly as follows: 0 (none), 1 (minimal), 2 (mild), 3 (moderate), 4 (marked)
and 5 (severe). Statistical analysis was performed using Kruskal-Wallis test followed by
uncorrected Dunn’s test for multiple comparisons using GraphPad Prism v9.1.0 (La Jolla,
CA). Significance was considered to be p < 0.05.

2.5 Liver Lipid analysis.

Liver lipids were isolated using the Bligh and Dyer (1959) method. Briefly, tissue was
homogenized with ceramic beads in methanol using an Omni Bead Ruptor Elite (Omni
International, Kennesaw, GA) for 30 sec at 4 meters/sec. The resulting homogenate was
then mixed with 1 mL of water (accounting for 65% water content in liver tissue) and 0.9
mL chloroform. An additional 1 mL water, 0.9 mL chloroform and 1 mL methanol were
added and then mixed. The organic layer was isolated by centrifugation (1200 x g for 10
min), and solvent was evaporated. The residue was re-suspended in methanol, and liver
lipid content was normalized with exact tissue weight. Triglyceride and total cholesterol
concentrations were measured using colorimetric assay Kits from Pointe Scientific Inc.
(Canton, MI) according to the manufacturer protocols.

2.6 Serum alanine aminotransferase (ALT), glycated hemoglobin Alc (GHbALc), leptin
and adiponectin measurements.

Blood serum collected and isolated at necropsy was used for calorimetric ALT analysis
(Pointe Scientific Inc., Canton, MI). Serum GHbA1c was evaluated using murine glycated
hemoglobin Alc (GHbALc) ELISA Kit (BIOTANG Inc. Lexington, MA). Serum leptin and
adiponectin were evaluated using sandwich enzyme-linked immunosorbent assay (ELISA)
kits with biotin-labelled antibodies (Leptin Mouse/Rat ELISA catalog# D291001200R,
Adiponectin Mouse ELISA, catalog# RD293023100R, BioVendor, LLC, Asheville, NC)
according to manufacturer instructions. Serum inputs were diluted 5X for leptin and
10,000X for adiponectin, before using 100 pL for analysis.

2.7 Serum and Liver PFAS Extraction and Quantification by LC-MS/MS.

Serum and liver tissues collected at necropsy were prepared according to methods modified
from Hansen et al., (2001) and Chang et al., (2017). Briefly, 10, 20, or 60 L of sera,

were spiked with a fixed amount of isotope-labeled internal standards and combined with
tetrabutylammonium bisulfate (TBA; adjusted to pH 10) and 400 pL of 0.25 M sodium
carbonate in a 15-mL polypropylene tube. 5 mL of methyl tert-butyl ether (MTBE) was
added to the solution, and the mixture was placed on a shaker for 20—30 min at room
temperature. For frozen liver, ~50 mg of tissue was homogenized in 2 mL Omni Hard Tissue
Homogenizing tubes containing 1.4 mm ceramic beads, with 400 uL cold, deionized water
spiked with a fixed amount of stable isotope-labeled internal standards. Using an Omni Bead
Ruptor Elite (Omni International, Kennesaw, GA), the mixture was homogenized for 30 sec
at 4 meters/sec. 250 pL of homogenate was then digested overnight at room temperature in
10% 1N KOH. 100 pL of digested homogenate was further treated with 100 pL of 2N HCI,
500 pL 1N formic acid, 500 pL of saturated ammonium sulfate, and 5 mL methy! tert-butyl
ether (MTBE) and shaken for 20-30 min at room temperature. For both liver and sera, the
organic layer was separated by centrifugation (2500 x g, 5 min), and an exact volume of
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MTBE (4.5 mL) was removed from solution, transferred to a new tube, and evaporated. The
resulting samples was reconstituted with 0.1, 0.3, 0.5, 2, or 5 mL of acetonitrile and water
(1:1), passed through a 0.2 um polyethersulfone membrane syringe filter (MDI Membrane
Technologies, Harrisburg, PA) into an autosampler vial, and vortexed for 30 sec prior to
LC-MS/MS analysis.

LC-MS/MS analysis was conducted as previous described in (Marques et al., 2020).

Briefly, liquid chromatography was performed on a SHIMADZU Prominence UFLC system
(Columbia, MD). Samples and standards were injected (10 uL) on a Waters XBridge

C18 column (100 mm X 4.6 mm i.d., 5 um, Milford, MA) at 40°C. The mobile phase
consisted of 0.1% (v/v) formic acid/water (A) and 0.1% (v/v) formic acid/acetonitrile

(B). The elution gradient was 70% of B increased to 90% of B over 8 min with a

flow rate of 0.600 mL/min; at 8 min the gradient was reverted to original conditions for
washing and column re-equilibration. Analytes were measured on a Sciex QTRAP 4500
mass spectrometer (MS) with electrospray ionization (ESI) in MRM (Multiple Reaction
Monitoring) mode (SCIEX, Framingham, MA). The MRM ion pairs used for quantification
were 412.8/368.9, 498.9/79.8, and 399.0/79.8 (parent ion m/z/ fragment ion m/z, for PFOA,
PFQOS, and PFHXS respectively) in conjunction with a matrix matched calibration curve and
an isotope dilution method with mass labeled analogs used as surrogate standards in both,
the calibration curve and analyzed samples to determine unknown concentration. Nitrogen
was used for collision-induced dissociation of analytes. MS parameters were optimized as
follows: negative ionization, lonSpray voltage, —4500; nebulizer gas, 40; auxiliary heater
gas, 45; curtain gas, 20; turbo gas temperature, 400; entrance potential, —10; collision cell
exit potential, —15, MS parameters were also optimized for each MRM ion pair: declustering
potential =5, —60 and —150; collision energy —14, =122, and -37, (for PFOA, PFOS, and
PFHXS, respectively). The data were acquired using Analyst 1.6.3 software and processed
using MultiQuant 3.0.1 software (SCIEX, Framingham, MA).

2.8 Statistical Analysis.

Dams and/or litters were considered the unit of measurement, therefore, if a dam was
described by more than one pup, the values for each pup were averaged. All data

are represented as the mean £ SEM. Statistical analysis was performed using one-way

or two-way ANOVA followed by Fisher’s least significant difference (LSD) test for
multiple comparisons using GraphPad Prism v8.4.0.671 (La Jolla, CA). Further statistical
analysis was conducted to qualify marginal effects more explicitly and is presented in a
supplementary file. Significance was considered to be p < 0.05.

3.0 Results
3.1 Effect of Diet and PFAS on body weight and liver weight.

As described in Table 1, the number of live births per litter decreased by 26% with PFOA
treatment in the HFD as compared to the HFD+Veh group. The maternal body weight at
PND 21 was increased by 11% with HFD diet, in the Veh control. Maternal body weight at
PND 21 was also increased with HFD in the PFHXS treatment groups by 9%, as compared
to SD+Veh control. The maternal body weight of the HFD+PFOS and HFD+PFAS mixture
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groups were similar to either SD+Veh or HFD+Veh groups, however the SD+PFOA was
increased by 13% compared to SD+Veh. The maternal body weight of the HFD+PFOA
group was decreased by 9% as compared to HFD+Veh. PFOA and the PFAS mixture
enlarged maternal livers: compared to respective Veh diet controls, maternal liver weight
was increased by 96% in the SD+PFOA and by 36% in the HFD+PFOA group. Similarly,
to PFOA, maternal liver weight was increased by 92% in the SD+PFAS mixture and by
70% the HFD+PFAS mixture group as compared to respective Veh diet controls. After
normalizing liver weight to body weight, SD+PFOA and HFD+PFOA increased the liver
to body weight ratio by 83% and 44%, respectively as compared to respective Veh diet
controls. The liver-to-body weight ratio for the SD+PFAS mixture and HFD+PFAS mixture
also increased the liver to body weight ratio by 89% and 65%, respectively as compared to
respective \Veh diet controls.

At PND 5, neonate body weight was increased in the HFD+PFAS mix group by 21% as
compared to SD+Veh. At PND 21, male and female pup body weight was increased by
~17% in all treatment groups with HFD, except for HFD+PFOA. In the HFD+PFOA group,
female pup body weight was decreased compared to HFD+Veh control by 11%. PFOA

and the PFAS mixture enlarged pup livers at PND 21 in the pups exposed to a maternal
HFD. Pup liver weight in the HFD+PFOA group was increased 40% and 28% compared to
SD+Veh and HFD+Veh respectively, and in the HFD+PFAS mixture group was increased
by 38% and 26% compared to SD+Veh and HFD+Veh, respectively. After normalizing liver
weight to body weight in the pups, HFD+PFOS lowered liver-to-body weight ratio by 10%
compared to SD+Veh, and the HFD+PFHXxS group had a lower liver to body weight ratio by
11% compared to SD+Veh and by 9% compared to HFD+Veh. SD+PFOA and HFD+PFOA
increased the liver to body weight ratio by 22% and 32%, respectively as compared to
respective Veh diet controls. The liver to body weight ratio for the SD+PFAS mixture group
was not different as compared to Veh control SD, however it was increase compared to
SD+PFOS and SD+PFHXS group by 18% and 17%, respectfully and decreased by 11% as
compared to SD+PFOA group. The liver-to-body weight ratio for the HFD+PFAS mixture
group was increased by 33% as compared to HFD+Veh.

At PND 90, there were no observed changes in liver weight of pup with maternal PFOA or
PFAS mixture treatment. As expected, maternal and pup HFD had the most profound impact
on body and liver weights. In male pups, body and liver weights were increased by HFD in
the Veh and PFAS treated groups by ~24% and ~42%, respectively.

In female pups, body weight was increased by HFD in the Veh and PFAS treated groups

by ~50%, however female pups were resistant to HFD induced liver weight increase. Only
the female pups in the HFD+PFOS group had an increased liver weight by ~46% compared
to SD+Veh and SD+PFOS groups. Once liver weight was normalized to body weight

the HFD+PFOS group, the liver-to-body weight ratio was increased compared by 25%
compared to HFD+Veh control pups.

3.2 Diet and PFAS effects on serum ALT and liver lipid content in Dams.

As described in Fig. 2A, serum ALT, a marker of liver damage (Ozer et al., 2008), was
increased in the dams exposed to PFOS (SD+PFQOS) by 8-fold compared SD+Veh dams,
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however when combined with HFD, (HFD+PFOS) the serum ALT is reduced by 88%
compared to SD+PFOS. Total lipid mass of the dam liver was not changed with PFAS

or HFD (Fig. 2B). Liver triglycerides in the dam liver (Fig. 2C) was increased with
HFD+Veh by 38% compared to SD+Veh, and liver triglycerides were also increased in
the HFD+PFOS group by 48% and 54% compared to SD+Veh, and SD+PFOS groups,
respectively. Liver triglycerides in the SD+PFAS mixture group was increased by 59%
compared to the SD+PFOA group. The HFD+PFAS mixture decreased liver triglycerides
by in 34% compared to the HFD+Veh group and by 38% compared to the HFD+PFOS
group. Liver total cholesterol in the dam liver (Fig. 2D) was increased in the HFD+PFOS,
SD+PFHXS, and HFD+PFHXS by 37%, 50%, and 41% compared to the SD+Veh group,
respectively. Liver cholesterol was decreased in the SD+PFAS mixture compared to the
SD+PFHXS group by 31% and liver cholesterol was also decreased in the HFD+PFAS
mixture compared to HFD+PFOS and HFD+PFHXxS by 36% and 38%, respectively.

3.3 Diet and PFAS effects on liver lipid content in pups at PND 21.

Histological assessment of hepatic tissue sections from pups at PND 21 indicated increased
lipid accumulation in the pups exposed to the maternal HFD compared to SD+Veh group.
Representative images of male pups from Veh controls and treatments with increased lipid
accumulation is presented in Fig.3. Variably sized, black foci are osmium positive-staining
of microvesicular lipid droplets. Pups that were exposure to the maternal HFD were
characterized by microvesicular, osmium positive lipid droplets throughout the parenchyma
centered on portal triads (Fig 3B). In all the HFD and PFAS groups (Fig 3B-F), the
incidence and severity of lipid accumulation was increased, and at least 12.5% of livers
exposed to a maternal HFD had severity scores of 3 or more (=3) compared to SD+Veh
(Table 2). In the HFD+PFOA group, the severity of lipid accumulation was lower compared
to HFD+PFAS mixture by 86%.

As described in Fig. 4A, total lipid mass from isolated lipids in liver tissues in the pups at
PND 21 was only increased in the HFD+PFAS mixture group by 57% compared to SD+Veh.
Liver triglycerides (Fig. 4B) was increased with maternal HFD feeding by 30%. An increase
in liver triglycerides was not observed in any of the single PFAS treatments with the
maternal HFD, however, in all the single PFAS treatments with SD, liver triglycerides were
increased in the pups by 32%, 37%, and 35% for PFOA, PFOS, and PFHXS, respectively.
The SD+PFAS mixture was not different compared to SD+Veh, however unlike the single
PFAS treatments, the HFD+PFAS mixture was increased compared to SD+Veh by 55%.
Total cholesterol (Fig. 4C) was significant decreased in the HFD+PFAS mixture group

17% compared to HFD+Veh. HFD+PFAS mixture was also decreased compared PFOS and
HFD+PFHXS groups by ~37%.

3.4 Diet and PFAS effects on pup serum adipokines at PND 21.

As described in Fig. 5A, serum ALT, a marker of liver damage (Ozer et al. 2008), was
increased with the HFD by 108% in Veh controls at PND 21. In all single PFAS (PFOA,
PFQOS, and PFHxS) treatments and the PFAS mixture with the HFD, there was a decrease
compared to HFD+Veh by 29%, 45%, 51%, and 49% respectively. The only PFAS treatment
that increased ALT was SD+PFOA by 135% compared to SD+Veh. Leptin and adiponectin
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are serum hormones secreted by adipose tissue that regulates appetite, energy balance and
insulin sensitivity (Park et al. 2004). As expected, HFD more than triples leptin levels
compared to the Veh control (Fig. 5B). In all PFAS treatments with HFD, PFOA, PFQOS,
PFHXS, and the PFAS mixture decrease leptin by 50%, 53%, 39%, and 52% compared to
HFD+Veh. Unlike ALT and leptin at PND 21, serum adiponectin also had significant sex
differences. In male pups (Fig. 5C), serum adiponectin was increased by 63% and 76%

in the SD+PFHXS and SD+PFAS mixture groups respectively, compared to SD+Veh. The
HFD+PFAS mixture group was 38% higher compared to HFD+PFOS, but not HFD+Veh. In
female pups, the only difference in serum adiponectin levels observed was a decrease with
HFD by 26% compared to SD+Veh (Fig. 5D).

3.5 Diet and PFAS effects on pup serum proteins at PND 90.

As described in Fig. 6A, male serum ALT, had similar to trend as PND 21 timepoint with
respect to the HFD. Male serum ALT was increased with the HFD by almost 3-fold in

Veh controls at PND 21. In all single PFAS (PFOA, PFOS, and PFHXS) treatments and the
PFAS mixture with the HFD, there was a decrease compared to HFD+Veh by 69%, 64%,
82%, and 73% respectively. In female pups at PND 90 (Fig. 6B), only HFD+PFOS, unlike
males, was increased by 120% and 89% SD+Veh and SD+PFOS controls, respectively.
GHbA1c is a biomarker that indicates the presence of excessive sugar in the bloodstream,
is used often used to determine the three-month average blood sugar level (WHO, 2011). In
male pups (Fig. 6C), there were only non-significant tends in GHbALc, similar to female
pup GHbAIc levels. Female pups (Fig. 6D) in the HFD+PFOA had increased GHbAlc
levels by 46% compared to HFD+Veh controls. Female pups in both the SD+PFOA and
SD+PFHXS groups has increased GHbA1c, levels by 61% and 55% respectively, compared
to the SD+PFAS mixture group. Female pups also in the HFD+PFOA group has increased
GHbA1c levels by 75% compared to the HFD+PFAS mixture group. In both male and
female pups at PND 90, HFD increase serum leptin levels, as expected, by ~3-fold and
~10-fold respectively in all treatments compared to the Veh control (Fig. 6E and 6F).

Only in male pups (Fig. 6E), leptin is increased HFD+PFOA and HFD+PFAS mixture by
84% and 67% compared to HFD+Veh controls, which differs from observed changes at
PND 21. In male and female pups at PND 90 (Fig. 6G and 6H), serum adiponectin levels
had no changes with HFD alone. In male pups (Fig. 6G), treatment with PFHxS and the
PFAS mixture increased serum adiponectin in both SD and HFD diet groups by ~118%
and ~128% respectively. Additionally, HFD+PFOA, HFD+PFHXxS, and HFD+PFAS mixture
groups were also increased compared to HFD+Veh by 85%, 128%, and 139%. In female
pups (Fig. 6H) only PFOA and the PFAS mixture increased serum adiponectin compared
to Veh controls. SD+PFOA and SD+PFAS mixture groups, however, was increased by 55%
and 72% respectively compared to the SD+Veh controls, and HFD+PFOA and HFD+PFAS
mixture was increased by 72% and 111% respectively compared to the HFD+Veh controls.

3.6 Dam and Pup Serum PFAS concentrations.

As described in Table 3, serum PFAS concentration was measured to understand whether
PFAS levels in dams and pups could explain the treatment effects observed. In the dams
at PND 21, the 1 mg/kg/day dose of PFOA, PFOS, and PFHXS corresponded to serum
concentrations of 115.2 £ 9.23 pg/mL PFOA, 7.32 + 0.82 ug/mL of PFQOS, and 212.9 +
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16.2 ug/mL PFHXS in the SD groups. Serum PFOS levels in the dams were higher with
HFD feeding in both the SD and HFD groups by 34% and 61% respectively. Similar trends
were also observed in single PFOA and PFHXS treatment, however the trends were not
significant. In addition, serum PFOS levels in the dams that received the PFAS mixture was
decreased by 42% and 30% in both the SD and HFD groups, respectively.

In the pups at PND 21, the 1 mg/kg/day dose of PFOA, PFOS, and PFHXS corresponded to
serum concentrations of 11.73 + 1.33 pg/mL PFOA, 0.61 £ 0.15 pg/mL of PFOS, and 27.97
+ 2.09 pg/mL PFHXS in the SD groups. Male and female pups had similar levels at PND

21 (data not shown). Pup PFOA serum concentrations were decreased with HFD feeding to
dams by 50%, and PFOS serum concentrations were decreased by 54% in the SD+PFAS
mixture compared to SD+PFOS group.

At PND 90, male pups that received perinatal PFOA, PFOS, and PFHxXS had serum
concentrations of 1.08 + 0.26 pg/mL PFOA, 0.12 £ 0.03 pug/mL of PFOS, and 3.51 +

0.16 pg/mL PFHXS in the SD groups, and female pups that received perinatal PFOA, PFOS,
and PFHxS had serum concentrations of 0.16 + 0.04 ug/mL PFOA, 0.11 + 0.01 ug/mL

of PFOS, and 3.02 + 0.26 pg/mL PFHXS in the SD groups. At PND 90, serum levels of
PFOA in the SD diet were 85% lower in female pups compared to male pups. Further,
serum PFOA levels were also higher with HFD feeding in both the males and females by
73% and 115% respectively. This was also observed in the PFAS mixture with higher PFOA
levels with HFD feeding in both the males and females by 386% and 650%. However, PFOS
and PFHXS serum levels were increased with HFD feeding only in the female mice. For

the single PFAS treatments, PFOS and PFHXS levels were increased by 82% and 57%,
respectively, with HFD feeding and in the PFAS mixture PFOS and PFHXS levels were
increased by 67% and 84% respectively with HFD feeding.

3.7 Pup Liver PFAS concentrations.

As liver lipids were evaluated at PND 21, PFAS concentrations in the liver were evaluated at
PND 21 (Table 4). PFAS liver concentrations of 26.41 + 2.07 pg/g tissue PFOA, 1.41 + 0.09
ug/g tissue of PFOS, and 4.54 + 0.20 ug/g tissue PFHXS in the SD groups. Similar trends
were observed as serum as PND 21; pup PFOA liver concentrations were decreased with
HFD feeding to dams by 35%, and PFOS liver concentrations were decreased by 35% in the
SD+PFAS mixture compared to SD+PFOS group. The liver to serum ratios of PFOA, PFOS,
and PFHxS were 2.3 £ 0.22, 2.3 + 0.57, and 0.17 + 0.01 in the SD groups, respectively.
Interestingly, in the PFAS mixture the liver to serum ratio of PFHxS concentration was
higher than PFHXS alone by 47% in SD groups.

4.0 Discussion

The purpose of this study was to evaluate effect of maternal HFD with perinatal PFAS and
PFAS mixture exposure. Liver effects of PFOS in adults have been shown be modulated
with diet and the time in which the diet was administered (Marques et al., 2020; Pfohl

et al., 2021; Salter et al., 2021). Perinatal exposure to PFOS and PFOA has been shown

to hepatomegaly, body weight gain, and effect leptin and insulin levels later in life (Bjork
et al. 2008; Hines et al. 2009; Wan et al. 2014), however it is unclear how the liver may
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be impacted with diet and developmental PFAS exposure. Maternal intake of HFD during
gestation and lactation has been shown to predispose adult mouse offspring to hepatic
steatosis (Gregorio et al. 2010). Our results for maternal HFD feeding through gestation
and lactation were consistent with other studies showing significant increases in maternal
liver weight, pup body weight at PND 21, pup liver triglycerides, pup serum ALT, and pup
serum leptin (Gregorio et al. 2010; Masuyama and Hiramatsu 2014; Kjaergaard et al. 2017;
Zinkhan et al. 2018). Key results are summarized in Table 5. These data suggest that a HFD
may increase PFOA partitioning to dam and pups and play a role in PFAS loss over time.

Of the PFAS treatments, only PFOA and the PFAS mixture increased liver weights in

both dams and pups. Additionally, the SD+PFOA group was also the only PFAS treatment
to increase serum ALT levels. Consistent with our results, transient hepatomegaly after
developmental PFOA has been observed at dose of 1 mg/kg at PND 22 (Abbott et al.

2009; White et al. 2011). The three PFAS compounds combined with SD increased liver
triglyceride content in the pups suggested that, despite no observed increased in liver weight,
there may have been an increase in hepatic steatosis-related pathways. It has been suggested
that the liver effects of PFOS and PFOA in mice is due to activation of Peroxisome
proliferator-activated receptor alpha (PPARa), a transcription factor that controls expression
of lipid metabolism genes (Takacs and Abbott 2007; Bjork et al. 2011). Filgo et al. (2015)
has also observed latent liver toxicity with gestational exposures to PFOA in PPARa-KO
mice aged to 18 months, suggesting PPARa-independent pathways. Further evaluation of
the mechanisms related to hepatomegaly and hepatic steatosis is needed to understand the
relationship of maternal HFD and liver endpoints.

We observed that the increase in liver weight at PND 21 with PFOA treatment was lower
with HFD feeding in the dam, which is supported with the dam serum concentrations as
PFOA level with HFD feeding were trending down. In contrast, the PFOA-induced increase
in liver weight was higher with HFD feeding in the pups. This observation was supported
by the measured serum and liver concentrations of PFOA in the pups, where serum and liver
PFOA concentration were higher if the dam was fed HFD. This suggests that diet may play
a role in PFAS partitioning to, not only the dams, but to the pups as well. Previous work

in our laboratory has also demonstrated differences in PFAS partitioning to the liver when
combined with HFD feeding (Marques et al., 2020; Pfohl et al., 2020; Pfohl et al., 2021).
Oatps and Ntcp have been described to transport PFAS (Zhao et al. 2015; Zhao et al. 2017).
The observed difference in PFOA partitioning to pups with a HFD may be explained by
upregulation of placenta and mammary epithelium transporters with a HFD as described in
Fig. 7A and 7B (Laporta et al. 2013; Mahany et al. 2018; Son et al. 2019). Sex differences
in the disposition of PFAS in rats have been observed and are believed to be caused by
differential expression of renal transporters (Han et al., 2012). Females have been described
to have higher clearance in humans and rodents (Li et al., 2018; Pizzurro et al., 2019).
Consistent with previous studies, sex differences were observed herein at PND 90; PFOA
concentrations in female pups were lower in the SD diet treatment groups, as expected.
Differences in serum PFAS concentrations were also observed at the PND 90 timepoint
where PFOA in both males and female achieved higher concentrations combined with HFD
feeding. Interestingly, this trend was also observed with PFOS and PFHXS exposure with
HFD feeding, however this was only observed in females. This suggests that the female pups
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may be more sensitive to PFAS effects in combination with a HFD and warrants further
investigation.

Diet also influenced serum ALT and liver triglycerides. Perinatal HFD feeding increased
pup serum ALT (at PND 21 and in males at PND 90) and pup liver triglycerides, however
when combined with PFAS, PFAS treatment ameliorated HFD-induced elevations in serum
ALT, and liver triglyceride content. A similar paradoxical protective effect on liver lipid
accumulation was observed in adult mice with PFOS treatment of 1 mg/kg/day or 0.24
mg/kg/day with concurrent high fat diet exposure (Huck et al., 2018; Pfohl et al., 2021).
Pfohl et al. also observed a reduction in Oatp transporter expression when PFOS was
combined with the HFD, which was hypothesized to be due to Ppara activation. Ppara
activation can reduce Oatp expression (Cheng and Klaassen, 2008), a known uptake
transporter for PFAS. Decreased Oatp expression coupled with increased serum lipids from
a HFD diet may increase competition for fatty acid uptake thus reducing hepatic lipids. In
addition, Ppara activation may also increase lipid oxidation which may also reduce hepatic
lipid accumulation. Activation of Ppara with PFOS and PFOA had been described as a
sensitive pathway in rodents (Takacs and Abbott 2007; Bjork et al. 2011). However, human
liver PPARa has been shown to have less overall DNA binding activity than mouse PPARa
(Palmer et al., 1998), and further study is necessary to understand the role of PPARa
activation in the context of human exposure. Future investigations on the role of transporters
in PFAS disposition may aid in mechanistic understand of the role of an HFD. At PND 90,
serum ALT levels in female pups were not affected by the HFD, however perinatal PFOS
exposure when combined with a HFD in female pups increased serum ALT levels. This
again suggests that female pups may be more sensitive to PFAS liver effects as demonstrated
by increased serum PFAS levels and ALT when combined with a HFD. Elevated ALT was
observed with PFOS and HFD in female pups, and not male pups, likewise Attanasio (2019)
also found sex differences in liver function enzymes in US adolescents associated with
serum levels of PFAA. Females had higher odds of elevated ALT with increased PFOA,

and males had decreased odds of elevated ALT with increased PFOA (Attanasio, 2019).
This suggested that liver endpoints in females with PFAS exposure, such as ALT, should be
further evaluated, especially in models of obesity and diet.

The dose of 1 mg/kg/day was selected to be above LOAEL of liver enlargement in dams,
and to ensure maternal transfer of PFAS to pups (Lau et al. 2006; Wan et al. 2014). PFAS
serum concentrations in the dam and pups are comparable to concentrations found in studies
of perinatal exposure and were within a 10-fold difference depending on differences in
dose and timing (Chang et al., 2018; Fenton et al., 2009; Lau et al., 2006; Macon et al.,
2011; Thibodeaux et al., 2003; Wan et al., 2014). The doses chosen were not necessarily
representative of potential human exposure levels, and the observed PFOA, PFOS, and
PFHXS levels in humans are much lower. Mean serum levels of PFOA, PFOS, PFHXS in
human mothers sampled 3 weeks after delivery have been reported as 2.8, 14, and 2.2
ng/mL (Gyllenhammar et al., 2018), which is approximately 40,000-fold, 500-fold, and
100,000-fold lower than serum concentrations PND 21 dams in this study. Mean serum
levels of PFOA, PFOS, PFHXS in 2-4 month old infants have been reported as 7.7, 8.6,
and 2.6 ng/mL (Gyllenhammar et al., 2018), which is approximately 1500-fold, 70-fold,
and 10,000-fold lower than serum concentrations in PND 21 pups described this study.
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Unfortunately, mice possess significantly higher clearance mechanisms for PFOA, PFOS,
and PFHXS and results in significantly shorter half-lives of weeks compared to years in
humans (Chang et al., 2012; Lau et al., 2007; Olsen et al., 2007; Sundstrom et al., 2012).
The consequence of this difference often increases the doses used in mice.

Studies have shown divergent results for serum leptin depending on timing, and exposure
level. Herein, we showed a significant decrease in serum leptin with all the single PFAS
treatments when combined with a HFD at an early time point (PND 21) and an increase

in serum leptin with PFOA treatment combined with a HFD at a later time point (PND

90). Human studies in the Faroese population have shown that decreases in leptin and
adiponectin were associated with PFAS concentrations for 5-year-old children, however
there were mostly null associations for PFAS at ages 7 to 13 years (Shelly et al. 2019). Other
human developmental studies have found no statistically significant associations between
PFAS exposure and serum adipokines, however the PFAS concentrations these studies
reported (interquartile ranges for maternal serum PFOS of ~ 3.2 to 18 ng/mL) were much
lower than the Faroese population (23.3 to 35.5 ng/mL) (Minatoya et al. 2017; Buck et al.
2018). In mice, developmental low-dose PFOA (0.01-0.1 mg/kg/day) exposure has been
shown to increase serum leptin levels in midlife (21 to 33 weeks) (Hines et al. 2009),

which does correspond to our results. This suggests that timing and dose may be important
to understanding metabolic effects of PFAS on adipokines. In addition, serum adiponectin
levels were also influenced by sex differences at both PND 21 and PND 90. In males, serum
adiponectin was increased by PFHxS and the PFAS mixture at both time points, however
this effect was not conserved in females.

A novel aspect of this work was the inclusion of a mixture of PFAS; most experimental

in vivo studies investigate the effects of a single compound. Current work has evaluated
PFAS mixtures, in silico or in vitro. Hoover et al. (2019) utilized an /in silico model to
estimate mixture effects, based on single studies on cytotoxicity in an amphibian fibroblast
cell line. Mixtures would be approximately additive with the exception of PFOS and PFOA,
which were found to be weakly synergistic (Hoover et al., 2019). Wolf et a/. (2014) also
found that at low concentrations PFAA were additive with regards to PPARa activation in
a luciferase reporter assay. Other studies with mixtures have found synergistic effects of
PFAS with regard to endocrine activity and cytotoxicity /n vitro (Rosenmai et al. 2018; Ojo
et al. 2020). This is the first perinatal exposure study to evaluate a PFAS mixture in vivo.
The PFAS mixture had very distinct effects when compared to single compound treatment.
With regard to liver weights and liver to body weight ratios increases, the PFAS mixture
data were analogous to the effects seen with PFOA treatment. However, unlike PFOA, the
serum ALT level, did not increase in the PFAS mixture. In the case of liver lipids, only

the PFAS mixture in combination with HFD feeding decreased total cholesterol in the pups
and increased total lipid in the pups. However, liver triglycerides were increased with all
three single PFAS treatments with the SD, and in treatment with the PFAS mixture with
SD, there was no change compared to control. Increased liver triglycerides and lowered liver
cholesterol levels have also been described for PFOS, PFOA, and PFHXS administration in
adult mice (Bijland et al., 2011; Li et al., 2019; Marques et al., 2020; Pfohl et al., 2020).
These results suggest that there are multiple pathways in which PFAS could add, synergize,
or antagonize specific effects, and warrants further investigation of dose response data with
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model predictions of additivity. PFOS levels in pup and dam serum were lower in the
PFAS mixture compared to PFOS treatment alone. As mentioned before, these compounds
are known substrates for cellular transporters such as Oatp, which are present on placenta
and mammary epithelium (St-Pierre et al. 2002; W. Zhao et al. 2015; Zhao et al. 2017,
Garcia-Lino et al. 2019). Yang et a/. (2009) has also found that PFOA was both a substrate
and an inhibitor of rat Oatplal, and PFOA could potentially play a role in inhibiting
Oatp-mediated transfer to dam and the pup placenta or mammary epithelium as shown in
Fig. 7C and 7D.

5.0 Conclusions

The purpose of this work is to evaluate the impact of diet and PFAS exposure to dam on

the risk to pup liver and metabolism endpoints later in life, as well as evaluate diet related
effects on PFAS partitioning to pups. Herein we have demonstrated that maternal diet can
influence how PFAS affects the pup liver at PND 21, and partitions to the mouse pups. Our
serum measurement at PND 90 have also suggests that female pups may be more sensitive
to perinatal PFAS effects when combined with a HFD and warrants further investigation. To
our knowledge, this is the first perinatal study to evaluate a PFAS mixture /n vivo. The PFAS
mixture had very distinct effects when compared to single compound treatment, suggesting
cumulative properties of the mixture, particularly when evaluating PFAS transfer from dam
to pup. Further study to evaluate the mechanisms behind the observations made in this body
of work is needed to confirm these conclusions.
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Figure 1. Treatment scheme for perinatal PFAS exposure.
PFAS was administered to timed-pregnant CD-1 dams during gestation (gestation day [GD]

1 to birth, or GD 18 or 19) and lactation (GD 18 or 19 to postnatal day [PND] 21).

Tissues were collected from dams, as well as some male and female offspring at PND 21.
Remaining offspring at PND 21 was weaned and fed the same diet as the dam. Tissues were
collected from remaining pups at PND 90.
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Figure 2. Perinatal PFAS and high fat diet affects maternal serum ALT and liver lipid content.
At PND 21, sera and livers of dams exposed to PFAS during gestation and lactation were

collected. A) Serum alanine transaminase (ALT) was measured via colorimetric assay,

B) Total lipids were isolated and normalized to tissue weight. C) Triglycerides, and B)
cholesterol content, and was measured via colorimetric assay and normalized to tissue
weight. Calculations were performed using a two-way ANOVA followed by Fisher’s LSD
test. All values are means + SEM; N = 3-5 litters. * p < 0.05, ** p < 0.01, *** p < 0.001,

and **** p < 0.0001.
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Figure 3. Liver histology.
Hepatic tissue sections from pups at PND 21 were formalin fixed, post-fixed with osmium

tetroxide, and stained via the periodic acid-Schiff dual-staining technique. The sections
were scored for lipid accumulation (Table 2). Representative images of male pups from
Veh controls and treatments with increased lipid accumulation, viewed at 100X, are
presented. A) SD+Veh, B) HFD+Veh, C) HFD+PFOA, D) HFD+PFOS, E) HFD+PFHXS,
and F) HFD+PFAS Mix. Black spots on slides are indicative of osmium positive small
microvesicular lipid droplets.
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Figure 4. Perinatal PFAS and high fat diet effects pup liver lipid content At PND 21.
Frozen livers of pups exposed to PFAS during gestation and lactation were collected at PND

21. A) Total lipids were isolated and normalized to tissue weight. B) Triglycerides, and

C) cholesterol content, and was measured via colorimetric assay and normalized to tissue
weight. No significant differences in lipid content were observed between male and female
pups, and data presented represent the average of both male and female pups per litter.
Calculations were performed using a two-way ANOVA followed by Fisher’s LSD test. All
values are means + SEM; N = 3-5 litters. * p < 0.05, ** p < 0.01, *** p <0.001, and **** p
<0.0001.
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Figure 5. Perinatal PFAS and high fat diet effects serum adipokines in pups at PND 21.

Serum from perinatal PFAS-exposed pups were analyzed for A) alanine transaminase (ALT)
via colorimetric assay, and B) leptin, and C and D) adiponectin via sandwich enzyme-linked
immunosorbent assay (ELISA) kits. No significant differences in ALT and leptin were
observed between male and female pups, and data presented represent the average of both
male and female pups. Calculations were performed using a two-way ANOVA followed by
Fisher’s LSD test. All values are means £ SEM; N = 3-5 litters. * p < 0.05, ** p < 0.01, ***
p <0.001, and **** p < 0.0001.
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Figure 6. Perinatal PFAS and high fat diet effects serum adipokines in pups at PND 90.
Serum from perinatal PFAS-exposed pups were analyzed for A and B) alanine transaminase

(ALT) via colorimetric assay. C and D) Glycated hemoglobin Alc (GHbA1c) E and F)
leptin, and G and H) adiponectin were analyzed via enzyme-linked immunosorbent assay
(ELISA) kits. Calculations were performed using a two-way ANOVA followed by Fisher’s
LSD test. All values are means + SEM; N = 3-5 litters. * p < 0.05, ** p < 0.01, ***p <
0.001, and **** p < 0.0001.
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Figure 7. Hypothesized mechanisms of PFAS partitioning to pups.
PFOA levels in pup serum and liver were increased with HFD compared PFOA treatment

alone, it is hypothesized that this may be controlled by upregulation of membrane
transporters in A) placental syncytiotrophoblasts and/or B) mammary epithelial cells. PFOS
levels in pup serum and liver in the SD group were lower in the PFAS mixture. PFOA may
act as an inhibitor of membrane transporter in C) placental syncytiotrophoblasts and/or D)
mammary epithelial cells and reduce PFOS partitioning to pups in the mixture.
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Table 5:
Key Results Summary Table
Endpoint PFOA PFOS PFAS Mix HFD effects PFAS+HFD combined
effects effects effects effects

Dams Litter Size | w/ PFOA
BW (PND 21) 1 0
Liver Weight 1 1
Serum ALT 1 | w/ PFOA
Liver TAG ! 1
Liver Cholesterol
Serum PFAS | PFOS T PFOS

Pups Male BW 1

(PND 21) Female BW | 1
Liver Weight 1 0
Liver Histopathology 1
Total Liver Lipid 0
Liver TAG 1 1 1 1 ¥ w/ all PFAS
Liver Cholesterol v
Serum ALT 1 1 | w/ all PFAS
Serum Leptin 0 L w/ all PFAS
Male Serum Adiponectin 0
Female Serum Adiponectin {
Serum PFAS | PFOA I PFOS
Liver PFAS | PFOA | PFOS

Pups Male BW 1

(PND 90) Female BW 1
Male Liver Weight 1 1
Female Liver Weight t 0
Male Serum ALT 1 | w/ all PFAS
Female Serum ALT 1
Female GHbA1c 1
Male Serum Leptin 1 0 0
Female Serum Leptin 0
Male Serum Adiponectin 0
Female Serum Adiponectin 1 0
Male Serum PFAS T PFOA
Female Serum PFAS 1 PFOA 1 all PFAS

verse Male
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