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ABSTRACT
Per- and poly-fluoroalkyl substances (PFAS) are a class of synthetic chemicals
that have been released into the environment over the past six decades. Some
perfluoroalkyl acids (PFAA), such as perfluorooctanesulfonic acid (PFOS) and
perfluorooctanoic acid (PFOA), have been associated with hepatic steatosis in rodents
and monkeys, however it is unclear if lipid accumulation occurs in humans. This thesis
explores the liver effects of PFAS on non-alcoholic fatty liver disease, or NAFLD, using
mouse and primary human hepatocytes. The central hypotheses are that diet and liver
lipid composition alter PFAS-induced outcomes, and PFAS structure (i.e. functional
groups and chain length) will also dictate outcomes in hepatocytes regarding lipid
metabolism, gene activation, and lipid accumulation.
In manuscript 1, PFOS was evaluated for augmentation of HFD-induced hepatic
steatosis and the potential to interfere with lipid loss after switching from a high fat diet
(HFD) to a standard diet (SD). 5-week-old male C57BL/6J mice were fed HFD for 4
weeks to increase body weight and induce liver lipid accumulation. Then, some HFD
mice were switched to SD to mimic weight loss induced improvement of NAFLD. At
that time, mice were also given diet only or diet containing 0.0003% PFOS. After 10
weeks on study, hepatic lipids, serum and liver PFOS levels, and gene and protein
expression were evaluated.
In manuscript 2, critical members of the PFAS family were screened for gene
expression changes and lipid accumulation in a five-donor pool of cryopreserved human
hepatocytes. Hepatocytes were cultured and treated with vehicle or various PFAS at
concentrations of 0.25 to 25 µM in media. After 48-hr or 72-hr treatments, mRNA

transcripts related to lipid transport, metabolism, and synthesis were measured or cells
were stained with Nile Red dye to quantify intracellular lipids.
In manuscript 3, to complement manuscript 1, the impact of maternal diet and
PFAS exposure on the risk to mouse pup liver and diet related PFAS partitioning to
pups was evaluated. Timed-pregnant dams received at gestation day 1 (GD1) were fed
a standard chow diet (SD) or 60% Kcal high fat diet (HFD) and dosed with either vehicle
(0.5% Tween 20 in water), 1 mg/kg PFOS, 1 mg/kg PFOA, 1mg/kg PFHxS, or PFAS
mix (1 mg/kg of each PFOS, PFOA, and PFHxS) via oral gavage (10 mL/kg). At PND
21, dam and pup liver were collected, weighed, and liver lipids were isolated in dams
and pups. Pup serum was also evaluated for PFAS concentration, alanine
aminotransferase (ALT), leptin and adiponectin measurements.
Both in vivo mouse studies revealed that diet composition can exert significant
influence on PFAS related partitioning to liver and pups, and PFAS liver lipid
accumulation. These studies also highlight novel results with short chain PFAA and
replacement PFAS, and mixtures, and suggest that different PFAS structures and PFAS
in combination may behave differently and should be evaluated carefully for potential
human health effects.
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PREFACE
This dissertation was prepared in manuscript format according to the University
of Rhode Island Graduate School guidelines. This dissertation consists of three
manuscripts that satisfy the requirements of the Department of Biomedical and
Pharmaceutical Sciences, College of Pharmacy, University of Rhode Island, and an
Overall Summary and Conclusion section.
MANUSCRIPT I: PFOS administration shifts the hepatic proteome and
augments dietary outcomes related to hepatic steatosis in mice. This manuscript has
been prepared for submission to ‘Toxicology and Applied Pharmacology’.
MANUSCRIPT II: Replacement per- and polyfluoroalkyl substances (PFAS)
are potent modulators of lipogenic and drug metabolizing gene expression signatures in
primary human hepatocytes. This manuscript has been prepared for submission to
‘Environmental Science & Technology’.
MANUSCRIPT III: The role of maternal high fat diet on mouse pup metabolic
endpoints following perinatal PFAS exposure. This manuscript has been prepared for
submission to ‘Toxicological Sciences’.
As the thesis is manuscript format, there have been experiments not included in
the manuscripts, but still essential to key observations of the thesis work. Findings with
treatments of PFAS mixtures in human hepatocytes with regard to gene expression and
lipid accumulation have been included as Appendix material.
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ABSTRACT
Hepatic

steatosis

increases

risk

of

fatty

liver

and

cardiovascular

disease.

Perfluorooctanesulfonic acid (PFOS) is a persistent, bio-accumulative pollutant that has
been used in industrial and commercial applications. PFOS administration induces hepatic
steatosis in rodents and increases lipogenic gene expression signatures in cultured
hepatocytes.

We hypothesized that PFOS treatment interferes with lipid loss when

switching from a high fat diet (HFD) to a standard diet (SD), and augments HFD-induced
hepatic steatosis. Male C57BL/6 mice were fed standard chow diet or 60% kCal high-fat
diet (HFD) for 4 weeks to increase body weight. Then, some HFD mice were switched to
SD and mice were further divided to diet only or diet containing 0.0003% PFOS, for six
treatment groups: SD, HFD to SD (H-SD), HFD, SD+PFOS, H-SD + PFOS, or
HFD+PFOS. After 10 weeks on study, blood and livers were collected. HFD for 14 weeks
increased body weight and hepatic steatosis, whereas H-SD mice returned to SD measures.
PFOS administration reduced body weight in mice fed a SD, but not H-SD or HFD. PFOS
administration increased liver weight in H-SD + PFOS (25%) and HFD+PFOS mice.
PFOS increased hepatic steatosis in H-SD and HFD groups. Hepatic mRNA expression
and protein expression by SWATH-MS revealed that PFOS induced lipid and xenobiotic
transport, as well as metabolism pathways. Overall, the findings herein suggest that PFOS
treatment minimally impacted lipid loss associated with switch to a SD but did augment
hepatic lipid accumulation in mice established on an HFD.

Keywords: Liver, PFOS, perfluorinated compounds, weight loss, NAFLD, PFAS
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INTRODUCTION
Non-alcoholic fatty liver disease (NAFLD) affects over 30% of the United States
population and its prevalence is expected to increase over the next 15 years (Le et al. 2017;
Estes et al. 2018). NAFLD diagnosis risk factors include obesity, metabolic syndrome,
and energy imbalance (Matteoni et al. 1999; Li et al. 2002; Marchesini et al. 2003). Hepatic
steatosis, also known as fatty liver, is considered to be the “first hit” in the multiple “hits”
that contribute to NAFLD. Hepatic steatosis is defined as accumulation of lipids in
hepatocytes at greater than 5% of the total liver weight (Masarone et al. 2014). Although
hepatic steatosis is considered benign, it can progress from fatty liver to nonalcoholic
steatohepatitis (NASH). In NASH, lipid peroxidation causes oxidative injury and
inflammation that leads to irreversible fibrosis and cirrhosis of liver tissue (George et al.
2003; Kim et al. 2013). Although fatty liver is considered to be relatively benign, it should
be noted that it increases risk for cardiovascular disease (Tana et al. 2019). NAFLD is
thought to be initiated by the excess of dietary fatty acids within the liver (Petta et al. 2016).
When mice are placed on a high fat diet (HFD), a metabolic syndrome-like phenotype is
induced that is characterized by elevation of body weight and blood glucose levels as well
as hepatic lipid accumulation (Lai et al. 2015). Recently, Cave et al., have suggested that
environmental chemicals, including pesticides, solvents, and polychlorinated biphenyls
may increase NAFLD risk by modifying lipid metabolism in liver (Al-Eryani et al. 2015).
Per- and poly- fluoroalkyl substances (PFAS) are a complex family of more than
7,000 synthesized chemicals on the market (US EPA, Chemistry Dashboard, 2020). Some
PFAS are well characterized for biological effects and toxicokinetics, whereas others are
largely unknown (Wang et al. 2017). PFAS are used in fire-fighting foams, household and
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consumer items, such as heat-, stain-, and water-resistant products. PFAS have been
detected in drinking water, air, dust, soil, and sediments (Boulanger et al. 2005; Shoeib et
al. 2005; Skutlarek et al. 2006). The carbon-fluorine bonds in PFASs cause these
compounds to possess high chemical stability, which causes them to be persistent in the
environment and resist breakdown or biotransformation (Mortensen et al. 2011).
Perfluorooctanesulfonic acid (PFOS) is an eight-carbon (C8) perfluoroalkyl that has been
detected in human serum (Calafat et al. 2007). PFOS, along with perfluorooctanoic acid
(PFOA) another C8 compound, has been phased out of industry in the US and Europe, and
the US Environmental Protection Agency (EPA) has issued drinking water lifetime health
advisories for PFOA and PFOS at 70 parts per trillion (US EPA 2016 May 5). In humans,
PFOS has a long mean serum half-life of approximately 5.4 years (Olsen et al. 2007). In
both humans and mice, PFOS distributes mainly to the liver, blood, kidney, and bone
(Bogdanska et al. 2011; Pérez et al. 2013; Jian et al. 2018). Through human studies from
the National Health and Nutrition Examination Survey (NHANES) and the C8 Health
Project, positive associations between PFOS exposure and biomarkers of liver injury have
been found (Lin et al. 2010; Gallo et al. 2012; Gleason et al. 2015; Darrow et al. 2016;
Bassler et al. 2019), but given the challenges of diagnosing NAFLD due to the lack of
serum biomarkers, it is still uncertain whether PFOS causes liver steatosis in humans. In
adult rodents and monkeys, PFOS administration has been shown to decrease body
weights, increase liver weights, lower serum total cholesterol, and cause hepatocellular
hypertrophy and lipid vacuolization (Seacat et al. 2002; Seacat et al. 2003; Qazi et al. 2010;
Wan et al. 2012). Gene expression studies have suggested that the increased liver weight
and lipid vacuolization associated with PFOS treatment in adult rodents is due to
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peroxisome proliferator-activated receptor alpha (PPAR-α) activation (Takacs and Abbott
2007; Bjork et al. 2011). However, Rosen et al. (2010) demonstrated that PFOS treatment
for 7 days altered expression of hepatic genes related to lipid metabolism, inflammation,
and xenobiotic metabolism in PPARα knockout mice. This suggests PPARα-independent
effects which may be more relevant to understanding potential human health effects as
human have less robust PPARα response (Palmer et al. 1998).
The recommended treatment to reverse hepatic steatosis is diet modification and
exercise (Lam and Younossi 2010). Our study seeks to test the novel hypothesis that due
to its capacity to induce steatosis, PFOS has the potential to interfere with the benefits of
switching to a healthier diet and may augment hepatic lipid accumulation induced by HFD
feeding. After 4 weeks of HFD or standard diet (SD) alone, PFOS was added to diets at a
dose of 0.0003% in food, or ~0.36 mg/kg/day based on average mouse food consumption.
The latter dose has been described as a no adverse effect level (NOAEL) dose for PFOSinduced hepatic hypertrophy and vacuolation in monkey and rat (Seacat et al. 2002;
Butenhoff et al. 2012; US EPA 2016 May 5). Our data demonstrate that PFOS minimally
interfered with outcomes from switching to a low fat diet but did exacerbate HFD-induced
steatosis in mice. Moreover, we also demonstrate robust changes in the hepatic proteome
in response to PFOS exposure.
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MATERIALS AND METHODS
Chemicals. All chemicals and solvents were obtained from Sigma Aldrich (St. Louis, MO)
or Thermo Fisher Scientific (Waltham, MA) unless specified otherwise.

Animals and treatments. The animal protocols were reviewed and approved by the
University of Rhode Island Institutional Animal Care and Use Committee (IACUC). 5week-old male C57BL/6J mice weighing approximately 20g were purchased from Charles
River Laboratories (Wilmington, MA).

The mice were housed under a controlled

temperature (20-26°C) with relative humidity (30-70%), and lighting (12 h, light-dark
cycles) and acclimated for a week on the standard chow diet. At 6 weeks of age, mice were
fed either a standard chow diet (SD; Harlan Teklad Extruded Global Diet, 2020X, n=16)
or 60% kCal high fat diet (HFD; Research Diets, D12492, n=32) ad libitum for 4 weeks.
The SD contained 3.1 kcal/g of total metabolizable energy, with 18.9% from fat, 16% from
protein and 60% from carbohydrates. The HFD contained 5.24 kcal/g of total
metabolizable energy, with 60% from fat, 20% from protein, and 20% from carbohydrates.
Mice were monitored for weight gain every 2-3 days, and blood glucose changes in tail
blood measured by a Bayer Contour glucometer after 3 weeks of HFD feeding
(Mishawaka, IN). After 4 weeks, each group was subdivided into 3 diet groups: SD (n=16),
mice fed HFD (n=16), or mice switched to SD from HFD (n=16) to mimic weight loss
induced improvement of NAFLD (H-SD). They were then further divided into groups that
were administered diet alone with or diet with 0.0003% perfluorooctanesulfonic acid
(PFOS) potassium salt from Sigma Aldrich (catalog #77282, Lot# BCBH2834V, St. Louis,
MO; ~70% linear and ~30% branched isomers based on LC-MS/MS analysis [data not
shown]). Based on calculated average food consumption data, daily treatment to PFOS
7

via diet was roughly ~0.36 mg/kg/day. We selected this daily dose because the current EPA
health advisory document for PFOS considered 0.3 mg/kg a NOAEL dose for PFOSinduced developmental toxicity in mouse (Wan et al. 2014; US EPA 2016 May 5). PFOS
was blended into powdered diet for the initial concentration of starting stock that was
0.03% PFOS (w/w). This stock was further blended into powdered chow for a final
concentration of 0.0003% PFOS (w/w). This yielded six treatment groups (n=8) i) SD; ii)
SD+PFOS; iii) H-SD; iv) H-SD+PFOS; v) HFD; vi) HFD+PFOS. Mice were monitored
for weight gain every 2-3 days, and blood glucose changes for an additional 10 weeks (see
Supplemental Fig. 2). At necropsy, mice were fasted for 4 h, before decapitation under
isoflurane anesthesia. Whole trunk blood was collected in serum separator tubes (BD
Microtainer, Franklin Lakes, NJ). Liver, epididymal fat pads, or white adipose tissue
(WAT), and both kidneys were removed. Gross liver, kidney, and WAT weights were
measured, and ~50 mg liver sections were prepared for histopathology and scoring. The
remaining liver tissues and organs were snap frozen with liquid nitrogen and stored at

-

70°C until analysis.

Histopathology and scoring. Liver tissue sections were fixed in 10% buffered formalin
for a minimum of 24 h, and then processed for paraffin embedding. Paraffin sections (5
μm) were sectioned, H&E stained and examined by a board-certified veterinary pathologist
(MG). Criteria for incidence and semi-quantitative severity scoring included centrilobular
localization of hepatic lipid accumulation, characterized by bridging and/or diffuse
expansion of hepatocytes by clear, round, macrovesicular and sometimes microvesicular
vacuoles. Scores ranged from 0 to 5, where 0 is the least and 5 is most severe. Statistical
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analysis was performed using Kruskal–Wallis test followed by Dunn's multiple comparison
test for multiple comparisons using GraphPad Prism v8.2.0 (La Jolla, CA). Significance
was considered to be p < 0.05.

Liver PFOS Extraction. Liver PFOS extraction method was modified from Chang et al.
(2017). Briefly, frozen liver tissues (~100 mg) were homogenized in 2 mL Omni Hard
Tissue Homogenizing tubes containing 1.4 mm ceramic beads, with 400 µL cold, deionized
water spiked with a fixed amount of a stable isotope-labeled internal standard (13C4-PFOS,
Wellington Laboratories, Ontario, Canada, Product code: MPFOS). Using an Omni Bead
Ruptor Elite (Omni International, Kennesaw, GA), the mixture was homogenized for 30
sec at 4 m/s. 250 µL of homogenate was then digested overnight at room temperature in
10% 1N KOH. 100 μL of digested homogenate was further treated with 100 μL of 2N HCl,
500 μL 1N formic acid, 500 μL of saturated ammonium sulfate, and 5 mL methyl tert-butyl
ether (MTBE). The solution was mixed on a shaker (20-30 min at room temperature). The
organic and aqueous layers were separated by centrifugation (2500 x g, 5 min), and an
exact volume of MTBE (4.5 mL) was removed from the solution. The top organic layer
was subsequently transferred to a new tube and evaporated. The resulting sample was
reconstituted with 10 mL of acetonitrile and water (1:1) prior to LC-MS/MS analysis.

Serum PFOS Extraction. Serum collected at necropsy was prepared according to methods
described in Hansen et al. (2001). Briefly, 20 µL of sera, 10 μL of isotope-labeled internal
standard (13C4-PFOS, Wellington Laboratories, Ontario, Canada, Product code: MPFOS),
200 µL of 0.5 M tetrabutylammonium bisulfate (TBA; adjusted to pH 10), and 400 µL of
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0.25 M sodium carbonate were added to a 15-mL polypropylene tube, and thoroughly
mixed. 3 mL of MTBE was added to the solution, and the mixture was placed on a shaker
for 20-30 min at room temperature. The organic and aqueous layers were separated by
centrifugation (2500 x g, 5 min), and an exact volume of MTBE (2.5 mL) was removed
from the solution. The top organic layer was subsequently transferred to a new tube and
evaporated overnight. The resulting sample was reconstituted with 1.5 mL of acetonitrile
and water (1:1) prior to LC-MS/MS analysis

PFOS Quantification by LC-MS/MS. Liver and serum samples were vortexed for 30
seconds and passed through a 0.2 µm polyethersulfone membrane syringe filter (MDI
Membrane

Technologies,

Harrisburg,

PA)

into an

autosampler vial. Liquid

chromatography was performed on a Shimadzu Prominence UFLC system (Columbia,
MD). Samples and standards were injected (10 μL) on a Waters XBridge C18 column (100
mm X 4.6 mm i.d., 5 μm, 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) with a gradient elution
of 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 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).
Nitrogen was used for collision-induced dissociation of analytes. MS parameters were
optimized as follows: negative ionization, IonSpray voltage, -4500; nebulizer gas, 40;
auxiliary heater gas, 45; curtain gas, 20; turbo gas temperature, 400; declustering potential,
-60; entrance potential, -10; collision energy, -122; collision cell exit potential, -15. . The

10

MRM ion pair used for PFOS quantification was 498.9/79.8 (parent ion m/z, fragment ion
m/z) in conjunction with a matrix matched calibration curve to determine unknown
concentration in samples. The data were acquired using Analyst 1.6.3 software and
processed using MultiQuant 3.0.1 software (SCIEX, Framingham, MA).

Measurement of cholesterol, triglyceride, and non-esterified fatty acid concentrations.
Whole trunk blood was collected via decapitation in serum separator tubes (BD
Microtainer, Franklin Lakes, NJ) at necropsy, and serum was isolated by centrifugation
before colorimetric analysis. Liver tissues (~50 mg) were homogenized in 1 mL of
phosphate buffer saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM
KH2PO4, pH 7.4), and lipids in 0.2 mL of homogenate were extracted with chloroformmethanol (2:1; vol/vol; Folch et al. 1957). The residue was re-suspended in 1% Triton X100 in 100% ethanol. Liver lipid content was normalized with exact tissue weight. Total
cholesterol and triglyceride concentration were measured in duplicates using colorimetric
assay kits from Pointe Scientific Inc. (Canton, MI) and non-esterified fatty acid (NEFA)
concentration in duplicate was measured using an enzymatic colorimetric assay kit from
Wako Diagnostics (Richmond, VA) according to the manufacturer’s protocols.

mRNA Isolation and QuantiGene Plex Assay. Total RNA was isolated using TRIzol
reagent (Invitrogen, Camarillo, CA) from ~50 mg of liver tissue according to the
manufacturer’s instructions. RNA was washed with 75% ethanol and resuspended in
DEPC-treated water. RNA samples were stored at –80°C until utilized. The purity,
concentration and integrity of the extracted RNA was determined by measuring UV
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absorbance of the samples at 260 nm using NanoDrop 2000 (Thermo Fisher Scientific,
Wilmington, DE), and formaldehyde‐agarose gel electrophoresis. The quantification of
selected mRNA transcripts (supplemental table 1) was performed using the QuantiGene
2.0 Plex Assay kit targeted for 50 individual genes of interest (Invitrogen, Camarillo, CA
#QCP139). The assay was conducted according to manufacturer protocols for use with
purified RNA with inputs of 150 ng or 400 ng total RNA. The assay was read on a BioPlex® 200 system (Bio-Rad Laboratories, Hercules, CA). The fluorescence intensity (FI;
minus background) for each gene was normalized to the housekeeping gene β-actin.

Proteomics sample preparation. Protein was prepared by homogenizing ~50 mg of liver
tissue in 1 mL Urea buffer (8 M Urea, 50 mM triethylammoniumbicarbonate, 10 mM
dithiothreitol, or DTT) and quantified using Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific, Rockford IL) according to manufacturer’s instructions. Protein samples (~500
µg protein) were spiked with 2 µg bovine serum albumin (BSA), a technical standard to
account for variability in sample digestion and denatured with 25 µL DTT (100 mM) at
35°C for 30 min in a shaking water bath (100 rpm). After denaturation, samples were
alkylated in the dark with 25 µL iodoacetamide (IAA; 200 mM) for 30 min at room
temperature. Samples were subsequently concentrated using the cold water, methanol and
chloroform (1:2:1, v/v) precipitation method (centrifugation at 15,000 x g, 5 min at 10°C).
The resulting protein pellet was washed with ice-cold methanol and then resuspended in
200 µL of 50 mM ammonium bicarbonate (pH ~8) containing 3% w/v sodium
deoxycholate (DOC). 100 µL of the reduced and alkylated protein sample was taken for
digestion. Further, TPCK-treated trypsin (10 µg) was added to samples at a ratio of 1:25
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(protease:protein) and samples were transferred into digestion tubes (PCT MicroTubes,
Pressure Biosciences Inc., Easton, MA). To digest proteins, the barocycler was run at 35°C,
for 90 cycles with 60 sec per pressure-cycled (50 sec high pressure, 10 sec ambient
pressure, 25 kpsi). Further, to 100 µL of digested peptides sample, 10 µL of acetonitrile:
water (1:1, v/v containing 5% formic acid) was added to stop the reaction and precipitate
detergent (snow white pellet). Samples were spun to remove the pellet and 100 µL
supernatant was collected (15,000 x g for 5 min at 10°C). Samples were spun (15,000 x g
for 1 min at 10°C) again to remove the remaining precipitate, if any. Subsequently, 20 µL
of the resulting peptide solution was injected on the column and samples were analyzed
using LC-QTOF/MS. Data dependent acquisition (DDA) and sequential window
acquisition of all theoretical mass spectra (SWATH‐MS) data acquisition methods were
used as described previously with modifications (Jamwal et al. 2017). All experiments
were performed on a SCIEX 5600 TripleTOF mass spectrometer equipped with a
DuoSpray ion source (SCIEX, Concord, Canada) coupled to Acquity UHPLC HClass
system (Waters Corp., Milford, MA, USA). The mass spectrometer was operated in
positive electrospray ionization mode for the analysis. Protein database searching was
performed against reference UniProt mouse proteome library by ProteinPilot 5.0 (SCIEX;
Framingham, MA, USA) using Paragon algorithm (5.0). A comprehensive spectral library
of proteins and peptides from DDA runs was prepared. The mass spectrometry proteomics
data have been deposited to the ProteomeXchange Consortium via the PRIDE (Vizcaíno
et al. 2013) partner repository with the dataset identifier PXD01616.
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Global Proteomics Analysis. Raw data was processed on MaxQuant (version 1.6.2.10;
Tyanova et al. 2016) and peak lists were searched against the mouse UniProt FASTA
database (Swiss-Prot, downloaded Sept 26 2018), and through the built-in Andromeda
search engine with false discovery rate (FDR) set to 0.01. Additional search parameters
were as follows, enzyme: trypsin/p, fixed modification: carbamidomethyl, variable
modification: oxidation, acetyl, minimum peptide length: 7 amino acids. Resulting labelfree quantitation (LFQ) intensities were processed in Perseus (version 1.6.2.3; Tyanova et
al. 2016). Here, the data were filtered to remove all protein contaminants, reverse-phase
proteins, and those proteins only identified by site – an automated data processing feature
of Perseus. The software was then used for imputation, normalization, principal component
analysis (PCA), and statistical analysis of the data. Briefly, data for analysis was
transformed to a log2 scale and missing values were replaced with values selected from a
normal distribution to allow the assignment of the presence or absence of proteins between
conditions. PCA was performed on log transformed values. All statistical t-tests, to
distinguish proteins differentially expressed between conditions, were performed with a pvalue threshold of 0.05. Differentially expressed proteins were further analyzed using
Ingenuity® Pathway Analysis (IPA) QIAGEN Bioinformatics (Redwood City, CA, USA)
to map statistically significant proteins to the pathways and biological processes in which
they were enriched.

Targeted Proteomics Analysis. Skyline v4.2.0., an open source software, was used to
analyze SWATH-MS data. Protein sequences of targets of interest was retrieved from
UniProt and uploaded onto Skyline. Protein target selection was based on mRNA
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expression and global pathway analysis. The spectral library generated from DDA files
was uploaded in Skyline, and raw SWATH-MS data files were processed using the full
scan MS/MS filtering at a resolution of 10,000. One or two peptides were selected per
protein, and three fragment ions were selected per peptide. Unique, nonrepetitive peptides
were chosen for reproducible fragment ions and verified visually by looking at the peak
area, and ratio of the ion across the samples. Wherever necessary, peak boundaries for each
selected fragment were adjusted. Areas for each fragment ion were summed for each
peptide and averaged for each protein. Resulting protein areas were normalized to BSA
area, and the final concentrations of digested protein applied to the column.

Statistical

Analysis.

Power

analysis

using

the

sample

size

calculator

http://www.jerrydallal.com/LHSP/SIZECALC.HTM was performed with the following
assumption that the difference in mean between the test and control group is 50% of the
mean and the standard deviation is 25% of the mean values. Based on this analysis, the
sample size of n=8 was used. Statistical analysis was performed using one-way ANOVA
followed by Fisher’s least significant difference (LSD) test for multiple comparisons using
GraphPad Prism v8.2.0 (La Jolla, CA). Significance was considered to be p < 0.05.
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RESULTS
Effect of Diet and PFOS on body weight, organ weight, and serum chemistry. Male
C57BL/6 mice were fed either control standard diet (SD) or a 60% kCal high fat diet (HFD)
for 4 weeks, which increased body weight, increased fasting blood glucose, and impaired
response to a glucose tolerance test (Supplemental Fig. 2). At this timepoint, half of the
mice fed HFD were switched to a SD (H-SD) to mimic weight loss with switch to a
healthier diet. Additionally, mice were further divided into groups that were fed only diet
or diet that contained 0.0003% PFOS for an additional 10 weeks. Body weights were
recorded weekly (Fig. 1) and clinical parameters associated with response to diet were
evaluated (Table 1). HFD feeding for 14 weeks increased body weight by 37% and
increased percent weight gain compared to control mice by 20% (Fig. 1). HFD also
increased liver and white adipose tissue weight compared to the SD, by 31% and 68%
respectively. HFD feeding also increased serum cholesterol, serum triglycerides and
fasting blood glucose, by 75%, 44%, and 28% (Table 1). For the H-SD group, 4 weeks of
HFD feeding increased mean body weight (Fig. 1), followed by weight loss over SD
feeding for 10 weeks. At the end of the study, H-SD group mean body weights were similar
to SD controls, with an overall weight gain of 11.3 ± 1.58%. The H-SD group mean organ
weights, serum cholesterol, serum triglycerides and fasting blood glucose were similar to
the SD controls. There was no diet effect on kidney weight.
Table 1 further illustrates PFOS effects on tissue weights and serum parameters.
PFOS treatment in SD mice reduced body weight at necropsy by 13% and reduced weight
gain over the 10-week period by 45%, which has previously been observed in mice at doses
0.3 mg PFOS/kg body weight (Wan et al. 2014). H-SD mice exposed to PFOS had a
similar body weight and weight gain as H-SD mice. PFOS treatment in HFD mice did not
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change body weight at the time of necropsy but did reduce weight gain by 16% (Fig. 1).
Mice consumed 55% less high fat diet (HFD) than standard diet (SD) and PFOS treatment
had no effect on food consumption (Supplemental Fig. 1). PFOS increased liver weights
in the H-SD and HFD groups by 25% and 41%, respectively. PFOS treatment increased
the ratio of liver-to-body weight in all treatment groups: SD by 29%, H-SD by 23%, and
HFD by 47%. In SD fed mice, PFOS treatment decreased gross WAT weight by 38%, and
the WAT to BW ratio by 28%. A similar effect was not seen in the H-SD and HFD groups.
PFOS treatment had no effect on kidney weight in all groups. PFOS treatment increased
serum triglycerides by 45% in the SD diet. PFOS treatment decreased serum total
cholesterol by 24% in the HFD, but not in the H-SD and SD groups.

Liver and Serum PFOS concentrations. Table 2 depicts serum and liver PFOS
concentrations in male C57BL/6J mice exposed to 10 weeks of PFOS at a concentration
0.0003% in diet. Serum concentrations were similar between the SD, H-SD, and HFD
(~39 µg/ml). Liver PFOS concentrations were 200.2 ± 22.5 µg/ml in the mice fed SD.
Interestingly, the PFOS concentrations were 25% lower in the livers from H-SD and 32%
lower HFD mice. The H-SD mice had less overall liver PFOS relative to total liver weights
by 25%. In HFD mice, the liver-to-serum ratio decreased from 5-fold to 3-fold. After
normalizing PFOS concentrations to the amount of PFOS consumed within the diet, the
HFD had much higher concentration of PFOS in the liver and serum, by 67% and 160%
respectively.
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Diet and PFOS effects on lipid content in mouse liver. Assessment of micro and
macrovesicular steatosis incidence and severity scores indicated increased lipid
accumulation in the HFD group compared to SD group (Table 3). In the HFD control
group, 57% of livers had lipid accumulation severity scores of 3 or more (≥3), whereas
100% of the mice in HFD+PFOS group had lipid accumulation severity scores of ≥3. The
incidence was steatosis was similar between SD and H-SD mice. There was a slight
increase in the incidence of very mild steatosis with PFOS treatment, with only 1 out of 8
mice having some evidence of steatosis, whereas 3 out of 6 H-SD + PFOS mice had some
evidence of steatosis, however this trend was not significant.
Correlating to the observed pathology, total liver lipid content in the HFD group
was 55% higher than SD group (Fig. 2B). In addition, HFD increased liver triglyceride
content by 53% (Fig. 2C) and decreased the liver free fatty acid content by 64% (Fig. 2D).
H-SD had a similar total liver lipid content as control SD mice. However, the liver free
fatty acid concentration was decreased by 43% (Fig. 2D), as weight loss increases βoxidation (van der Windt et al. 2018). PFOS treatment had no significant effect on total
liver lipid content (Fig. 2B). However, PFOS increased the total lipid content in mice fed
HFD (Fig. 2B), which matches trends observed in lipid accumulation scores. PFOS
treatment in the SD decreased the liver free fatty acid content by 60% (Fig. 2D). In
contrast, PFOS treatment in the H-SD weight loss group increased liver free fatty acid
content by 79%, which is similar to SD control concentrations of free fatty acids (Fig. 2D).
PFOS treatment had no effect on liver free fatty acid in mice fed an HFD. PFOS treatment
in mice fed the HFD nearly doubled liver triglyceride content (Fig. 2C) and cholesterol
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content (Fig. 2E) compared to the HFD controls. PFOS treatment did not affect liver
triglycerides and cholesterol in the SD and H-SD groups.

Diet and PFOS modulate hepatic mRNA expression. Gene targets were selected based
on function related to lipid metabolism, previously reported transcripts modulated by PFAS
(Rosen et al. 2008; Tan et al. 2013), and results of untargeted proteomic analysis. Full
names and functions of gene targets are listed in Supplemental table 1. Ultimately, 50
different targets from lipid catabolism, lipid synthesis, lipid transport, lipid storage,
xenobiotic metabolism and transport, detoxification, antioxidant response, and
inflammation pathways were analyzed. As described in Fig. 3A, PFOS induced several
genes related to lipid catabolism in all three diets, with greater than 5 fold induction of
Cyp4a10, Cyp4a14, Ehhadh, Acot2, and Cpt1b. Diet-specific effects on lipid synthesis
protein expression were observed – the HFD decreased stearyl-CoA desaturase 1 (Scd-1)
expression by 36% and H-SD decreased liver acetyl-CoA carboxylase 1 (Acaca) mRNA
expression by 37% (Fig. 3B). Furthermore, in Fig. 3B, PFOS treatment in the SD group
repressed Acaca and 3-hydroxy-3-methylglutaryl-CoA synthase 1 (Hmgcs1) by 39% and
43%, whereas PFOS treatment in the H-SD group induced Sterol regulatory elementbinding protein 1 (Srebf1) and Acaca by 79% and 65%. H-SD mice had three times higher
fatty acid binding protein 4 (Fabp4) levels than SD mice (Fig. 3C). PFOS treatment also
induced several genes related lipid transport. In all three diets (SD, H-SD, and HFD), PFOS
treatment increased Long-chain fatty acid transport protein 1 (Slc27a1) mRNA expression
by 3.8, 2.4, and 2.6-fold compared to the control SD diet. In the SD group, PFOS treatment
also increased Slc27a2 and lipoprotein lipase (Lpl) mRNA expression by 1.6 and 2.4-fold.
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In the H-SD group, PFOS treatment induced fatty acid translocase (Cd36), Lpl, and
glycerol-3-phosphate acyltransferase, mitochondrial (Gpam) by 2.9, 1.9, and 1.4-fold
compared to H-SD controls.

In the HFD group, PFOS treatment increased liver

peroxisome proliferator-activated receptor gamma (Pparγ), Cd36, Fabp4, and Scl27a2
mRNA expression by 1.8, 2.1, 1.8, and 1.5-fold compared to HFD controls.
In Fig. 4A, PFOS treatment upregulated 7 out of 8 genes related to xenobiotic metabolism.
In all diets PFOS increased Cyp2b10 (~15 fold), Cyp3a11 (~5 fold), Aldh3a2 (~5 fold),
Ces1g (~2 fold), Ces2c (~3 fold), and Ugt1a1 (~4 fold). In SD fed mice, PFOS treatment
induced Cytochrome P450 oxidoreductase (Por) by 2.7 fold, and in the HFD group, PFOS
treatment induced Por, and Cyp2c29 by 2.6 and 5.1 fold compared to HFD control. HFD
treatment repressed two xenobiotic transporters, Organic anion transporting protein 1a1
(Oatp1a1) and Sodium-dependent uptake transporter (Ntcp) by 46% and 31% (Fig. 4B).
PFOS treatment in the HFD also repressed Oatp1a1 by 70%, as well as Apical sodium
dependent bile acid transporter (Asbt) by 43% in the H-SD group. For all diets, PFOS
treatment increased the mRNA expression of NAD(P)H quinone dehydrogenase 1 (Nqo1),
Glutathione S-transferase mu 3 (Gstm3), and Epoxide hydrolase 1 (Ephx1), which are
involved metabolism and the antioxidant response (Fig. 5A). In the SD-H group, PFOS
treatment induced Nuclear factor erythroid 2-related factor 2 (Nrf2), Superoxide dismutase
1 (Sod-1), Glutathione S-transferase mu 5 (Gstm5), and Glutamate-cysteine ligase catalytic
subunit (Gclc), and in the HFD group, PFOS treatment induced Gstm5. Livers from HSD mice had reduced Colony stimulating factor 2 receptor alpha subunit (Csf2ra)
expression by 29%, and H-SD administered PFOS induced interleukin 6 (IL-6) and Csf2ra
expression by 1.9 and 1.5 fold compared to H-SD control (Fig. 5B).
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Untargeted Proteomic Analysis. We observed a total of 665 proteins in our untargeted
analysis. The data was subjected to PCA and the results are visualized as scatter plots. Fig.
6A illustrates distinct clustering of liver protein expression between the non-treated and
PFOS-treated mice, with less clustering occurring with diet. The number of differentially
expressed proteins for relevant comparisons (SD/H-SD, SD/HFD, SD/SD+PFOS, HSD/H-SD+PFOS, and HFD/HFD+PFOS) were calculated and are shown in Fig. 6B. SD
and H-SD groups had similar protein expression in liver, whereas livers from mice fed
HFD had 18 out of 665 differentially expressed proteins relative to SD (Fig. 6Bi). PFOS
treatment altered the liver levels of 32, 38, and 46 proteins for SD, H-SD, and HFD diets,
respectively. Of these protein changes, 17 proteins were common among each diet, whereas
11, 15 and 11 proteins showed unique changes in abundance among the SD, H-SD, and
HFD, respectively.
Differentially expressed proteins among all comparisons were further analyzed
using Ingenuity Pathway Analysis (IPA) as illustrated in Fig. 6C and Table 4. The HFD
repressed fatty acid metabolism and lipid synthesis related pathways. Upstream analysis
indicated that differentially expressed proteins corresponded to repression of Srebf
chaperone (Scap) and induction of Por. PFOS treatment, overall, induced proteins involved
in lipid utilization and xenobiotic metabolism pathways among all treatment groups (Fig.
6C).

Several distinct pathway proteomic changes among the different diets were also

observed. The SD-PFOS treatment upregulated metabolism of vitamin and retinoid
pathways. PFOS treatment in the H-SD group induced the most pathways, including
induction of lipid synthesis, β-oxidation, conversion of polyunsaturated fatty acids,
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metabolism of vitamin, tretinoin, eicosanoid, and terpenoid pathways, as well as an overall
repression of hepatic steatosis. In HFD mice, PFOS treatment induced proteomic changes
associated with lipid synthesis, conversion of polyunsaturated fatty acids, metabolism of
eicosanoid, and conversion of fatty acids pathways. Upstream analysis (Table 5) shows
that PFOS treatment among all three diets, induced Ppar-α, Leptin, Nr1i3 (Car, nuclear
receptor subfamily 1 group I member 3), cystic fibrosis transmembrane conductance
regulator (Cftr), ATP binding cassette subfamily B member 6 (Abcb6), actin dependent
regulator of chromatin, subfamily b, member 1 (Smarcb), and transcription factor 7 like 2
(Tcf7l2) signaling. Additionally, PFOS treatment in the H-SD and HFD groups, induced
Nrf2 and Nr1i2 (PXR, nuclear receptor subfamily 1 group I member 2) signaling.

Targeted proteomic analysis. After analyzing the total protein changes, peaks for specific
targets were analyzed to compare protein expression to mRNA expression changes, as well
as evaluate xenobiotic metabolism pathways changes identified in untargeted analysis. In
the final analysis, 33 different targets from lipid catabolism, lipid transport and storage,
lipid synthesis, redox, and xenobiotic metabolism and transport pathways are presented.
SD and H-SD mice had similar protein expression levels (Fig. 7A-C and Fig. 8A-B). HFD
upregulated 15 of the 33 proteins in pathways related to lipid metabolism, redox, and
xenobiotic metabolism and transport pathways, and downregulated Scd-1, which in an
enzyme involved in triglyceride synthesis. Carnitine palmitoyltransferase 1A (Cpt1a)
protein expression was approximately doubled in HFD and HFD-PFOS mice compared to
SD controls (Fig. 7A). Other proteins that were significantly induced that differed from
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mRNA expression levels are Hmgcs1, Fabp1, Fabp4, Slc27a2, Apoe, Cyp2b10, Aldh3a2,
Oatp1a1, Gclc, and Ephx1.
PFOS treatment increased the expression of proteins involved in lipid metabolism
(Fig. 7) and xenobiotic metabolism (Fig. 8) pathways. In Fig. 7A, PFOS increased several
proteins (i.e. Cyp4a10, Cyp4a12a, Cyp4a14, Ehhadh, Acox1, Acsl1, and Acot2) related to
lipid catabolism in all three diets, which matched observed changes in mRNA expression.
SD-PFOS reduced fatty acid synthase (Fas) protein levels (Fig. 7B). In Fig. 7C, the PFOS
effect on protein levels in lipid transport and storage pathways followed similar trends as
mRNA levels, however fewer changes were significant and many genes were not
detectable in the analysis. PFOS treatment induced Slc27a2 expression the H-SD and HFD
groups, by 121% and 36% respectively.
In Fig. 8A, PFOS administration increased liver Cyp3a11 and Cyp2c29 protein
expression in all diet groups. SD-PFOS increased Por protein expression by 1.9-fold.
Aldh3a2 protein expression in liver was induced in the H-SD and HFD treatment groups
by 194% and 71% respectively. PFOS treatment did not significantly alter Cyp2b10, Ces1,
Ces2c, and Ugt1a1 protein levels, however there are similar increasing trends with PFOS
treatment, as with the mRNA expression level. Although not significant, PFOS treatment,
also appears to reduce Oatp1a1 and Ntcp protein expression. As described in Fig. 8B,
PFOS treatment in all three diets induced Ephx1 expression, and in the HFD group, PFOS
treatment induced Gstm5 by 126%. Fig. 9 is a heat-map comparing gene expression and
protein expression changes. Overall, the heat map demonstrates a good concordance
between mRNA and protein expression patterns with the platforms used and suggests that
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many of the protein expression patterns observed are due to effects at the transcriptional
level.
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DISCUSSION
NAFLD is a spectrum disease that begins with the accumulation of lipids within
hepatocytes. In the present study, a 60% kCal HFD was administered to induce obesity,
glucose intolerance, and fatty liver in mice. After 4 weeks, PFOS was introduced into the
diet, and half the mice that received HFD were switched to a standard chow diet to induce
weight loss and improve liver steatosis. The rationale for switching to a standard diet is
consistent with current AASLD guidance for hepatic steatosis, which recommends dietary
modification (Chalasani et al. 2018). As expected, the HFD feeding increased body weight,
liver weight, adipose mass, serum lipids, glucose levels, and liver lipids, which is consistent
with previous findings (Lai et al. 2015; Sankaralingam et al. 2015). Additionally, the HSD mice had less weight gain and had similar clinical parameters to the SD mice,
suggesting that the dietary intervention was successful in returning HFD fed mice to control
clinical parameters. The purpose of this study was to evaluate whether PFOS
administration would interfere with weight-loss induced improvement of NAFLD or
augment HFD-induced steatosis. The findings herein illustrate that PFOS worsened HFDinduced steatosis (i.e. increased liver triglyceride and cholesterol content).
PFOS administration induced hepatomegaly among all treatment groups, which is
consistent with other studies (Qazi et al. 2010; Wan et al. 2012).

Previous work

demonstrated that 10 mg/kg PFOS for 7 days in adult male mice increased hepatic lipid
content in mice fed a standard diet (Das et al. 2017). Our findings were consistent with
findings by Wang et al. (2014), which demonstrated that PFOS administration (5 or 20
mg/kg) for 14 days in combination with HFD induced liver lipid accumulation in 4-5 week
old male BALB/c mice. However, Huck et al. (2018), showed that a low dose (1 mg/kg)
of PFOS was protective against HFD-induced hepatic steatosis in 8 week old male
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C57BL/6J mice. The latter studies did not measure serum or hepatic PFOS content. Huck
et al. (2018) began PFOS administration at the same time as the introduction of HFD, which
differed from this work, suggesting the timing of diet treatment may also be critical to
determine how PFOS affects the liver. These findings suggest dietary lipid content may
affect PFOS uptake or distribution and further studies are warranted to better understand
how PFOS enters and affects the liver.
Hepatic gene and protein expression were measured to determine the potential
pathways targeted by PFOS within the liver. For the HFD, pathway analysis demonstrated
that the 18 differentially expressed proteins, including Scd-1, that corresponded to
repression in fatty acid metabolism and lipid synthesis. This finding is consistent with
Benard et al. (2016), in which HFD-feeding also suppressed lipid biosynthesis pathways
in the mouse proteome. Specifically, the HFD decreased Scd-1 mRNA expression, which
was one of the 18 differentially expressed proteins compared to the control diet. Gene
expression in the H-SD mice had a significant increase in Fabp4, and decreases in Acaca,
and Csf2ra expression, however, the H-SD diet had no detected differentially expressed
proteins compared to SD control. The proteomic method used did not include prefractionation of the protein samples, which did limit the identification of lower abundant
proteins in these samples, and there may be differences in protein targets that were not
detected in the proteomic analysis.
Compared to the HFD, PFOS administration modulated the expression of numerous
genes and proteins interrogated and including lipid utilization and xenobiotic metabolism
genes. PFOS in combination with HFD also induced lipid synthesis. For the hepatic
proteome, there were 17 proteins common to PFOS administration among the three diets,
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with some previously described by Rosen et al. (2013) as upregulated at the mRNA level,
such as Cyp4a10, Cyp4a12, Cyp4a14, Ehhadh, Aldh3a2, Acsl1, Slc27a2, Ephx1, Cyp2b10,
Cyp3a11, and Ces2c. Within each diet there were also proteins that were uniquely
modulated.

This suggests that diet may influence how PFOS modulates biological

processes in the liver. In the pathway analysis, there were several unique pathway changes
among each diet. PFOS administration upregulated lipid synthesis proteins only in the HSD and HFD, which may explain why PFOS worsened hepatic steatosis in combination
with the HFD. The upstream analysis revealed that PFOS treatment in all diets induced
Ppar-α and Car signaling, which is consistent with previous studies (Rosen et al. 2008;
Rosen et al. 2017). One of the limitations of this study is that rodents were used to model
HFD response, and humans are thought to be less sensitive to PPAR-α activation (Bility et
al. 2004; Wolf et al. 2008). However, upstream analysis also revealed several non-PPARα signals. PFOS treatment induced genes related to leptin signaling in the liver, which may
be due to effects on adipokine secretion in the adipose tissue. This finding also may relate
to human observations, as there have been an inverse association between PFOS exposure
and leptin levels in children (Shelly et al. 2019). Our lab has also previously shown that
PFOS can promote adipogenesis in murine-derived preadipocytes and human visceral
preadipocytes (Xu et al. 2016). PFOS treatment also induced upstream regulators of
mitochondrial function, AMPK, and Wnt signaling pathways. The results herein also
reinforce the concept that PFOS induces more than one signaling pathway related to lipid
and xenobiotic metabolism.
An additional of the limitation of the study is that mice possess significantly higher
clearance mechanisms for PFOS that result in a significantly shorter half-life of weeks
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compared to years in humans (Olsen et al. 2007; Chang et al. 2012). The consequence of
this difference excretion often increases the PFOS dose used in mice and the NOAEL. For
the study herein, we observed serum concentrations ranging from 24.4 to 50.3 µg/mL.
The observed PFOS levels in humans are much lower overall with serum levels ranging
from 9.8 to 54.6 ng/mL in the US (Calafat et al. 2007). Studies that have evaluated human
liver levels of PFOS have found levels of PFOS ranging from 0.375 to 102 ng/g liver
(Maestri et al. 2006; Pérez et al. 2013; Yeung et al. 2013). While the serum and liver
concentrations we observed were much higher than that detected in human, the daily dose
was in line with the reported mouse NOAEL for liver effects (US EPA 2016 May 5). In
a study of perinatal PFOS treatment to dams at 0.3 mg/kg/day via oral gavage, dams had
serum PFOS concentrations of 15.33 ± 4.62 µg/mL in serum and 40.9 ± 9.88 µg/g liver
(Wan et al. 2014). This dose is considered to be a NOAEL dose for liver weight increase
and increased insulin resistance of PFOS in mice (US EPA 2016 May 5). In the present
study, the observed serum and liver concentrations of PFOS in the SD are higher with
concentrations of 40.0 ± 6.9 µg/mL and 200.2 ± 22.5 µg/g liver, which, considering that
the latter study used pregnant females that transferred PFOS to pups and the duration of
treatment was half as long, the results are consistent with Wan et al. (2014).
An interesting observation were the difference in liver PFOS concentrations with
the different diets. We observed that H-SD and HFD mice had lower liver PFOS
concentrations than SD mice, suggesting that diet might impact liver uptake mechanisms.
HFD also decreased the serum to liver ratio from 5.0 to 3.3.

These results may be

explained by the downregulation of uptake transporter expression (i.e. Oatp1a1, 2b1, Ntcp)
that has been observed in mouse models of hepatic steatosis (More and Slitt, 2011). Oatps
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and Ntcp have been described to transport PFOS (Zhao et al. 2017). We observed that
HFD decreased Oatp1a1 and Ntcp mRNA expression in liver. We did not measure Bcrp
or Abcc2 mRNA or protein expression to assess mechanisms that could enhance PFOS
efflux from liver. Overall, the notion that diet or changes to liver with steatosis could
impact PFOS uptake by liver has not been explored and warrants further investigation.
Overall, the results of this study demonstrated that PFOS administration had diet
dependent effects in mice. This study also demonstrated that PFOS administration can
exacerbate hepatic lipid accumulation in mice fed a high fat diet along with robust
induction of lipid metabolism pathways at the mRNA and protein level. Lastly, we also
observed that PFOS treatment markedly shifts the hepatic proteome.
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Table 1. Clinical Parameters in C57BL/6J Mice after PFOS and HFD treatment.
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Parameter

SD

SD +PFOS

H-SD

H-SD +PFOS HFD

HFD +PFOS

Body weight (BW) (g)

35.4 ± 1.2

30.8 ± 0.8#

36.1 ± 0.9

36.6 ± 0.5

48.6 ± 1.2*

47.3 ± 1.3

% Weight gain**

35.4 ± 2.6

19.6 ± 3.1#

11.3 ± 1.6* 8.38 ± 2.4

55.3 ± 3.3*

46.2 ± 5.6#

Liver weight (g)

1.47 ± 0.0

1.67 ± 0.1

1.49 ± 0.0

1.86 ± 0.1#

1.92 ± 0.1*

2.71 ± 0.2#

Liver weight/ BW (%BW***)

4.17 ± 0.1

5.38 ± 0.3#

4.12 ± 0.1

5.07 ± 0.3#

3.89 ± 0.1

5.72 ± 0.4#

White adipose tissue (WAT) (g) 1.35 ± 0.2

0.84 ± 0.1#

1.57 ± 0.1

1.37 ± 0.1

2.27 ± 0.2*

1.98 ± 0.2

WAT/BW (%BW***)

3.75 ± 0.5

2.69 ± 0.4#

4.31 ± 0.2

3.75 ± 0.3

4.73 ± 0.5

4.20 ± 0.5

Kidney weight (g)

0.34 ± 0.0

0.37 ± 0.0

0.37 ± 0.0

0.38 ± 0.0

0.37 ± 0.0

0.36 ± 0.0

Serum triglycerides (mg/dL)

75.8 ± 8.3

109.7 ± 9.6# 90.0 ± 7.9

96.8 ± 5.4

109 ± 5.1*

85.3 ± 6.2

169 ± 12.6

211 ± 12

184 ± 9.1

333 ± 14.4* 253 ± 22.2#

129 ± 7.2

121 ± 6.4

190 ± 21.6* 196 ± 4.5

Serum total cholesterol (mg/dL) 190 ± 9.0
Fasting blood glucose (mg/dL)

149 ± 14.1 130 ± 7.4

Male C57BL/6J mice were fed either control standard chow diet (SD) or a 60% kCal high fat diet (HFD), and then after 4 weeks, half
of the mice fed HFD were switched to a SD (H-SD) to mimic weight loss. Additionally, mice were then exposed to PFOS in diet for 10
weeks (0.0003%). At 10 weeks, body and organ weights, serum triglyceride and cholesterol concentrations were determined.
Calculations were performed using a one-way ANOVA followed by Fisher’s LSD test. All values are means ± SEM; N = 5- 8.
* indicates p<0.05 versus control SD and “#” indicates p<0.05 versus respective diet controls. ** percent weight gain is calculated from
the addition of PFOS at week 4 until conclusion of the study. *** percent body weight was calculated as g tissue per g BW multiplied
by 100.

Table 2. Serum and Liver PFOS Concentration

Serum
(µg/mL)
Liver PFOS
(µg PFOS/g tissue)
Total Liver PFOS
(µg PFOS)
Liver/Serum
Serum PFOS (mg
PFOS/mL per mg of
PFOS consumed)
Liver PFOS (mg
PFOS/g tissue per
mg of PFOS
consumed)

SD

SD
PFOS

H-SD

H-SD
+PFOS

HFD

HFD
+PFOS

<LLOQ

40.0 ±
6.9

< LLOQ

34.8 ±
6.1

< LLOQ

42.4 ±
2.0

<LLOQ

200.2 ±
22.5
363.5 ±
20.2

< LLOQ

148.0 ±
16.1*
272.7 ±
18.0*

< LLOQ

137.0 ±
32.8*
354.1 ±
38.4

5.0

4.25

3.3

2.32 ±
0.14

2.19 ±
0.14

6.01 ±
0.13*

11.6 ±
0.5

9.3 ±
0.4

19.4 ±
2.1*

Male C57BL/6J mice were fed either control standard chow diet (SD) or a 60% kCal high
fat diet (HFD). After 4 weeks, half of HFD mice were switched to a SD (H-SD) to induce
weight loss, and mice were further divided with a subset having 0.0003% PFOS in diet.
Mice were kept on study for an additional 10 weeks. PFOS was extracted from liver and
serum and quantified using LC-MS/MS. All mice that were not dosed with PFOS had
concentrations below the lower limit of quantification (LLOQ, 15 ng/mL, 3 µg/g tissue).
Total liver PFOS was calculated by multiplying concentration by total liver weights and
PFOS concentrations were also normalized to average food consumption within each diet
group. The HFD and H-SD mice had a lower liver PFOS concentration, and the H-SD mice
had less overall liver PFOS. The HFD mice had a higher liver and serum PFOS
concentrations relative to the amount of PFOS consumed within the diet. Calculations were
performed using a one-way ANOVA followed by Fisher’s LSD test. All values are means
± SD; N=5-8. * Significant difference from control at p<0.05.
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Table 3. Effect of PFOS on liver steatosis histopathology
Scores

SD

SD +PFOS

H-SD

H-SD +PFOS

HFD

HFD +PFOS

0

6/8

4/5

7/8

3/6

0/7

0/6

1

2/8

1/5

0/8

1/6

0/7

0/6

2

0/8

0/5

1/8

2/6

3/7

0/6

3

0/8

0/5

0/8

0/6

2/7

1/6

4

0/8

0/5

0/8

0/6

2/7

4/6

5

0/8

0/5

0/8

0/6

0/7

1/6

≥3

0/8 (0%)

0/5 (0%)

0/8 (0%)

0/6 (0%)

4/7 (57%) *

6/6 (100%) *

Formalin fixed hepatic tissue sections were stained with hematoxylin and eosin (Fig. 2A).
Livers were scored for lipid accumulation (range from 0 to 5, where 0 is the least and 5 is
most severe). Statistical analysis was performed using Kruskal–Wallis test followed by
Dunn's multiple comparison test for multiple comparisons. N=5-8/treatment group,
*significant difference from control at p<0.05.
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Table 4. Effect of HFD on upstream regulators of the proteomic response
Upstream
Regulator

Name

Function

Activation Zscore

Scap

sterol regulatory element
binding protein
(SREBF) chaperone

Unfolded protein response

-2.200

Acly, Csad, Fasn, Fdps, Hmgcs2, Scd-1

Por

cytochrome p450
oxidoreductase

donate electrons directly from
NADPH to all microsomal P450
enzymes

2.000

Acly, Bdh1, Cpt1a, Csad, Cyp2c8, Fdps,
Scd-1

Target Molecules in Data Set
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Protein data were analyzed using Perseus open source software. The numbers of significantly increased and decreased proteins for
relevant comparisons were calculated (student's t-test, p-value ≤ 0.05, false discovery rate (FDR) < 0.05). Diet based comparisons were
SD/H-SD and SD/HFD. Differentially expressed proteins were further analyzed using Ingenuity Pathway Analysis (IPA)’s upstream
analysis. Significant upstream regulatory molecules are described for SD vs HFD, and an activation z-score was calculated to predict
activation of upstream regulators. A positive z-score indicates upregulation and a negative z-score indicates downregulation.

Table 5. Effect of PFOS on upstream regulators of the proteomic response
Activation Z-score
Upstream
Regulator

Target Molecules in Data Set

HFD
+PFOS

PFOS treatment

SD
+PFOS

SD &
H-SD
+PFOS

H-SD
+PFOS

H-SD & HFD
+PFOS

HFD
+PFOS

2.974

Acot1 Acsl1
Aldh3a2 Cyp2b6
Cyp2c8 Cyp4a11
Cyp4a14 Ehhadh
Hsd17b11 Slc27a2

Aldob
Pklr

Csad

Acox1
Cps1
Eci1

Acaa1b, Cyp2c54,
Hsd17b4, Por

Dec1
Cat
Decr2

3.162

2.530

Cyb5a
Cyp2a12/Cyp2a22
Cyp2c8 Cyp3a5
Cyp4a11 Cyp4a14
Ehhadh

Aldob

Acox1
Cps1

Cyp2c54, Gstm3

Fmo5

2.583

2.946

2.771

Ces2a Ces2c
Cyp2b6 Cyp2c8
Cyp3a5 Ephx1

Ugt2b28

Aldh1a1
Ugt1a1

Gstm3, Gstm5, Por

involved in
AMPK
signaling

2.213

2.804

2.804

Cyp2b6 Cyp3a5
Cyp4a11 Hsd17b11
Slc27a2

Abcb6

ATP binding
cassette subfamily
B member 6

transporter,
involved in
mitochondrial
function

2.201

2.418

2.202

Cyp2a12/Cyp2a22
Cyp2b6 Cyp3a5
Cyp4a11

Smarcb1

actin dependent
regulator of
chromatin,
subfamily b,
member 1

involved in
AMPK
signaling

2.000

2.236

2.236

Acsl1 Cyp2c8
Cyp4a11 Cyp4a14

SD
+PFOS

Name

Function

peroxisome
proliferator
activated receptor
alpha

lipid
metabolism in
the liver

Lep

leptin

adipokine,
proinflammatory
cytokine

2.828

Nr1i3

Car, nuclear
receptor
subfamily 1 group
I member 3

xenobiotic
and
endobiotic
metabolism

Cftr

cystic fibrosis
transmembrane
conductance
regulator

Ppar-α

2.306

H-SD
+PFOS

2.864
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Cyp2a6

Acaa1b, Hsd17b4,
Por

Cyp2a6

Cyp2c54

Cyp2c54

Tcf7l2
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Protein data were analyzed using Perseus open source software. The numbers of significantly increased and decreased proteins for
relevant comparisons were calculated. (student's t-test, p-value ≤ 0.05, false discovery rate (FDR) < 0.05). Comparisons were
SD/SD+PFOS, H-SD/H-SD+PFOS, and HFD/HFD+PFOS. Differentially expressed proteins among all comparisons were further
analyzed using Ingenuity Pathway Analysis (IPA)’s upstream analysis. Significant upstream regulatory molecules are described for
PFOS treatment in each diet. For each comparison, an activation z-score was calculated to predict activation of upstream regulators. A
positive z-score indicates upregulation and a negative z-score indicates downregulation.
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Figure 1. Effect of PFOS on body weight over time. 6-week-old male C57BL/6J mice
were fed either control standard chow diet (SD) or a 60% kCal high fat diet (HFD), and
then after 4 weeks, half of the mice fed HFD were switched to a SD (H-SD) to mimic
weight loss. Furthermore, the mice were then exposed to 10 weeks of dietary PFOS
treatment (0.0003%). Body weight was measured every week and shown as average body
weights ± SEM. HFD feeding for 4 weeks increased body weight. Mice were then switched
to a SD lost weight until week 6, and by the end of the end of the study, body weights were
similar to SD controls. HFD feeding for an additional 10 weeks increased body weight.
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FIGURE 2

Figure 2. Diet and PFOS effects on liver lipid content. A) Liver histopathology
representatives for each treatment group viewed at 200X magnification. Hemotoxylin and
eosin (H&E) staining of liver tissue illustrates HFD administration increased vacuolization
in mice compared to control. Arrows designate lipid vacuoles consistent with
histopathology described for hepatic steatosis. B) Total lipids were isolated and normalized
to tissue weight. C) Triglycerides, D) non-esterified fatty acids (NEFA), and E) cholesterol
content, and was measured via colorimetric assay and normalized to tissue weight. In the
HFD, PFOS treatment caused a slight increase in liver lipids and increased triglycerides
and cholesterol. Calculations were done using a one-way ANOVA followed by Fisher’s
LSD test. All values are means ± SEM; N = 5-8. “*” indicates p<0.05 versus control SD
and “#” indicates p<0.05 versus their respective diet controls.
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FIGURE 3
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Figure 3. Hepatic lipid metabolism gene expression. The quantification of selected
liver mRNAs was performed using QuantiGene 2.0 Plex Assay kit with purified RNA. The
fluorescence intensity (FI; minus background) for each gene was normalized to the
housekeeping gene β-actin. Fold change was calculated between the control SD mice. A)
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PFOS induces 9 genes related to lipid catabolism. B) PFOS has diet dependent effects on
lipid synthesis genes, and C) induces several genes related lipid transport. Calculations
were done using a one-way ANOVA followed by Fisher’s LSD test. All values are means
± SEM; N = 5. “*” indicates p<0.05 versus control SD and “#” indicates p<0.05 versus
their respective diet controls.
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FIGURE 4
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Figure 4. Hepatic lipid xenobiotic metabolism and transport gene expression. The
quantification of selected liver mRNAs was performed using QuantiGene 2.0 Plex Assay
kit with purified RNA. The fluorescence intensity (FI; minus background) for each gene
was normalized to the housekeeping gene β-actin. Fold change was calculated between the
control SD mice. A) PFOS treatment induced 7 out of 8 transcripts related to xenobiotic
metabolism. B) HFD and PFOS treatment represses some transporter gene expression.
Calculations were done using a one-way ANOVA followed by Fisher’s LSD test. All
values are means ± SEM; N = 5. “*” indicates p<0.05 versus control SD and “#” indicates
p<0.05 versus their respective diet controls.
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FIGURE 5
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Figure 5. Hepatic lipid oxidative stress gene expression. The quantification of selected
liver mRNAs was performed using QuantiGene 2.0 Plex Assay kit with purified RNA. The
fluorescence intensity (FI; minus background) for each gene was normalized to the
housekeeping gene β-actin. Fold change was calculated between the control SD mice. A)
PFOS treatment induces expression of genes related to detoxification and antioxidant
response. B) Only in the H-SD diet, PFOS induces expression of interleukin 6 (Il-6) and
colony stimulating factor 2 receptor α (Csf2ra). Calculations were done using a one-way
ANOVA followed by Fisher’s LSD test. All values are means ± SEM; N = 5. “*” indicates
p<0.05 versus control SD and “#” indicates p<0.05 versus their respective diet controls.
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FIGURE 6

51

Figure 6. Global proteomic analysis. Protein data was analyzed using Perseus open
source software. A) A principle component analysis (PCA) plot is shown. The numbers of
significantly increased and decreased proteins for relevant comparisons were calculated.
(student's t-test, p-value ≤ 0.05, false discovery rate (FDR) < 0.05). Comparisons were
SD/H-SD, SD/HFD, SD/SD+PFOS, H-SD/H-SD+PFOS, and HFD/HFD+PFOS. B) Venn
diagrams illustrating the number of significantly increased and decreased proteins detected
and shared between diet and PFOS treatment groups. The H-SD diet had no differentially
expressed proteins compared to control and the HFD had 18 differentially expressed
proteins compared to the control diet. PFOS treatment in each diet, SD, H-SD, and HFD,
induced 32, 38, and 46 significant differentially expressed proteins, respectfully. Of these
protein changes, 17 proteins were common among each diet. Differentially expressed
proteins among all comparisons were further analyzed using Ingenuity Pathway Analysis
(IPA). C) A heat-map describing significant z-scores (≥ 1.5 or ≤ −1.5) of Diseases and Bio
Function pathways are shown. Pathways that are expected to be increased are shown in
orange and decreased are shown in blue. “X” designates comparisons that did not have
significant pathway changes.
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FIGURE 7
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Figure 7. Targeted proteomics analysis of lipid utilization gene. Peaks for specific
protein targets were analyzed using Skyline open source software. Areas for each fragment
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ion was summed for each peptide and one or two peptides were averaged for each protein.
Areas were normalized to a technical standard for digestion (BSA) and final concentrations
of digested proteins was calculated. Fold change was calculated between the control SD.
A) PFOS induces several genes related to lipid catabolism genes. B) PFOS significantly
reduced fatty acid synthase (Fas) protein expression in the SD diet, and C) HFD induced
several genes related lipid transport and PFOS treatment induced very long chain acyl-CoA
synthetase member 2 (Slc27a2). Calculations were done using a one-way ANOVA
followed by Fisher’s LSD test. All values are means ± SEM; N = 4. “*” indicates p<0.05
versus control SD and “#” indicates p<0.05 versus their respective diet controls.

54

FIGURE 8
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Figure 8. Targeted proteomic analysis of xenobiotic metabolism and transport and
oxidative stress genes. Peaks for specific protein targets were analyzed using Skyline
open source software. Areas for each fragment ion was summed for each peptide and one
or two peptides were averaged for each protein. Areas were normalized to a technical
standard for digestion and final concentrations of digested proteins. Fold change was
calculated between the control SD. A) PFOS treatment induced genes related to xenobiotic
metabolism. B) PFOS treatment induces expression of genes related to detoxification and
antioxidant response. Calculations were done using a one-way ANOVA followed by
Fisher’s LSD test. All values are means ± SEM; N = 4. “*” indicates p<0.05 versus control
SD and “#” indicates p<0.05 versus their respective diet controls.

55

FIGURE 9
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Figure 9. Comparison of mRNA and Protein Expression. The quantification of selected
liver mRNAs was performed using QuantiGene 2.0 Plex Assay kit with purified RNA. The
fluorescence intensity (FI; minus background) for each gene was normalized to the
housekeeping gene β-actin. Liver protein abundance was measured using a method for
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LC-QTOF/MS for sequential window acquisition of all theoretical mass spectra (SWATH‐
MS), and peptide peaks for each target were analyzed. Fold change was calculated between
the control mice and H-SD and HFD mice to understand the effects of diet on hepatic gene
and protein expression and between control mice and PFOS treatment for each diet to
understand the effect of PFOS treatment on hepatic gene and protein expression. “X”
indicates proteins that were not detected in proteomic analysis. Cd36 protein expression
was included based on a western blot shown in Supplemental Fig. 3.
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Manuscript I: Supplemental Data
Supplemental Table 1. Full names of mRNA and protein gene targets.
GENE

NAME

PATHWAY

Ppar-α

Peroxisome proliferator-activated receptor alpha

Lipid Catabolism

Cidea

Cell death activator CIDE-A

Lipid Catabolism

Cyp4a14

Cytochrome P450 omega-hydroxylase family 4,
subfamily a, polypeptide 14

Lipid Catabolism

Cyp4a12a

Cytochrome P450, family 4, subfamily a,
polypeptide 12a

Lipid Catabolism

Cyp4a10

Cytochrome P450, family 4, subfamily a,
polypeptide 10

Lipid Catabolism

Ehhadh

Enoyl-CoA hydratase and 3-hydroxyacyl CoA
dehydrogenase

Lipid Catabolism

Acot2

Acyl-CoA thioesterase 2

Lipid Catabolism

Acox1

Peroxisomal acyl-coenzyme A oxidase 1

Lipid Catabolism

Acsl1

Acyl-CoA synthetase long chain family member 1

Lipid Catabolism

Cpt1b

Carnitine O-palmitoyltransferase 1, muscle isoform
B

Lipid Catabolism

Cpt1a

Carnitine O-palmitoyltransferase 1, liver isoform A

Lipid Catabolism

Ppar-γ

Peroxisome proliferator-activated receptor gamma

Lipid Transport
and Storage

Fabp1

Fatty acid-binding protein, liver isoform 1

Fabp4

Fatty acid-binding protein, adipocyte isoform 4

Cd36

fatty acid translocase/cluster of differentiation 36
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Lipid Transport
and Storage
Lipid Transport
and Storage
Lipid Transport
and Storage

Slc27a1

Long-chain fatty acid transport protein 1/ Solute
carrier family 27 member 1

Lipid Transport
and Storage

Slc27a2

Very long-chain acyl-CoA synthetase/Solute carrier
family 27 member 2

Lipid Transport
and Storage

Lpl

Lipoprotein lipase

Lipid Transport
and Storage

Gpam

Glycerol-3-phosphate acyltransferase, mitochondrial

Lipid Transport
and Storage

Apoe

Apolipoprotein E

Lipid Transport
and Storage

Mttp

Microsomal triglyceride transfer protein

Lipid Transport
and Storage

Acaca

Acetyl-CoA carboxylase alpha

Lipid Synthesis

Fasn

Fatty acid synthase

Lipid Synthesis

Scd-1

Stearoyl-CoA desaturase-1

Lipid Synthesis

Hmgcs1

3-hydroxy-3-methylglutaryl-CoA synthase 1

Lipid Synthesis

Srebf1

Sterol regulatory element-binding protein 1

Lipid Synthesis

Nrf2

Nuclear factor erythroid 2-related factor 2

Detoxification
and Antioxidant
Response

Sod-1

Superoxide dismutase 1

Detoxification
and Antioxidant
Response

Nqo-1

NAD(P)H quinone dehydrogenase 1

Detoxification
and Antioxidant
Response

Gstm3

Glutathione S-transferase mu 3 (brain)

Detoxification
and Antioxidant
Response
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Glutathione S-transferase mu 5

Detoxification
and Antioxidant
Response

Glutamate-cysteine ligase catalytic subunit

Detoxification
and Antioxidant
Response

Ephx1

Epoxide hydrolase 1

Detoxification
and Antioxidant
Response

Tnf-α

Tumor necrosis factor alpha

Inflammation

Il-6

Interleukin 6

Inflammation

Csf2ra

Granulocyte-macrophage colony stimulating factor 2
receptor alpha subunit

Inflammation

Ccl2

Chemokine (C-C motif) ligand 2/monocyte
chemoattractant protein 1

Inflammation

Por

Cytochrome P450 oxidoreductase

Xenobiotic
Metabolism

Cyp2b10

Cytochrome P450, family 2, subfamily b,
polypeptide 10

Xenobiotic
Metabolism

Cyp2c29

Cytochrome P450, family 2, subfamily c,
polypeptide 29

Xenobiotic
Metabolism

Cyp3a11

Cytochrome P450, family 3, subfamily a,
polypeptide 11

Xenobiotic
Metabolism

Aldh3a2

Aldehyde dehydrogenase family 3 member A2

Xenobiotic
Metabolism

Ces1

Liver carboxylesterase 1

Xenobiotic
Metabolism

Ces2c

Carboxylesterase 2C

Xenobiotic
Metabolism

Ugt1a1

UDP glucuronosyltransferase family 1 member A1

Xenobiotic
Metabolism

Gstm5

Gclc

60

Oatp1a1

Organic anion transporting polypeptide 1a1/Solute
carrier organic anion transporter family, member
1a1

Xenobiotic
Transport

Ntcp

Sodium-taurocholate co-transporting
polypeptide/Solute carrier family 10, member 1

Xenobiotic
Transport

Asbt

Apical sodium dependent bile acid transporter/
Solute carrier family 10, member 2

Xenobiotic
Transport

Organic anion transporting polypeptide 2b1/ Solute
carrier organic anion transporter family, member
2b1
Organic anion transporting polypeptide 1b2/ Solute
carrier organic anion transporter family, member
1b2

Xenobiotic
Transport

Oatp2b1

Oatp1b2
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Supplemental Figure 1. Average Food Consumption.

Supplemental Figure 1. Adult male C57BL/6 mice were fed either control standard chow
diet (SD) or a 60% kCal high fat diet (HFD), and then after 4 weeks, half of the mice fed
HFD were switched to a SD (H-SD) to mimic weight loss. Furthermore, mice were then
exposed to 10 weeks of dietary PFOS exposure (0.0003%). Food consumption was
measured for 2 weeks after 3 weeks of PFOS exposure. Mice consumed less high fat diet
(HFD) than standard diet (SD). PFOS exposure had no effect on food consumption
compared to respective controls. Calculations were done using a one-way ANOVA
followed by Fisher’s LSD test. All values are means ± SEM; N = 5-8. “*” indicates p<0.05
versus control SD.
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Supplemental Figure 2. Effects of Diet and PFOS exposure on glucose metabolism.
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Supplemental Figure 2. Adult male C57BL/6 mice were fed either control standard chow
diet (SD) or a 60% kCal high fat diet (HFD), and then after 4 weeks, half of the mice fed
HFD were switched to a SD (H-SD) to mimic weight loss. Furthermore, mice were then
exposed to 10 weeks of dietary PFOS exposure (0.0003%). Fasting blood glucose (FBG)
was measured in tail blood after an 18 h fast by a Bayer Contour glucometer (Mishawaka,
IN) after A) 2, B) 4, C) 5, and D) 8 weeks of PFOS exposure. PFOS induced diet dependent
changes in FBG after 2 and 4 weeks of PFOS exposure, however this effect was no
observed at other time points. E) A glucose tolerance test (GTT) was conducted after 5
weeks of PFOS exposure. After an 18 h fast, 1 mg/kg glucose was administered
intraperitoneal injection, and blood glucose was measured after 0, 15, 30, 45, 60, and 90
minutes. GTT data was graphed and F) area under the curve (AUC) was calculated for each
mouse. Calculations were done using a one-way ANOVA followed by Fisher’s LSD test.
All values are means ± SEM; N = 5-8. “*” indicates p<0.05 versus control SD and “#”
indicates p<0.05 versus their respective diet controls.
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Supplemental Figure 3. Cd36 expression analysis by western blot.

Supplemental Figure 3. Protein was isolated from liver tissues after homogenization in
RIPA buffer containing protease and phosphatase inhibitors. The lysates (~25 µg protein)
were resolved using sodium dodecyl sulfate–polyacrylamide gel electrophoresis and
transblotted onto low fluorescence polyvinylidene fluoride membrane. Membrane was
blocked and blotted with Cd36 (Abcam catalog#ab133625, rabbit, 1:1000 dilution) and βactin (Sigma, Catalog#A2228, mouse, 1:1000 dilution) antibodies at 4°C overnight. Blots
were then incubated with IR-Dye labeled secondary antibodies and visualized by infrared
detection with a Li-COR Odyssey Infrared Imager Scanner (Li-COR, Lincoln, NE). A) A
representative western blot is shown. B) The relative abundance of Cd36 protein was
quantified and normalized to β-actin. Calculations were done using a one-way ANOVA
followed by Fisher’s LSD test. All values are means ± SEM; N = 3-5. “*” indicates p<0.05
versus control SD and “#” indicates p<0.05 versus their respective diet controls.
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ABSTRACT
Per- and polyfluoroalkyl substances (PFAS) are a class of toxicants that are used in
numerous industrial and commercial applications. Some perfluoroalkyl acids (PFAA),
such as perfluorooctanesulfonic acid (PFOS) and perfluorooctanoic acid (PFOA), have
been associated with hepatic steatosis in rodents and monkeys. It was hypothesized that
PFOS and PFOA, along with other prevalent PFAS, could induce expression of lipid
metabolism genes along with lipid deposition in human hepatocytes. Five-donor pooled
cryopreserved human hepatocytes were cultured and treated with 0.1% DMSO vehicle or
various PFAS at concentrations ranging from 0.25 to 25 µM in media. After a 48-hr
treatment, mRNA transcripts related to lipid transport, metabolism, and synthesis were
measured using a Quantigene Plex assay. After a 72-hr treatment, hepatocytes were stained
with Nile Red dye to quantify intracellular lipids. Overall, PFAS were transcriptionally
active at 25 µM. In this model, lipid accumulation was not observed with C8-C12
treatment, except for C10. Shorter chain PFAA (C4-C6) and PFAS replacements induced
significant liver lipid accumulation and induced gene activation at lower concentrations
than legacy PFAA. In summary short chain PFAA and alternative PFAS were more potent
gene inducers, and potential health effects of replacement PFAS should be critically
evaluated in humans.
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INTRODUCTION
Per- and polyfluoroalkyl substances (PFAS) are synthetic chemicals used in the
production of many heat-, water-, and stain-resistant consumer products, and in aqueous
film forming foams (AFFF) used for fire suppression. PFAS contain strong carbon-fluorine
bonds that allow these molecules to resist degradation and bioaccumulate. Two of the most
well

studied

PFAS

are

eight-carbon

(C8)

perfluoroalkyl

acids

(PFAA),

perfluorooctanesulfonate (PFOS) and perfluorooctanoic acid (PFOA). PFOS and PFOA
have long serum half-lives in humans, with a mean of 5.4 years for PFOS and 3.8 years
for PFOA.1 Multiple human studies have found significant associations between PFAS
exposure and adverse outcomes such as suppressed immunity, dyslipidemia, and kidney
and testicular cancers in areas with extremely high exposures.2–7 In rodents and monkeys,
liver is known to be a sensitive organ to PFAS exposure, with PFOS and PFOA exposure
causing decreased body weight, increased liver weight, and hepatocellular hypertrophy and
lipid vacuolation.8–13 Human studies have found positive associations between PFAS
exposure and biomarkers of liver injury; however, it is unclear if PFAS cause liver steatosis
in humans.14–18
In 2006, eight companies voluntarily phased out the use of legacy PFAS in the US.
Since 1999-2000, serum PFOS and perfluorohexanesulfonate (PFHxS) concentrations in
the U.S. population have been declining, whereas the PFOA concentrations remained
constant between 2003-2008 and perfluorononanoic acid (PFNA) increased during 1999–
2008.19 Although the use of legacy PFAS compounds has decreased, companies have
replaced them with short chain PFAA and alternative PFAS structures, such as perfluoro2-propoxypropanoic acid (HFPO-DA, GenX, or PFPrOPrA), a replacement for PFOA.20
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Many of these new PFAS have been detected in humans and the environment (Table 1).
While PFOA and PFOS, have been well studied, less is known about the biological activity
of new PFAS detected in the environment. Short chain PFAS typically have shorter half
lives in humans (Table 1), and because of this, are generally thought of as safer alternative
to legacy PFAS. Rosen et al.21 used primary mouse and human hepatocytes to evaluate
lipid pathways of many PFAA, however genes that were differentially expressed were
dissimilar across compounds, making comparisons of biological activity between
compounds difficult. It is unclear if short chain PFAS have similar gene expression profiles
to legacy PFAS, and if these compounds have similar potency in human hepatocytes.
Herein, critical compounds in the PFAS family have been screened for modulation
of lipogenic gene expression in primary human hepatocytes. In addition to evaluating gene
expression, Nile Red staining was included to evaluate intracellular lipid accumulation. As
some PFAS are known to rely on transporters to enter cells,22,23 primary hepatocytes were
used because they have higher expression of solute carrier (SLC) transporters, such as
organic anion transporting polypeptides (OATPs) needed for hepatocellular influx of PFAS
chemicals.24 This knowledge could be used to prioritize PFAS based on activity in these
assays and correlate the observed trends in chain length and lipid accumulation to help
understand the potential for human health effects.
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MATERIALS AND METHODS
Test chemicals. Legacy PFAS (PFHxS, PFOS, and PFOA), short chain PFAA (PFBS,
PFBA, PFPeA, PFHxA, and PFHpA), long chain PFAA (PFDA, PFUnDA, PFDoDA,
PFTrDA, and PFTeDA), and alternative PFAS (HFPO-DA, FOSA, MetFOSA, EtFOSA,
and 6:2 FTS) as described in Supplemental Table 1 were purchased from AccuStandard
Inc. (New Haven, CT, USA) and dissolved in dimethylsulfoxide (DMSO; Sigma Aldrich,
St. Louis, MO). Known peroxisome proliferator-activated receptor activators (PPAR)
were purchased from Sigma Aldrich (St. Louis, MO): rosiglitazone (ROSI; PPARγ
activation) and clofibrate (CLO; PPARα activation) were prepared in DMSO stocks and
diluted in media for treatments of 5 µM and 250 µM respectively. A palmitate and oleate
(1:2, P/O) mixture was used as a positive control for lipid accumulation. A 10 mM P/O
stock mixture was created using sodium salts of palmitate and oleate from Sigma Aldrich
(St. Louis, MO). 3.33 mmol palmitate and 6.66 mmol oleate was dissolved in deionized
water in a boiling water bath. Once dissolved, the fatty acids were then complexed to 10%
BSA (Bovine Serum Albumin, Fisher Scientific, Catalog# BP1600-100, Fair Lawn, NJ) by
gently heating at 37C. Once cooled, the P/O mixture was filtered through a 0.2 µm syringe
filter and stored at -20C until use. The 10 mM P/O stock was diluted in media to a final
concentration of 0.5 mM for hepatocyte treatment.

Cell culture and treatment. Cryopreserved human hepatocytes (CryostaX 5 donor pool,
catalog# HPCH05+, Lot 1510213) and thawing and plating media (kits K8000, K8200, and
K8300) were obtained from Sekisui XenoTech (Kansas City, KS). Cells were thawed and
plated according to manufacturer protocols. Briefly, cryotube was thawed in a 37C water
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bath for ~80 seconds and then place in OptiThaw medium and gently inverted. The cells
were centrifuged at 100 x g for 5 min at room temperature and supernatant was discarded.
Cells were resuspended in OptiPlate media. Cell viability and yield was assessed using
trypan blue exclusion method on a hemocytometer. Hepatocytes were then seeded into
collagen I coated 96-well plates at the recommended seeding density (5.6 x 104 cells per
well). The plates were then incubated at 37°C in 5% CO2 humidified air for 4 hours.
OptiPlate media was replaced with OptiCulture media (supplemented with Pen/Strep mix)
and maintained at 37°C in 5% CO2 humidified air for 24 hours. After a 24-hour incubation,
cells were treated with either vehicle (0.1% DMSO), PFAS (0.25, 2.5, and 25 µM), or
positive controls (5 µM ROSI, 250 µM CLO, and 0.5 mM 1:2 P/O) added to OptiCulture
media with a final DMSO concentration of 0.1% in the culture medium. Each plate
contained controls and technical replicates of 4 wells per treatment. Every 24 hours, media
was removed and replaced by fresh media containing treatments. Cell lysates were
collected after 48 hours for evaluation of gene expression. A second set of cells were fixed
and stained with Nile Red/DAPI after 72 hours for evaluation of cellular lipid disposition.

QuantiGene Plex Assay. Cell lysates were prepared using the QuantiGene Sample
Processing Kit (Invitrogen by Thermo Fisher Scientific, Santa Clare, CA) and stored at
−80°C until use. Plates were warmed to room temperature and heated to 37°C for 30 min
before mRNA was quantified. The quantification of selected mRNAs was performed using
the QuantiGene 2.0 Plex Assay kit targeted for 36 individual genes in lipid and xenobiotic
metabolism pathways (Invitrogen by Thermo Fisher Scientific, Santa Clare, CA #QCP139M18041194). The assay was conducted according to manufacturer protocols for use with
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cell lysate. The assay was read on a Bio-Plex® 200 system (Bio-Rad Laboratories,
Hercules, CA). The fluorescence intensity (FI; minus background) for each gene was
normalized to the housekeeping gene β-actin.

Nile Red Staining. Cells were fixed in 10% formalin for 10 min at room temperature before
staining. Nile Red was reconstituted in DMSO (3.1 mM) and aliquoted to avoid freeze
thaw cycles. Nile Red was added to cells at a final concentration of 3.1 μM in phosphate
buffered saline (PBS) to image the intracellular lipid stores.25 After incubating for 15 min,
the solution was removed, and DAPI (4′,6-diamidino-2-phenylindole) was used as a
counterstain (300 nM in PBS for 5 min). After washing with PBS, cells were imaged using
an EVOS® FL Auto Cell Imaging System (Waltham, MA). Fluorescence was quantified
on a SpectroMax M2 plate reader (Molecular Devices, San Jose, CA) with excitation and
emission wavelengths of 485/535 nm for Nile Red and 358/461 nm for DAPI.

Statistical Analysis. Statistical analysis was performed by one-way analysis of variance
(ANOVA) followed by Fisher’s least significant difference (LSD) test for multiple
comparisons using GraphPad Prism software v8.3.0 (La Jolla, CA). Significance was
considered to be p<0.05. All values are means ± SEM; N = 3-4 per group.
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RESULTS AND DISSCUSSION
Morphological of hepatocytes. After 72 hours, hepatocytes were stained with Nile Red
and DAPI and observed under a fluorescent microscope. Representative images of 25 µM
PFAS treatment are shown in Figures 4-6. The hepatocytes treated with 0.5 mM of
palmitate and oleate mixture (1:2, P/O) increased Nile Red staining by approximately 4fold. The 25 µM treatments of PFNA, PFUnDA and PFDoDA (Figure 5H, 5J, and 5K)
appear to have less cells compared to the DMSO controls. As described in Supplemental
Figure 1, there was no toxicity observed with PFAS treatment, after evaluation of ATP
levels using the CellTiter-Glo Luminescent Cell Viability Assay (Promega Corporation,
Madison, WI), however another marker of cell viability may display different results.
Apoptosis has been described for PFOS and PFOA in HepG2 cells,26 and increases in
biomarkers of apoptosis have also been associated with serum PFAS levels in humans.18
A limitation of this work is that long chain PFAS were much less soluble in DMSO and
levels of PFAS were not evaluated. Further evaluation of longer chain PFAS and
cytotoxicity should be conducted.

PFAS modulate lipid and metabolism pathways in human hepatocytes. A summary table
of gene changes separated by pathway is shown in Table 2. Mean fold change and statistics
for each individual gene and treatment are included in a supplemental Excel file. The
legacy PFAS (PFHxS, PFOS, and PFOA; Figures 1 and 2) induced at least 7 transcripts
out of 35 related to lipid metabolism, lipid transport, and antioxidant response pathways at
the highest concentration of 25 µM. The legacy PFAS also highly induced expression of
genes related to xenobiotic metabolism, such as cytochrome P450 2B6 (CYP2B6) and
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sulfotransferase 2A1 (SULT2A1) at 25 µM. Unlike the legacy PFAS, the short chain PFAA
(e.g. PFBS, PFBA, PFPeA, PFHxA, and PFHpA; Figures 1 and 2) increased the relative
transcript abundance for at least 13 of the 35 transcripts measured at all three concentrations
tested. Short chain PFAA induced the expression of transcripts in all pathways, with the
exception of the antioxidant response. Also, unlike the legacy PFAS, there was a robust
induction of transcripts related to lipid synthesis and storage pathways (i.e. microsomal
triglyceride transfer protein, MTTP; Fatty acid synthase, FAS). Of the long chain PFAS,
only PFNA (C9) only repressed constitutive androstane receptor (NR1L3 or CAR) over
1.5-fold at 25 µM, and induced carnitine palmitoyltransferase IB (CPT1B), and lipoprotein
lipase (LPL) over 1.5-fold at both low concentrations (0.25 and 2.5 µM). PFDA (C10)
showed a similar profile to legacy PFAS with induction of in 20 out of 35 gene targets over
1.5-fold at 25 µM (Figure 2). PFUnDA (C11) and PFDoDA (C12), produced similar gene
induction profiles to short chain PFAA, however this was observed only at lower
concentrations (0.25-2.5 µM). Treatment with C11 at 25 µM had induction of 3 out of 35
gene targets over 1.5-fold and repression over 1.5-fold of CYP7A1, and C12 at 25 µM
repressed 19 of 35 gene targets. PFTrDA (C13) and PFTeDA (C14) had little to no
induction of genes analyzed, except for cytochrome P450 family 7 subfamily A member 1
(CYP7A1) with C13.
Legacy PFAS are known peroxisome proliferator-activated receptor-alpha
(PPARα) inducers; Wolf et al.27 observed increasing activity of PPARα with increasing
chain length of the PFAA up to PFNA and lower activity with longer chain PFAA. These
assays showed limited PPARα activation with the legacy PFAS, as there was only slight
induction in several PPARα regulated genes, such as cytochrome P450 family 4 subfamily
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A member 11 (CYP4A11), enoyl-CoA hydratase and 3-hydroxyacyl CoA dehydrogenase
(EHHADH), and acyl-CoA thioesterase 2 (ACOT2). Consistent with Wolf et al.27 many of
the short chain PFAA exhibited more potent activation in PPARα regulated genes, whereas
longer chain PFAA exerted little to no induction. Of the alternative PFAS, MetFOSA,
EtFOSA, and 6:2 FTS produced a slight activation in this pathway with inductions of
EHHADH and PCK2 over 1.5-fold.
Rosen et al.28 described several PPARα-independent pathways, such as constitutive
androstane receptor (CAR or NR1I3), and peroxisome proliferator-activated receptorgamma (PPARγ). Consistent with Rosen et al.28, we observed activation of genes regulated
by CAR and PPARy. Many of the PFAA increased the transcript levels of fatty acidbinding protein 4 (FABP4) and fatty acid translocase (CD36) – both PPARy regulated
genes. The alternative PFAS also followed these trends. PFAA and alternative PFAS
increased CAR, as well as several CAR regulated genes, such as cytochrome P450 family
2 subfamily B member 6 (CYP2B6) and sulfotransferase family 2A member 1 (SULT
2A1).
Figure 3 depicts effects of alternative PFAS on gene expression in human
hepatocytes. Overall MetFOSA, EtFOSA, and 6:2 FTS exerted similar gene expression
profiles with short chain PFAA. MetFOSA, EtFOSA, and 6:2 FTS upregulated 13, 11, and
11 of 35 transcripts, respectively, at the lowest concentration tested (0.25 µM) and exerted
greater than two-fold induction in the lipid synthesis and storage pathway. FOSA induced
gene expression only at 2.5 µM and increased transcript levels related to lipid synthesis
and storage, cholesterol, and xenobiotic metabolism pathways. HFPO-DA, like the legacy
PFAS, only induced genes at 25 µM. HFPO-DA was the only compound to induce cell

77

death activator CIDE-A (CIDEA), and HFPO-DA also induced genes in lipid transport,
cholesterol, and xenobiotic metabolism pathways.

Short chain PFAA and alternative PFAS induced lipid accumulation in hepatocytes.
Representative images of Nile Red stained cells are shown in Figures 4-6. At the
concentrations selected, lipid accumulation was not observed for legacy PFAS, and PFNA.
Short chain PFAA (PFBS, PFBA, PFPeA, PFHxA, and PFHpA), however, did increase
lipid accumulation. At 25 µM, PFBS, PFBA, PFPeA, PFHxA, and PFHpA increased
cellular lipid staining by ~1.5-fold. PFDA induced lipid accumulation at 25 µM, by 1.3fold. At 25 µM, PFUnDA decreased lipid accumulation by 2.2-fold. PFTrDA increased
lipid staining at all three concentrations (0.25, 2.5 and 25 µM) by 1.5, 1.4, and 1.2-fold,
respectively, and PFTeDA increased lipid staining at 0.25 and 2.5 µM by 1.4 and 1.4-fold,
respectively.
Of the alternative PFAS, HFPO-DA and EtFOSA did not increase lipid staining.
FOSA increased lipid staining at 2.5 and 25 µM by 1.3 and 1.4-fold, respectively.
MetFOSA increased lipid accumulation at 0.25 and 25 µM by 1.3 and 1.5-fold,
respectively. 6:2 FTS induced lipid accumulation at all three concentrations (0.25, 2.5 and
25 µM) by 1.5, 1.3, and 1.5-fold, respectively.
The PFAS that increased cellular lipid content correlated closely with the PFAS
that highly induced lipid synthesis and storage pathways. As described by the pathway map
in Scheme 1, increasing expression of sterol regulatory element-binding proteins
(SREBPs), or transcription factors that control lipid synthesis gene expression, can lead to
increased amounts of lipid in hepatocytes and hepatic steatosis. We hypothesize that
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induction of the lipid synthesis pathway is the driving force behind observed increase in
hepatic lipid deposition because no additional lipids were added to the culture media.
However, the observed induction in lipid accumulation with PFTrDA and PFTeDA, had
limited activation of the observed genes. It is possible, especially in these long chain PFAA,
that lipid accumulation may be occurring through alternative pathways.

Short chain PFAA and alternative PFAS are more potent gene activators in hepatocytes.
Surprisingly, the short chain PFAA and some of the alternative PFAS (MetFOSA, EtFOSA
and 6:2 FTS) tested were among the most potent in these assays, with significant gene
activation at all three concentrations (0.25-25 µM), whereas many of the legacy PFAS were
transcriptionally active only at the 25 µM concentration. Short chain PFAS in general have
shorter half lives in humans (Table 1), however the results of these assays suggest that
these newer compounds should be evaluated carefully. The potency may also be dependent
on cellular partitioning; replacement PFAS structures may be able to utilize passive
diffusion or have a varying affinity for hepatic transporters and may have differences in
binding to albumin or other proteins in media. PFAS have been shown to bind to serum
albumin,29 which is present in the media and may effect cellular partitioning. Yang et al.30
has shown that short-chain perfluoroalkyl carboxylic acids, such as PFBA, have less
affinity for the hepatic transporter, organic anion transporting polypeptide (Oatp) 1a1 in
rats. Another study that evaluated cellular PFAS levels in HepG2 cells, found that shortchain length perfluoroalkyl carboxylic acids had less cellular levels, but PPARα activities
were induced at lower cellular concentrations for the short‐chain PFAS studies31, which
does suggest that short-chain PFAA maybe more potent gene inducers than legacy PFAS.
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The goal of this work was to screen critical members of PFAS family to gather
information on trends related to chain length and structure. We selected cryopreserved
human hepatocytes as a model because they express uptake transporter proteins, such as
OATPs and NTCP, known to mediate PFAS uptake.22,23,30 We observed potent induction
of gene expression for at least eight PFAS tested, with induction of gene expression
occurring at nanomolar concentrations. Our data indicate that many PFAS on the market
also behave similarly at the level of cell signaling to PFOS and PFOA, which have been
withdrawn. The data herein also demonstrates that differences in PFAS structure and
carbon number does impact how PFAS impacts gene expression in hepatocytes regarding
lipid metabolism gene activation. Overall, our study indicates that replacement PFAS and
PFAS still in use can induce cellular changes in gene expression and lipid accumulation in
human hepatocytes and suggest that further effects should be examined humans.
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Figure 1. Sulfonic acid PFAA exposure modulates gene expression changes in
cryopreserved human hepatocytes.

Human hepatocytes were treated with different

chain lengths (C4s, C6s, C8s) of sulfonic acid PFAA at concentrations of 0.25-25 µM. Cell
lysate was processed, and gene expression was analyzed using a custom QuantiGene bead
plex assay and analyzed using BioPlex 200 System according to manufacturer’s protocols.
Fluorescence intensity was normalized to β-actin and fold change was calculated compared
to the vehicle control. Clofibrate (CLO, 5 µM) and rosiglitazone (ROSI, 25 µM) treatments
were used as positive controls. Red indicates gene induction and green indicates gene
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repression. Fold change was calculated compared to the DMSO treated cells. All colors
represent means; N = 3-4.
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Figure 2. Carboxylic acid PFAA exposure modulates gene expression changes in
cryopreserved human hepatocytes. Human hepatocytes were treated with different chain
lengths (C4-C14) of carboxylic acid PFAA at concentrations of 0.25-25 µM. Cell lysate
was processed, and gene expression was analyzed using a custom QuantiGene bead plex
assay and analyzed using BioPlex 200 System according to manufacturer’s protocols.
Fluorescence intensity was normalized to β-actin and fold change was calculated compared
to the vehicle control. Clofibrate (CLO, 5 µM) and rosiglitazone (ROSI, 25 µM) treatments
were used as positive controls. Red indicates gene induction and green indicates gene
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repression. Fold change was calculated compared to the DMSO treated cells. All colors
represent means; N = 3-4.
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Figure 3.

Alternative PFAS exposure modulates gene expression changes in

cryopreserved human hepatocytes. Human hepatocytes were treated with alternative
PFASs at concentrations of 0.25-25 µM. Cell lysate was processed, and gene expression
was analyzed using a custom QuantiGene bead plex assay and analyzed using BioPlex 200
System according to manufacturer’s protocols. Fluorescence intensity was normalized to
β-actin and fold change was calculated compared to the vehicle control. Clofibrate (CLO,
5 µM) and rosiglitazone (ROSI, 25 µM) treatments were used as positive controls. Red
indicates gene induction and green indicates gene repression. Fold change was calculated
compared to the DMSO treated cells. All colors represent means; N = 3-4.

85

Figure 4. PFBS induced liver lipid accumulation. Human hepatocytes were treated with
sulfonic acid PFAA (0.25-25 µM) for 72 hours to induce liver lipid accumulation. 1:2
Palmitate and Oleate (0.5 mM, P/O) was included as positive control for lipid
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accumulation. Representative fluorescent images at 25 µM (A-E) were taken using an
EVOS® FL Auto Cell Imaging System. Nile Red fluorescence was measured (excitation
485 nm/emission 535 nm) and normalized to DAPI fluorescence (excitation 358
nm/emission 461 nm). Fold change (F) was calculated compared to the DMSO treated
cells. Calculations were done using an ANOVA followed by Fisher’s LSD test. All values
are means ± SEM; N = 3-4. “*” indicates p<0.05.
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Figure 5. Short chain carboxylic acid PFAA induce liver lipid accumulation. Human
hepatocytes were treated with carboxylic acid PFAA (0.25-25 µM) for 72 hours to induce
liver lipid accumulation. 1:2 Palmitate and Oleate (0.5 mM, P/O) was included as positive
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control for lipid accumulation. Representative fluorescent images at 25 µM (A-M) were
taken using an EVOS® FL Auto Cell Imaging System. Nile Red fluorescence was
measured (excitation 485 nm/emission 535 nm) and normalized to DAPI fluorescence
(excitation 358 nm/emission 461 nm). Fold change (N) was calculated compared to the
DMSO treated cells. Calculations were done using an ANOVA followed by Fisher’s LSD
test. All values are means ± SEM; N = 3-4. “*” indicates p<0.05.
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Figure 6. Alternative PFAS induce liver lipid accumulation. Human hepatocytes were
treated with alternative PFAS (0.25-25 µM) for 72 hours to induce liver lipid accumulation.
1:2 palmitate and oleate (0.5 mM, P/O) was included as positive control for lipid
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accumulation. Representative fluorescent images at 25 µM (A-G) were taken using an
EVOS® FL Auto Cell Imaging System. Nile Red fluorescence was measured (excitation
485 nm/emission 535 nm) and normalized to DAPI fluorescence (excitation 358
nm/emission 461 nm). Fold change (H) was calculated compared to the DMSO treated
cells. Calculations were done using an ANOVA followed by Fisher’s LSD test. All values
are means ± SEM; N = 3-4. “*” indicates p<0.05.
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SCHEMES
Scheme 1. Map detailing relationship of measured gene targets and hepatic steatosis.

Colored dots indicate nuclear factor regulation. Red arrows indicate hypothesized
mechanism of lipid accumulation and hepatic steatosis observed in hepatocytes, by
induction of sterol regulatory element-binding protein (SREBP) and lipid synthesis and
storage genes.
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TABLES.
Table 1. Human and Environmental Exposure to per- and polyfluoroalkyl substances (PFAS)
Human Half-

Detections in

Detections in

Detections in

Detections in

Life

Human

Human Liver

Environmental

Environmental

Exposed Animal

(Soil/Water/Air)

PFAS
Blood/Serum

Liver
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PFBS (C4s)

25.8 days 30

19,31–33

34

35,36

37–40

PFHxS (C6s)

8.5 years 1

19,31–33,41

34,41,42

35,36,43,44

35,37–40,45

PFOS (C8s)

5.4 years 1

19,31–33,41

34,41,42

35,36,43,44,46,47

35,37–40,45,48

PFBA (C4)

75 hours 49

31

34

35,36

35,37,39,48

PFPeA (C5)

Unknown

31

34

35,36

35,37,39,40,48

PFHxA (C6)

32 days 50

31

34

35,36

35,37,39,40,48

PFHpA (C7)

1.5 years 51

19,31–33,41

34,41

35,36

35,37–40,48

PFOA (C8)

3.8 years 1

19,31–33,41

34,41,42

35,36,43,44,46

35,37–40,45,48

PFNA (C9)

4.3 years 51

19,31–33,41

34,41,42

35,36,43,46

35,37–40,45,48
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PFDA (C10)

12 years 51

19,31–33,41

41,42

35,36,43,44,46,47

35,37,39,40,45,48

PFUnDA (C11)

12 years 51

19,31–33,41

41,42

35,43,44,46,47

35,37,40,45,48

PFDoDA (C12)

Unknown

31,33,41

34,41

35,36,43,44,46,47

35,37,40,45,48

PFTrDA (C13)

Unknown

33

34

35,43,44,46

37,40,48

PFTeDA (C14)

Unknown

35,43,46,47

37,40,48

HFPO-DA (PFPrOPrA, GenX)

Unknown

35

35,52

35,39

FOSA

Unknown

19,31–33,53

43,44,46

37,40,45

MetFOSA

Unknown

EtFOSA

Unknown

33

6:2 FTS

Unknown

53

37,40

37,40,45

47

37,45

Table 2. Changes in gene pathway summary
Pathways

Lipid

Lipid

Lipid Synthesis

Cholesterol

Antioxidant

Xenobiotic

Metabolism

Transport

and Storage

Metabolism

Response

Metabolism

Legacy

Slight induction

Induction at 25

Little to no

Little to no

Induction at 25

Induction at 25

PFAS*

for PFOA and

µM: PPARγ,

induction

induction

µM

µM: SULT2A1,

PFHxS at 25 µM:

FABP4, CD36,

(except for

SLCO1B1,

CYP4A11

MTTP

PFOA): NRF2,

UGT1A1,

NQO1, GSTM3

CYP2B6

95

Short

Induction at 0.25-

Slight Induction

Robust induction

Induction at 0.25-

Little to no

Induction at 0.25-

Chain

25 µM:

at 0.25-25 µM:

at 0.25-25 µM:

25 µM: LPL,

induction

25 µM:

PFAA#

CYP4A11,

FABP4, MTTP

SREBF1, FASN,

CYP7A1, ABCA1,

NR1L3, NR1L2,

SCD, GPAM

HMGCS1

SULT2A1,

EHHADH,
ACOT2, PCK2
PFNA

PFDA

CYP2B6

Little to no

Little to no

Little to no

Little to no

Little to no

Little to no

induction

induction

induction

induction

induction

induction

Induction at 25

Induction at 25

Little to no

Induction at 25

Induction at 25

Induction at 25

µM: EHHADH,

µM: PPARγ,

induction

µM: ABCA1,

µM: NRF2,

µM: SULT2A1,

ACOT2, PCK2

FABP4, CD36,

HMGCS1

SOD1,

SLCO1B1,

NQO1, GSTM3

UGT1A1,

SLC27A1,
MTTP

CYP2B6

C11-C12

C13-C14

FOSAs

Induction at 0.25-

Slight induction

Induction at 0.25-

Slight induction

Little to no

Induction at 2.5

2.5 µM:

at 0.25-2.5 µM:

2.5 µM: SREBF1,

at 0.25-2.5 µM:

induction

µM: SLUT2A1,

CYP4A11,

MTTP

FASN, SCD,

ABCA1

CYP2B6

PCK2

GPAM

Repression at 25

Repression at 25

Repression at 25

µM for C12

µM for C12

µM for C12

96

Little to no

Little to no

Little to no

Induction of

Little to no

Little to no

induction

induction

induction

CYP7A1

induction

induction

Slight induction

Slight induction

Induction at 0.25-

Induction at 0.25-

Slight induction

Induction at 0.25-

at 2.5 µM (except

at 0.25-2.5 µM

25 µM (only 2.5

2.5 µM: ABCA1,

at 0.25-2.5 µM

25 µM (only 2.5-

FOSA):

(except FOSA):

µM for FOSA):

CYP7A1,

(except FOSA):

25 µM for

EHHADH, PCK2

CD36, MTTP

SREBF1, FASN,

HMGCS1

SOD1,

FOSA):

NQO1, GSTA1

NR1L3, NR1L2,

SCD, GPAM

SULT2A1,
CYP2B6
6:2 FTS

Slight induction

Slight induction

Induction at 0.25-

Induction at 0.25-

Slight induction

Induction at 0.25-

at 2.5 µM:

at 0.25-2.5 µM:

2.5 µM: SREBF1,

2.5 µM: ABCA1,

at 0.25-2.5 µM:

25 µM:

EHHADH,

CD36, MTTP

FASN, SCD,

CYP7A1,

SOD1,

NR1L3, NR1L2,

GPAM

HMGCS1

NQO1, GSTA1

SULT2A1,

BDH2,
PCK2

CYP2B6

HFPO-DA

Slight induction

Induction at 25

Little to no

Induction at 25

Little to no

Induction at 25

at 25 µM:

µM: FABP4,

induction

µM: LPL,

induction

µM:

CYP4A11,

CD36,

CYP7A1,

NR1L2,

CIDEA

SLC27A1

HMGCS1

SULT2A1,
UGT1A1
CYP2B6

* Legacy PFAS include PFHxS, PFOS, PFOA, and # short chain PFAA include PFBS, PFBA, PFPeA, PFHxA, and PFHpA. Slight
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induction of a pathway is defined as 1 or 2 mRNA target were inducted over 1.5-fold. Induction of a pathway is defined as 3 or more
mRNA target were inducted over 1.5-fold. Robust induction of a pathway is defined as 3 or more mRNA target were inducted over 1.5fold, with 2 or more targets per compound induced over 2.0-fold. Repression of a pathway is defined as 3 or more mRNA target were
repressed over 1.5-fold. Specific targets that were induced or repressed are also listed in italic.

ASSOCIATED CONTENT
Supporting Information.
The following files are available free of charge.
Supplemental File containing PFAS purchasing information and cell viability data
(PDF)
Supplemental File describing mean fold change and statistics for each gene target and
treatment (CSV)

98

AUTHOR INFORMATION
Corresponding Author
* Angela L. Slitt, Ph.D.
Department of Biomedical and Pharmaceutical Sciences
University of Rhode Island
7 Greenhouse Road, Kingston, RI 02881
Phone: (401) 874-5020
Fax: (401) 874-5048
E-mail: aslitt@uri.edu

Author Contributions
EM wrote the manuscript, designed, conducted, and analyzed cell culture, Nile red
staining, and gene expression experiments. MP, WW, GT, LF, and OA conducted cell
culture, Nile red staining, and gene expression experiments for various treatments. AS
conceived the overall study. The manuscript was written through contributions of all
authors. All authors have given approval to the final version of the manuscript.
Notes
The authors declare no competing financial interest.

99

ACKNOWLEDGMENTS
This work was supported by NIH grant P42ES027706. Research was made possible by
the use of equipment available through the Rhode Island Institutional Development
Award (IDeA) Network of Biomedical Research Excellence from the National Institute
of General Medical Sciences of the National Institutes of Health under grant number
P20GM103430. The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript. The authors would like to thank
Vanessa Jabbour and Mackenzie Nigro for their help conducting cell culture, Nile red
staining, and gene expression experiments. This work was presented in part at the
Gordon Research Conference and Seminar Cellular and Molecular Mechanisms of
Toxicity in Summer 2019 (travel award to EM) and Society of Toxicology 2019 annual
meeting (travel awards to EM).

100

ABBREVIATIONS
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perfluoropentanoic acid, PFHxA (C6), perfluorohexanoic acid, PFHpA (C7)
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perfluoro-1-octanesulfonamide, 6:2 FTS, 1H, 1H, 2H, 2H-perfluorooctane sulfonic
acid (6:2)
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Supplemental Data:
Supplemental Table 1. PFAS information used for hepatocytes treatments
PFAS

Chemical name

CAS #

PFBS (C4s)

Perfluorobutane sulfonic acid

375-73100
5

Catalog#
(Lot)
S-74451
(27461)

PFHxS (C6s)

Potassium
perfluorohexanesulfonate

387199-6

S-17292M
(21279)

PFOS (C8s)

Potassium
perfluorooctanesulfonate

PFBA (C4)

Perfluorobutanoic acid

PFPeA (C5)

Perfluoropentanoic acid

279539-3
375224
270690-3

PFHxA (C6)

Perfluorohexanoic acid

307-2497.0
2

S-17292B
(21241)

PFHpA (C7)

Perfluoroheptanoic acid

375-8599.0
9

PFOA (C8)

Perfluorooctanoic acid

335-67100.0
1

PFNA (C9)

Perfluorononanoic acid

PFDA (C10)

Perfluorodecanoic acid

PFUnDA (C11)

Perfluoroundecanoic acid

PFDoDA (C12)

Perfluorododecanoic acid

PFTrDA (C13)

Perfluorotridecanoic acid

PFTeDA (C14)

Perfluorotetradecanoic acid

S-17292C
(21242)
PFOA001N
(27462)
S-17292E
(21243)
S-17292F
(21244)
S-17292G
(21245)
S-17292H
(21246)
S-27319-03
(27641-01)
S-27319-02
(27490-01)

HFPO-DA
(GenX,
PFPrOPrA)

Perfluoro(2-methyl-3oxahexanoic) acid

1325213-6

FOSA

Perfluorooctane sulfonamide

754-9195.3
6
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375-951
335-762
205894-8
307-551
7262994-8
376-067

Purity
(%)

98
98
98
97.0

97.0
98.0
95.0
95.0
100.0
97.0
95.7

PFOS-002N
(24187)
S-17292K
(21247)
S-17292A
(21240)

S-17292T
(28563)
S-72644-05
(27475-01)

MetFOSA
EtFOSA
6:2 FTS

N-Methyl perfluoro-1octanesulfonamide
N-Ethyl perfluoro-1octanesulfonamide
1H, 1H, 2H, 2HPerfluorooctane sulfonic acid
(6:2)

3150632-8
415150-2
2761997-2

95.9
97.1
99.2

S-72644-06
(29478)
S-72644-07
(29479)
S-72644-04
(27468-01)

Complete list of per- and polyfluoroalkyl substances (PFAS) that were purchased from
AccuStandard Inc. (New Haven, CT, USA) for use in our assays.
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Supplemental Figure 1. Cell viability assay.

Cell Viability (%)

Cell Viability
250
200
150

X

X

Control
0.25 um
2.5 uM
25 uM

100
50
PF
Un
DA
PF
Do
DA
HF
PO
-D
A

PF
DA

PF
NA

PF
OA

PF
Hp
A

PF
Hx
A

PF
BA

PF
OS

PF
Hx
S

ST

(Po
sC
on
tro
l)
PF
BS

0

Human hepatocytes were treated with various PFAS (0.25-25 µM) and 1 μM of
staurosporine (ST; positive control for cytotoxicity) in 0.1% DMSO in media for 48
hours. The CellTiter-Glo Luminescent Cell Viability Assay reagent (Promega
Corporation, Madison, WI) was added to wells according to manufacturer’s protocol
and luminescence was evaluated on a GloMax 96 microplate luminometer (Promega
Corporation, Madison, WI). Percent cell viability was calculated compared to DMSO
vehicle controls. Staurosporine reduced cell viability to 68%, while all PFAS
treatments, except for 0.25 µM PFBS and 25 µM PFUnDA, significantly increased cell
viability (p<0.05). This increase in ATP is likely due to induction of peroxisomal betaoxidation pathway through activation of peroxisome proliferator-activated receptors
(PPAR) that has been observed with many of these PFAS compounds. Calculations
were done using an ANOVA followed by Fisher’s LSD test. All values are means ±
SEM; N = 4. “x” indicates no significant difference from DMSO controls.
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ABSTRACT
Per- and polyfluoroalkyl substances (PFAS) are a family of chemicals that have become
ubiquitous in the environment in the last 60+ years. 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 on the risk to
pup liver later in life, as well as evaluate diet related PFAS partitioning to pups. Timedpregnant dams received at gestation day 1 (GD1) were fed a standard chow diet (SD) or
60% Kcal high fat diet (HFD) upon arrival. Dams were also administered either vehicle
(0.5% Tween 20 in water), 1 mg/kg PFOS, 1 mg/kg PFOA, 1 mg/kg PFHxS, or a PFAS
mix (1 mg/kg of each PFOS, PFOA, and PFHxS) daily via oral gavage (10 mL/kg). The
end study design resulted in a total of 10 treatment groups: i) SD+Veh, ii) HFD+Veh,
iii) SD+PFOA, iv) HFD+PFOA, v) SD+PFOS, vi) PFOS HFD,vii) SD+PFHxS, viii)
HFD+PFHxS, ix) SD+PFAS mix, and x) HFD+PFAS mix. At PND 5, litters were culled
to 10 pups to ensure equal lactational PFAS exposure. At PND 21, livers of dams and 2
pups of each gender were collected, weighed, and evaluated for lipids changes. Pup
serum was also evaluated for PFAS concentration, alanine aminotransferase (ALT),
leptin and adiponectin. Perinatal exposure to a HFD, as expected, increased pup body
weight, maternal liver weight, pup liver triglycerides, pup serum ALT, and pup serum
leptin. Only, PFOA and the PFAS mixture increased liver weight in the dam and pup.
PFOA concentrations were higher in pup serum, if the dam was fed HFD. Treatment
with all three compounds increased liver triglycerides in the SD groups, however the
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HFD was protective against this increase. The PFAS mixture had very distinct effects
when compared to single compound treatment, suggesting some synergistic and
antagonistic properties of the mixture, particularly when evaluating PFAS transfer from
dam to pup. This data suggests that diet and other PFAS may play a role in PFAS
partitioning from dam to pup.
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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; US EPA, Chemistry Dashboard, 2020). PFAS
have strong carbon-fluorine bonds that allow them to persistent in the environment
(Mortensen et al. 2011), and two of the most well studied PFAS are eight-carbon (C8)
perfluoroalkyl acids, perfluorooctanesulfonate (PFOS) and perfluorooctanoic acid
(PFOA). Many human studies have found significant associations with adverse
outcomes and PFAS 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 can, 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 (2000–2006) have reported associations of
PFOA with preeclampsia and birth defects, and of PFOS with preeclampsia and low
birth weight (Stein et al. 2009). A major concern to government regulators regarding
many of these compounds are the long serum half-lives in humans; PFOS,
perfluorohexanesulphonic acid (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, as part of the EPA
PFOA stewardship program, eight companies in the US voluntarily reduced PFOA
emissions, and including a 95 percent reduction in emissions and product content of
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PFOA 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).
In rodents and monkeys, liver is known to be a sensitive organ to PFAS
exposure, with 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 PFAS
exposure and biomarkers of liver injury; however, it is unclear if PFAS 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). 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). 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).
Here, high fat diet feeding and perinatal PFAS exposure to pregnant CD-1 dams
was evaluated as a risk factor of liver steatosis. Timed-pregnant mice were treated with
PFAS and a high fat diet during gestation and lactation. Maternal intake of high fat diet
during gestation and lactation has been shown to predispose adult offspring to hepatic
steatosis (Gregorio et al. 2010). We hypothesis 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. Human exposure is often to multiple PFAS,
so it relevant to understand the combined effect. A dose of 1 mg/kg/day was selected to
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be above the lowest observed adverse effect level (LOAEL) of liver enlargement in
dams (Lau et al. 2006; Wan et al. 2014). This knowledge could be used to understand
how maternal diet may play a role in perinatal PFAS exposure and potential adverse
outcomes later in life.
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MATERIALS AND METHODS
Chemicals. Chemicals and solvents, if not specified, were obtained from Sigma Aldrich
(St. Louis, MO) or Thermo Fisher Scientific (Waltham, MA).

Animals and treatments. The 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 outlined in Figure 1. Timed-pregnant CD-1
mice were purchased from Charles River Laboratories (Wilmington, MA). Pregnant
mice were received at the Comparative Biology Resources Center (CBRC) at URI on
gestation day (GD) 1 (day of sperm-positive designated as GD0). The mice were housed
under a controlled temperature (20-26°C) with relative humidity (30-70%), lighting (12
h, light-dark cycles). Upon arrival, mice were weighed and randomly distributed to
PFAS and diet treatment groups. Half of the 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 libitum. Dams were dosed with either vehicle (0.5% Tween
20 in water), 1 mg/kg PFOA (Perfluorooctanoic acid, Catalog# 171468, 95% purity,
Sigma Aldrich, St. Louis, MO), 1 mg/kg PFOS (Heptadecafluorooctanesulfonic acid
potassium salt, Catalog# C, ≥98.0% purity, Sigma Aldrich, St. Louis, MO; ~70% linear
and ~30% branched isomers based on LC-MS/MS analysis [data not shown]), 1 mg/kg
PFHxS (Tridecafluorohexane-1-sulfonic acid potassium salt, Catalog# 50929, ≥98.0%
purity, Sigma Aldrich, St. Louis, MO) or a PFAS mix (1 mg/kg of each PFOS, PFOA,
and PFHxS) via oral gavage (10 mL/kg) throughout gestation (GD1-birth [GD18 or 19])
and lactation (birth to postnatal day [PND] 21).The end study design resulted in a total
of 10 treatment groups: i) Veh SD, ii) Veh HFD, iii) PFOA SD, iv) PFOA HFD, v)
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PFOS SD, vi) PFOS HFD, vii) PFHxS SD, viii) PFHxS HFD, ix) PFAS mix SD, and x)
PFAS mix HFD. Body weights of dams were recorded every 3-4 days and used for dose
calculations, with 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 gender were fasted for 4-6 hours and euthanized via cardiac puncture.
Gross liver weight was measured, and the remaining liver tissues were snap frozen in
liquid nitrogen and stored at -70°C until analysis.

Liver Lipid analysis. Liver lipids were isolate using the Bligh and Dyer (1959) method.
Briefly, liver tissue (~50 mg) was homogenized in 2 mL Omni Hard Tissue
Homogenizing tubes containing 1.4 mm ceramic beads, with 1 mL methanol.
Homogenate was then mixed with 1 mL of water (accounting for water content in tissue,
65% for liver) 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 rpm x 10 min), and solvent was evaporated. The residue was resuspended 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.

Serum alanine aminotransferase (ALT), leptin and adiponectin measurements. Blood
was collected via cardiac puncture in Serum Gel Z/1.1 micro tubes (Sarstedt,
Nümbrecht, Germany). Serum was isolated by centrifugation at 10,000 x g for 5 min
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and stored at -70oC before calorimetric analysis. Serum ALT concentration was
measured using a kinetic colorimetric assay kit from Pointe Scientific Inc. (Canton, MI)
according to the manufacturer protocols. 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 adding 100 µL for analysis.

Serum PFAS Extraction.

Serum collected at necropsy was prepared according

methods described in Hansen et al. (2001). Briefly, 10 or 20 µL of sera, 25 µL of
isotope-labeled internal standard mixture (1 ng/µL of each:

13

Laboratories, Ontario, Canada, Product code: MPFOS,

13

Laboratories, Ontario, Canada, Product code: MPFOA, and

13

C4-PFOS, Wellington

C4-PFOA, Wellington

C3-PFHxS, Wellington

Laboratories, Ontario, Canada, Product code: M3PFHxS ), 200 µL of 0.5 M
tetrabutylammonium bisulfate (TBA; adjusted to pH 10), and 400 µL of 0.25 M sodium
carbonate were added to a 15-mL polypropylene tube, and thoroughly mixed. 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. The organic and aqueous layers were
separated by centrifugation (2500 x g, 5 min), and an exact volume of MTBE (4.5 mL)
was removed from the solution. The top organic layer was subsequently transferred to
a new tube and evaporated. The resulting sample was reconstituted with 0.5 or 1 mL of
acetonitrile and water (1:1) prior to LC-MS/MS analysis
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PFAS Quantification by LC-MS/MS. Serum samples were vortexed for 30 s and passed
through a 0.2 µm polyethersulfone membrane syringe filter (MDI Membrane
Technologies, Harrisburg, PA) into an autosampler vial. Liquid chromatography was
performed on a SHIMADZU Prominence UFLC system (Columbia, MD). Samples and
standards were injected (10 μL) on a Waters XBridge C18 column (100 mm X 4.6 mm
i.d., 5 μm, 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) with a gradient elution of
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 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, PFOS, and PFHxS
respectively) in conjunction with a matrix matched calibration curve to determine
unknown concentration in samples. Nitrogen was used for collision-induced
dissociation of analytes. MS parameters were optimized as follows: negative ionization,
IonSpray 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).
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Statistical Analysis. Dams 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 ANOVA followed by Fisher’s least significant difference (LSD) test for
multiple comparisons using GraphPad Prism v8.4.0.671 (La Jolla, CA). Significance
was considered to be p < 0.05.
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RESULTS
Effect of Diet and PFAS on body weight and liver weight. As described in Table 1,
the number of live births per litter was significantly 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 PFOS HFD and HFD+PFAS mix was not
significantly different compared to either SD+Veh or HFD+Veh groups, however the
SD+PFOA was significantly increased by 13% compared to SD+Veh. The HFD+PFOA
group was significantly decreased by 9% as compared to HFD+Veh. PFOA and the
PFAS mix enlarged maternal livers: Gross maternal liver weight was increased by 96%
in the SD+PFOA and by 36% the HFD+PFOA group as compared to respective Veh
diet controls. Similarly, to PFOA, maternal liver weight was increased by 92% in the
SD+PFAS mix and by 70% the HFD+PFAS mix 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 mix and HFD+PFAS mix also increased the liver to body weight ratio by
89% and 65%, respectively as compared to respective Veh diet controls.
At PND 5, HFD+PFAS mix was the only group that had significantly increased
neonate body weight 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 significantly
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decreased compared to HFD+Veh control by 11%. Pup liver were also enlarged with
PFOA and PFAS mix. Gross pup liver weight at PND 21 in the HFD+PFOA group was
significantly increased by 40% and 28% compared to SD+Veh and HFD+Veh
respectively, and in the HFD+PFAS mix group was significantly 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+PFHxS group had a significantly 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 mix group was not significantly different as compared to Veh control
SD, however it was significantly increase compared to SD+PFOS and SD+PFHxS
group by 18% and 17%, respectfully and significantly decrease by 11% as compared to
SD+PFOA group. The liver to body weight ratio for the HFD+PFAS mix group was
significantly increased by 33% as compared to HFD+Veh.

Diet and PFAS effects on liver lipid content in Dams and Pups. As described in Figure
2A, total lipid mass of the dam liver was not significantly changed. Liver triglycerides
in the dam liver (Figure 2B) was significantly increased with HFD+Veh by 38%, and
in the HFD+PFOS group by 48%. The HFD+PFAS mix decreased liver triglycerides by
in 34% compared to the HFD+Veh group. Liver total cholesterol in the dam liver
(Figure 2C) was significantly increased in the HFD+PFOS, SD+PFHxS, and
HFD+PFHxS by 37%, 50%, and 41% compared to the SD+Veh group, respectively.
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As described in Figure 2D, total lipid mass in the pups at PND 21 was only
significantly increased in the HFD+PFAS mix group by 57% compared to SD+Veh.
Liver triglycerides (Figure 2E) was significantly increased with HFD feeding to the
dam by 30%. An increase in liver triglycerides was not observed in any of the single
PFAS treatments with the 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 mix was not significantly different compared
to SD+Veh, however unlike the single PFAS treatments, the HFD+PFAS mix was
increased compared to SD+Veh by 55%. Only with the HFD+PFAS mix, was there a
significant decreased in total cholesterol (Figure 2F) by 17% compared to HFD+Veh.
HFD+PFAS mix was also significantly decreased compared PFOS and HFD+PFHxS
groups by ~37%.

Diet and PFAS effects on pup serum proteins. As described in Figure 3A, serum ALT,
a marker of liver damage (Ozer et al. 2008), was increased with the HFD by 108% in
Veh controls. In all single PFAS (PFOA, PFOS, and PFHxS) treatments and the PFAS
mix with the HFD, there was a significantly decreased compare 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 (Figure 3B) and adiponectin
(Figure 3C) are serum hormones secreted by adipose tissue that regulates appetite,
energy balance and insulin sensitivity (Park et al. 2004). As expectedly, HFD more
than triples leptin compared to the Veh control. In all PFAS treatments with HFD,
PFOA, PFOS, PFHxS, and the PFAS mix decrease Leptin by 50%, 53%, 39%, and 52%
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compared to HFD+Veh. There were slight decreased in serum leptin levels in PFOS and
PFHxS groups with SD, although not significant. In the SD+PFHxS and SD+PFAS mix
groups, serum adiponectin increased by 30% and 43% compared to SD+Veh.
HFD+PFAS mix was also significantly increased by 30% compared to HFD+Veh. As
shown in Figure 3D-E and Figure 3G-H, there were similar trends when ALT and
leptin were separated, by sex. In male pups, similar trends were observed with serum
adiponectin (Figure 3F), however in female pups, the only significant difference was a
decrease with HFD+Veh by 26% compared to SD+Veh (Figure 3I).

Pup Serum and Liver PFAS concentrations. There were no significant differences
between male and female pups (data not shown). As described in Table 2, serum and
liver PFAS concentration were measured to understand PFAS partitioning to pups. The
1 mg/kg/day dose of PFOA, PFOS, and PFHxS corresponded to serum concentrations
of 11.73 ± 1.33 µg/mL PFOA, 0.61 ± 0.15 µg/mL of PFOS, and 27.97 ± 2.09 µg/mL
PFHxS in the SD groups, and liver concentrations of 26.41 ± 2.07 µg/g tissue PFOA,
1.41 ± 0.09 µg/g tissue of PFOS, and 4.54 ± 0.20 µg/g tissue PFHxS in the SD groups.
Pup PFOA serum and liver concentration were decreased with HFD feeding to dams,
by 50% in the serum and by 35% in the liver. Pup PFOS serum and liver concentration
not significantly changed with HFD feeding to dams. Serum and liver concentrations of
PFOS were decreased by 54% and 35% in the SD+PFAS mix compared to SD+PFOS
group. Although, not significant, similar trends in serum of decreases with HFD feeding,
and in the mixture were observed for PFHxS. Also, not significant, there were higher
levels of PFHxS in the mixture.
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DISCUSSION
The purpose of this study was to evaluate how maternal HFD feeding will play
a role in perinatal PFAS exposure. Maternal intake of HFD during gestation and
lactation in mice has been shown to predispose adult offspring to hepatic steatosis
(Gregorio et al. 2010). As expectedly, our results for maternal HFD feeding through
gestation and lactation are consistent with other studies, showing significant increases
in pup body weight at PND 21, maternal liver weight, 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). The data herein suggest that a HFD may
increase PFOA partitioning to pups.
PFOA was the only PFAS treatment, besides the PFAS mixture, to increase liver
weight in both dams and pups. PFOA in the SD diet 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). All three PFAS compounds with SD,
increased liver triglyceride content in the pups, suggesting that, despite no observed
increased in liver weight, there may still be an increase in hepatic steatosis related
pathways. It has been suggested that liver effect of PFOS and PFOA in mice is due to
activation of peroxisome proliferator-activated receptor alpha (PPARα), 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 PPARα-KO mice aged to 18 months, suggesting
PPARα-independent pathways.

127

We observed that the increase in liver weight with PFOA treatment was lower
with HFD feeding in the dam, and in the pup, we observed that the increase in liver
weight was higher with HFD feeding. 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 a HFD. Suggesting that diet may play a
role in PFAS partitioning. Oatps and Ntcp have been described to transport PFAAs (L.
Zhao et al. 2015; Zhao et al. 2017). The observed difference in PFOA partition to pups
with a HFD may be explained by upregulation of placenta and mammary epithelium
transporters with a HFD as described in Figure 4A and 4B (Laporta et al. 2013; Mahany
et al. 2018; Son et al. 2019). Diet also seems important in relation to serum ALT and
liver triglycerides. Perinatal HFD feeding increased pup serum ALT and pup liver
triglycerides, however when combined with PFAS, PFAS treatment ameliorated HFDinduced elevations in serum ALT, and liver triglyceride content. A similar paradoxical
protective effect on liver lipid accumulation has been seen in adult mice with PFOS
treatment of 1 mg/kg/day with concurrent high fat diet exposure (Huck et al. 2018).
Studies have shown divergent results for serum leptin depending on timing, and
exposure level. 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 (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)
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(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). However, our study used a higher dose (1
mg/kg/day) and an early time point (PND 21). We showed a significant decrease in
serum leptin with all the single PFAS treatments when combined with a HFD. This
suggests that timing and dose may be important to understanding metabolic effects of
PFAS on adipokines.
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 compounds. Current work
has elevated PFAS mixtures, in silico or in vitro. Hoover et al. (2019), using an in silico
model to estimate mixture effects based on single studies on cytotoxicity in an
amphibian fibroblast cell line, found that mixtures would be approximately additive,
with the exception of PFOS and PFOA, which were found to be weakly synergistic.
Wolf et al. (2014) also found that at low concentrations PFAAs were additive with
regards to PPARα activation in a luciferase reporter assay. Other studies with mixtures
have found synergistic effects of PFAS with regard to endocrine activity and
cytotoxicity in 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, suggesting some synergistic and
antagonistic pathways. 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 case
of liver lipids, only the PFAS mixture in combination with HFD feeding significantly
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decreased total cholesterol in the pups and increased total lipid in the pups, suggesting
a synergistic effect. 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 suggesting antagonist effects. These results suggest
that there are multiple pathways in which PFAS could add, synergize, or antagonize
specific effects. PFOS levels in pup serum in the SD group were significantly lower in
the PFAS mixture compared to PFOS treatment alone. As mentioned before, these
compounds are known substrate 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; García-Lino et al. 2019). Yang et al. (2009) has also found that PFOA was
both a substrate and an inhibitor of rat Oatp1a1, and PFOA could potentially play a role
in inhibiting Oatp-mediated transfer to pup in the placenta or mammary epithelium as
shown in Figure 4C and 4D.
The results of this study demonstrated maternal diet can influence how PFAS
affects and partitions to the mouse pup. This was the first perinate study to evaluate a
PFAS mixture in vivo. The PFAS mixture had very distinct effects when compared to
single compound treatment, suggesting some synergistic and antagonistic properties of
the mixture, particularly when evaluating PFAS transfer from dam to pup. Further study
is needed to confirm these conclusions.
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Figure Legend
Figure 1. Treatment scheme for Perinatal PFAS exposure. Treatment of PFAS to
timed-pregnant CD-1 mice was 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, male and female offspring at PND 21.

Figure 2. Perinatal PFAS and high fat diet effects maternal and pup liver lipid
content. At PND 21, livers from dams and pups were collected. Total lipids (A and D)
were isolated and normalized to tissue weight. Triglyceride (B and E), and cholesterol
(C and F) content, and was measured via colorimetric assay and normalized to tissue
weight. Calculations were performed using a one-way ANOVA followed by Fisher’s
LSD test. All values are means ± SEM; N = 3-5 litters. “*” indicates p<0.05 versus
SD+Veh and “#” indicates p<0.05 versus HFD+Veh. “§” indicates p<0.05 versus PFOA
and PFAS mix within each diet (i.e. SD+PFOA vs SD+PFAS mix) “҂” indicates p<0.05
versus PFOS and PFAS mix within each diet (i.e. SD+PFOS vs SD+PFAS mix) “†”
indicates p<0.05 versus PFHxS and PFAS mix within each diet (i.e. SD+PFHxS vs
SD+PFAS mix)

Figure 3. Perinatal PFAS and high fat diet effects serum proteins in pups. Serum
from perinatal PFAS-exposed pups were analyzed for alanine transaminase (ALT) (A,
D, and G) via colorimetric assay, and leptin (B, E, and H) and adiponectin (C, F, and
I) via sandwich enzyme-linked immunosorbent assay (ELISA) kits. Calculations were
performed using a one-way ANOVA followed by Fisher’s LSD test. All values are

140

means ± SEM; N = 3-5 litters. “*” indicates p<0.05 versus SD+Veh and “#” indicates
p<0.05 versus HFD+Veh. “§” indicates p<0.05 versus PFOA and PFAS mix within each
diet (i.e. SD+PFOA vs SD+PFAS mix) “҂” indicates p<0.05 versus PFOS and PFAS
mix within each diet (i.e. SD+PFOS vs SD+PFAS mix) “†” indicates p<0.05 versus
PFHxS and PFAS mix within each diet (i.e. SD+PFHxS vs SD+PFAS mix)
Figure 4. 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
placental syncytiotrophoblasts (A) and/or mammary epithelial cells (B). PFOS levels in
pup serum and liver in the SD group were significantly lower in the PFAS mixture.
PFOA may act as an inhibitor of membrane transporter in placental syncytiotrophoblasts
(C) and/or mammary epithelial cells (D) and reduce PFOS partitioning to pups in the
mixture.
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Table 1: Maternal and Offspring Body and Liver Weights.

142

Parameter

SD
+Veh

HFD
+Veh

SD
+PFOA

HFD
+PFOA

SD
+PFOS

HFD
+PFOS

SD
+PFHxS

HFD
+PFHxS

SD
+PFAS
mix

HFD
+PFAS
mix

Maternal
Gestational
Weight gain
(GD1-14) (g)

11.6
±1.7

12.5
±1.9

15.6
± 0.7 *

13.2 ±1.2

11.8
±1.1

15.5
±1.6

13.9 ±2.0

15.8 ±1.1
*

14.0
±1.9

14.3
±0.6

# of Live Births
(# per litter)

12.2
±1.8

13.6
±1.2

14.2
±0.6

10.0 ±1.3
#

11.4
±1.0

13.0
±0.9

12.6 ±1.1

14.4 ±0.7

14.3
±1.2

12.3
±1.4

Maternal BW at
PND21 (g)

31.8
±1.00

35.2
±0.68 *

35.2
±1.10 *

32.1
±1.10 #

31.9
±0.41

34.3
±0.82

31.9
±0.44

34.8
±0.78 *

33.4
±1.43

34.0
±0.70

Maternal Liver
Weight at PND21
(g)

1.67
±0.09

1.79
±0.06

3.28
±0.20 *

2.44
±0.19 *#

1.74
±0.19

1.53
±0.05

1.94
±0.10

1.89
±0.13

3.20
±0.39
*҂†

3.04
±0.13
*#§҂†

Maternal Liver:
BW ratio

5.07
±0.12

5.08
±0.18

9.27
±0.67 *

7.32
±0.34 *#

5.46
±0.14

4.49
±0.32

6.09
±0.21

5.42
±0.26

9.58
±1.07
*҂†

8.36
±0.09
*#§҂†

Neonatal BW at
PND 5 (g)

3.3
±0.2

3.6
±0.2

3.2 ±0.1

3.7
±0.2

3.5
±0.5

3.6
±0.1

3.5
±0.2

3.7
±0.2

3.1
±0.2

4.0
±0.2 *

Male Pup BW at
PND21 (g)

14.6
±0.15

16.8
±0.40 *

13.1
±0.73

15.3
±0.72

13.7
±0.81

16.6
±0.30 *

14.0
±0.47

17.4
±0.39 *

13.6
±0.42

16.1
±0.90

Female Pup BW
at PND21 (g)

13.7
±0.31

16.0
±0.33 *

12.6
±0.55

14.3
±0.73 #

13.1
±0.67

15.8
±0.34 *

13.8
±0.42

16.6
±0.33 *

13.3
±0.52

15.1
±0.91

Pup Liver
Weight at PND21
(g)

0.649
±0.017

0.712
±0.029

0.711
±0.034

0.908
±0.043
*#

0.564
±0.051

0.664
±0.027

0.593
±0.029

0.676
±0.015

0.672
±0.036

0.897
±0.044
*#҂†

Pup Liver: BW
ratio (%)

4.49
±0.11

4.40
±0.12

5.50
±0.13 *

5.79
±0.21 *#

4.16
±0.17

4.03
±0.10 #

4.20
±0.09

3.99
±0.08 *#

4.92
±0.10
§҂†

5.84
±0.28
*#҂†

Timed-pregnant female CD-1 mice were dosed with either vehicle (0.5% Tween 20 in water), 1 mg/kg PFOA, 1 mg/kg PFOS, 1 mg/kg
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PFHxS, or a PFAS mix (1 mg/kg of each PFOS, PFOA, and PFHxS) via oral gavage (10 mL/kg) from gestation day (GD) 1 through
postnatal day (PND) 21. Maternal body weights (BW) and litter sizes were recorded. At PND 5, neonatal body weights were measured,
and litters were culled to 10 pups. At PND 21, dams and 4 pups from each dam were euthanized, and liver weights were determined.
Calculations were performed using a one-way ANOVA followed by Fisher’s LSD test. All values are means ± SEM; N = 3-5 dams or
litters. “*” indicates p<0.05 versus SD+Veh and “#” indicates p<0.05 versus HFD+Veh. “§” indicates p<0.05 versus PFOA and PFAS
mix within each diet (i.e. SD+PFOA vs SD+PFAS mix) “҂” indicates p<0.05 versus PFOS and PFAS mix within each diet (i.e. SD+PFOS
vs SD+PFAS mix) “†” indicates p<0.05 versus PFHxS and PFAS mix within each diet (i.e. SD+PFHxS vs SD+PFAS mix).

Table 2: Pup Liver and Serum PFAS Concentration.
SD
+Veh

HFD
+Veh

SD
+PFOA

HFD
+PFOA

SD
+PFOS

HFD
+PFOS

SD
+PFHxS

HFD
+PFHxS

SD
+PFAS
mix

HFD
+PFAS
mix

144

Serum PFOA
(µg/mL)

<LLOQ <LLOQ

11.73 ±
1.42

17.51 ±
1.41 *

N/A

N/A

N/A

N/A

11.47 ±
0.94

15.21 ±
1.35

Serum PFOS
(µg/mL)

<LLOQ <LLOQ

N/A

N/A

0.61 ±
0.15

0.46
± 0.04

N/A

N/A

0.28 ±
0.01 #

0.39 ±
0.10

Serum PFHxS
(µg/mL)

<LLOQ <LLOQ

N/A

N/A

N/A

N/A

27.97 ±
2.09

24.10 ±
1.69

24.41 ±
2.78

25.67 ±
2.74

Liver PFOA
(µg/g tissue)

<LLOQ <LLOQ

26.41
± 2.07

35.73 ±
2.57 *

N/A

N/A

N/A

N/A

18.79 ±
3.22

33.04 ±
4.00

Liver PFOS
(µg/g tissue)

<LLOQ <LLOQ

N/A

N/A

1.41 ±
0.09

1.30
± 0.18

N/A

N/A

0.91 ±
0.07 #

1.11 ±
0.06

Liver PFHxS
(µg/g tissue)

<LLOQ <LLOQ

N/A

N/A

N/A

N/A

4.54 ±
0.20

4.79 ±
0.44

6.03 ±
0.81

5.69 ±
0.59

Timed-pregnant female CD-1 mice were dosed with either vehicle (0.5% Tween 20 in water), 1 mg/kg PFOA, 1 mg/kg PFOS, 1 mg/kg
PFHxS, or a PFAS mix (1 mg/kg of each PFOS, PFOA, and PFHxS) via oral gavage (10 mL/kg) from gestation day (GD) 1 through
postnatal day (PND) 21. PFAS were extracted from pup serum collected at PND 21, and PFAS were quantified using LC-MS/MS. All
mice that were not dosed with PFAS had concentrations below the lower limit of quantification (LLOQ). LLOQ were 1 ng/mL and 0.14
µg/g for PFOS, 5 ng/mL and 0.14 µg/g for PFOA and 15 ng/mL and 0.14 µg/g for PFHxS. N/A indicates values were not measured.
Calculations were performed using a one-way ANOVA followed by Fisher’s LSD test. All values are means ± SEM; N = 3-5 litters,
and p<0.05 was considered significant. “*” indicates significance between diet treatment within the same compound (i.e. SD+PFOS vs
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PFOS HFD). “#” indicates significance between single compound treatment and the PFAS mixture with same diet (i.e. SD+PFOS vs
SD+PFAS mix).

FIGURE 1
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OVERALL SUMMARY AND CONCLUSIONS
Per- and poly- fluoroalkyl substances (PFAS) are a family of toxicants that have
been used extensively for their unique chemical properties in a variety of products over the
past six decades and have become ubiquitous in the environment. The overall objective of
this dissertation was to explore the liver effects of PFAS on non-alcoholic fatty liver
disease, or NAFLD, using mouse and human models. This dissertation evaluated liver
PFAS effects on a variety if endpoints including, adult and perinatal exposure to mouse
and primary human hepatocytes. In the mouse models, perfluorooctanesulfonic acid
(PFOS) administration worsen fatty liver, while maternal high fat diet (HFD) feeding was
protective to perinatal PFAS liver accumulation in mouse pups. A HFD also decreased
PFOS liver concentrations in adult male mice, while PFOA partition to pups was increased
with maternal HFD. The in vivo mouse studies revealed that diet composition can exert
significant influence on PFAS-induced outcomes, such as gene and protein expression,
hepatic and serum concentration of PFAS, and PFAS liver lipid accumulation. This thesis
also highlights novel results with replacement PFAS structures on the market in vitro, and
mixtures of PFAS in vivo.
In manuscript 1, the aim was to determine whether PFOS exposure interferes with
weight loss improvement of NAFLD and exacerbates HFD induced NAFLD in mice.
Overall, the results of this study suggest that PFOS treatment did interfere with lipid loss
associated with a switch to a standard diet (SD), and augmented hepatic lipid accumulation
in mice established on an HFD. There have been several studies that have evaluate PFOS
treatment and hepatic liver endpoints in mouse. Das et al. (2017) has demonstrated that
treatment with 10 mg/kg PFOS for 7 days in adult male mice fed a standard diet increased
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hepatic lipid content. In regard to a HFD, Wang et al. (2014) has shown that PFOS
administration (5 or 20 mg/kg) for 14 days in combination with a HFD induced liver lipid
accumulation in 4-5 week old male BALB/c mice. However, Huck et al. (2018) showed
that a low dose (1 mg/kg) of PFOS was protective against HFD-induced hepatic steatosis
in 8 week old male C57BL/6 J mice. One of the major differences between my work in
manuscript 1 and Huck et al. (2018), is timing of HFD treatment, which may be critical
PFOS effects in the liver. Unfortunately, there are significant challenges to diagnose
NAFLD or liver steatosis in humans since studies rely on biomarkers of liver injury, such
as alanine aminotransferase (ALT). Human epidemiology studies have found positive
associations between PFAS exposure and biomarkers of liver injury (Bassler et al., 2019;
Darrow et al., 2016; Gallo et al., 2012; Gleason et al., 2015; Lin et al., 2010), however it is
still uncertain whether PFAS exposure causes liver steatosis in humans. In a study from
Jain and Ducatman (2019), NHANES data from 2011 to 2014 was analyzed for
associations between PFAS and liver biomarkers in obese and nonobese participants. Jain
and Ducatman (2019) found stronger associations of PFAS with liver function biomarkers
among obese participants, suggesting an obese population, already susceptible to NAFLD,
faces more risk from the exposure to PFAS. The findings in manuscript 1, support this
observation in humans and suggest that those predisposed to NAFLD, may have worsened
liver lipid outcomes.
In response to growing concerns about legacy PFAS compounds, such as PFOS and
PFOA, many companies have replaced legacy PFAS with short chain perfluoroalkyl acids
(PFAA), and alternative PFAS structures, such as perfluoro-2-propoxypropanoic acid
(HFPO-DA, GenX, or PFPrOPrA), a replacement for PFOA (Sun et al., 2016).
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Short

chain PFAA and alternative PFAS structures typically have shorter half lives in humans
(Chang et al., 2008; Olsen et al., 2007, 2009; Russell et al., 2013; Zhang et al., 2013), and
because of this, are generally thought of a safer alternative to legacy PFAS. While PFOA
and PFOS, have been well studied, less is known about the biological activity of new PFAS
detected in the environment. Rosen et al. (2013) has evaluated gene induction of many
PFAA in primary hepatocytes, however the comparisons of the biological activity between
compounds were difficult due to dissimilar differently expressed genes. In manuscript 2,
critical members of the PFAS family were screened for lipid accumulation in
cryopreserved human hepatocytes in addition to lipid metabolism gene expression. The
findings suggest the short chain PFAA and some of the alternative PFAS (MetFOSA,
EtFOSA and 6:2 FTS) are more potent gene inducers than legacy PFAS, and capable of
inducing liver lipid accumulation in our hepatocytes. Human hepatocytes were utilized in
manuscript 2, as some PFAS are known to rely on transporters to enter cells (Han et al.,
2012; Nakagawa et al., 2008). Primary hepatocytes have higher expression of solute carrier
(SLC) transporters, such as organic anion transporting polypeptides (OATPs) needed for
hepatocellular influx of PFAS chemicals (Godoy et al., 2013). Since potency maybe
dependent on cellular partitioning, the replacement PFAS structures may be able to better
utilize passive diffusion or have a varying affinity for hepatic transporters, and may have
differences in binding to albumin or other proteins in media (Salvalaglio et al., 2010; Yang
et al., 2009). Rosenmai et al. (2018) evaluated cellular PFAS levels in HepG2 cells, found
that short-chain length perfluoroalkyl carboxylic acids had less cellular levels, but PPARα
activities were induced at lower cellular concentrations for the short‐chain PFAS studies,
which does support observations in manuscript 2 that short-chain PFAA are more potent
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gene inducers than legacy PFAS. Short chain PFAA and alternative PFAS may have
shorter half-lives than legacy PFAS, however the results as describe in manuscript 2 does
suggest that they are more potent, and these newer PFAS compounds should be evaluated
carefully for human health effects.
In manuscript 3, the aim of the work was to build on observations in manuscript 1
and evaluate the effect of maternal HFD on perinatal PFAS exposure to mouse pups as a
risk factor of liver steatosis later in life. This work was novel in that no studies have
evaluate the effect of maternal HFD on PFAS exposure. In this study, mouse pups that
were

exposure

to

PFAS

(PFOS,

perfluorooctanoic

acid

[PFOA’,

and

perfluorohexanesulfonate [PFHxS]) gestationally and lactationally, had a significant
increase in liver triglycerides. However liver triglycerides were not increased with PFAS
exposure when combined with the maternal HFD, suggesting the HFD was protective in
this model. Perinatal PFOS exposure has been found to predispose mice to insulin
resistance and glucose intolerance, which was exacerbated when pups were fed a HFD
(Wan et al., 2014). In humans, it has been described that children with higher prenatal
PFAS levels are smaller at birth, grow more rapidly, and have an increased risk of obesity
later in life (Bach et al., 2015; Braun et al., 2016). Also observed in Manuscript 3, was the
effect of PFAS on several adipokines, such as leptin. PFAS treatment in combination with
a HFD decreased in serum leptin compared to the HFD control. Leptin is an appetite
suppressant and regulates energy homeostasis. Lowered leptin levels result in an increase
in appetite and a decrease in energy expenditure (Kelesidis et al., 2010). Thus, lowered
leptin levels may explain, the observed increase in body weight gain seen in humans. In
mice aged to 21 to 33 weeks, developmental low-dose PFOA (0.01-0.1 mg/kg/day)
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exposure has been shown to increases serum leptin levels (Hines et al., 2009). In the
upstream analysis of the liver proteomic data in manuscript 1, the leptin singling pathways
were upregulated with PFOS exposure, thus suggesting an increase in leptin in the adult
male mice, although this endpoint was not measured. Studies in humans have also shown
divergent results for serum leptin depending on age and timing of exposure. 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). Bassler et al. (2019)
has found increases in leptin with PFAS exposure in the adult C8 Health Study participants.
Other human developmental studies have found no statistically significant associations
between PFAS exposure and serum adipokines (Buck et al., 2018; Minatoya et al., 2017).
Further studies into changes in adipokines across the life span should be conducted to
further under the effect of PFAS on adipokines and energy regulation.
A novel aspect of this work was the inclusion of a PFAS mixture in vivo. Current
work has elevated PFAS mixtures, in silico or in vitro, which has describe additive effects
of PFAS at low concentrations on gene activation and cytotoxicity, and synergistic effects
of PFAS with regard to endocrine activity and cytotoxicity in vitro (Hoover et al., 2019;
Ojo et al., 2020; Rosenmai et al., 2018; Wolf et al., 2014). This is the first perinate study
to evaluate a PFAS mixture in vivo, and the results suggest that there are multiple pathways
in which PFAS could add, synergize, or antagonize specific effects. In regard to PFAS
partitioning to pups, PFOS levels in pup serum in the SD group were significantly lower
in the PFAS mixture compared to PFOS treatment alone. Also, as describe in the appendix
material, PFAS mixtures in vitro, had little to no induction in gene expression of any of the

154

evaluated mRNA targets and no liver lipid accumulation in cryopreserved human
hepatocytes. These compounds are known substrate for cellular transporters such as Oatp,
which are present on placenta, mammary epithelium, and hepatocytes (García-Lino et al.,
2019; St-Pierre et al., 2002; Zhao et al., 2015, 2017). Yang et al. (2009) has also found that
PFOA was both a substrate and an inhibitor of rat Oatp1a1, and PFOA could potentially
play a role in inhibiting Oatp-mediated transfer to pup in the placenta or mammary
epithelium and may play a role in cell partitioning. Further studies analyzing mixture at
lower concentrations and on specific membrane transporter targets should follow this work
to help understand the difference in PFAS partitioning in mixtures.
In both manuscripts 1 and 3, HFD had significant effect on distribution on of PFOS
to liver and PFOA partitioning from dam to pup. PFOS and PFOA are known substrates
for membrane transporters such as Oatp, which are present on placenta, mammary
epithelium, and hepatocytes (García-Lino et al., 2019; St-Pierre et al., 2002; Zhao et al.,
2015, 2017). The results in manuscript 1, may be explained by the downregulation of
uptake transporter expression (i.e. Oatp1a1, 2b1, Ntcp) that has been observed in mouse
models of hepatic steatosis (More and Slitt, 2011). Also observed in manuscript 1 was that
HFD feeding decreased Oatp1a1 and Ntcp mRNA expression in liver, however we did not
measure liver efflux transporter such as Bcrp or Abcc2 mRNA or protein expression to
assess mechanisms that could enhance PFOS efflux from liver. HFD had also been
described to upregulate some placenta and mammary epithelium transporters (Laporta et
al., 2013; Mahany et al., 2018; Son et al., 2019), the observed increase in PFOA serum and
liver concentration in the pups with maternal HFD, maybe occurring though similar effects
on transporters. The notion that diet or changes to liver with steatosis could impact PFAS
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partition and distribution has not been explored and warrants further investigation.
Understanding the transport mechanisms of PFAS, may be key to find ways to intervene
in and prevent damage from PFAS exposure. For example, downregulation or blocking
liver or placental transporters may the lessen PFAS exposure to liver and to fetus.
In conclusion, this dissertation demonstrates that diet composition can exert
significant influence on PFAS related partitioning to liver and mouse pups, and influence
PFAS liver lipid accumulation. By furthering the knowledge in PFAS and diet interactions,
we have shown that liver steatosis and obesity may be an important risk factor PFAS related
liver effects, and diet may influence transport of PFAS. Understanding the mechanisms
related to diet and PFAS exposure, may help us understand the potential at risk populations
from these ubiquitous toxicants and identify ways to intervene in PFAS toxicity. This work
has also demonstrated that replacement PFAS, although they have shorter half-lives, may
be more potent in human hepatocytes, and mixtures of PFAS may also behave differently
than single PFAS treatment. This suggests that replacement PFAS and PFAS mixtures
should be further evaluated for potential human health effects.
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APPENDICES

Evaluation of lipogenic and drug metabolizing gene expression signatures of
perfluoroalkyl substance (PFAS) mixtures in primary human hepatocytes.

INTRODUCTION
This appendix material reflects results from additional treatments that I conducted with
human hepatocytes as described in Manuscript II. Human exposure to PFAS is often to
multiple PFAS, so it relevant to understand the combined effects. We were unable to find
an explanation for observed signatures, and the project was a minor focus of my thesis
work that warrants further investigation. The overall conclusion of this study was mixtures
were not having an additive effect in vitro and drove us to add a PFAS mixture to
manuscript 3’s study design to investigate effects of a mixtures in vivo.

The appendix

material provides key data for the study.

METHODS
Primary human hepatocytes we culture and treated as described in Manuscript II, with
addition treatments of PFAS mixtures. Mixtures were created by combining PFAS stocks
in DMSO in various ratios (Table 1) based the molar percentages of individual poly- and
perfluoroalkyl substances (PFASs) in well water collected found Cape Cod, MA (Weber
et al, 2011; Figure 1). Treatments included total PFAS concentrations of 2.5 µM and 25
µM in media with 0.1% DMSO for 48 and 72 hours. Gene expression and Nile-Red
staining was also performed as described in Manuscript II.
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RESULTS AND DISCUSION
As described in Figure 2, the PFAS mixture has little to no induction in gene expression
of any of the evaluated mRNA targets. The only observed changes were an induction over
1.5 fold of lipoprotein lipase (LPL) for F1 and F2 mixtures at 25 µM, induction of
sulfotransferase family 2A member 1 (SULT2A1) over 1.5 fold by FW2 mixture at 25
µM, and repression of constitutive androstane receptor (NR1I3, or CAR) by 1.5 fold in
both concentrations of the FW1 mixture. When lipid accumulation was evaluated with
Nile-red staining, there was no induction of lipid accumulation, and in the 2.5 µM
concentration the F1 and FW1 mixture reduced Nile-red florescence by 29% and 41%
respectively. This data suggest that the mixtures are not producing an additive effect on
gene expression, and the different components of each mixture maybe be exerting effects
utilizing different mechanisms or may potentially be interfering with the ability to be
uptake in the hepatocytes. To understand these results, further treatments with varying
concentrations will need to be performed. To determine if this was just a limitation in the
in vitro model, I have included treatment with a mixture of PFOS, PFOA and PFHxS in
Manuscript 3.
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Table 1. PFAS Mixture Ratios.
F1 Mix

F2 Mix

FW1 Mix

FW2 Mix

2/3 PFOS

1/2 PFHxS

1/2 PFOS

2/3 PFOS

1/6 PFHxS

1/4 PFOA

1/2 PFOA

1/3 PFHxS

1/6 PFOA

1/8 PFOS

1/8 PFHxA

PFAS stocks in DMSO were combine in various ratios, based the molar percentages of
individual poly- and perfluoroalkyl substances (PFASs) in well water collected found
Cape Cod, MA (Figure 1).
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Figure 1: Adopted from Weber et al. (2017). Molar percentages of individual poly- and
perfluoroalkyl substances (PFASs) in well water collected either A) near a fire training
area (F), and B) downgradient from fire training area and a wastewater treatment plant
(FW) in Cape Cod, MA. This data was used to create mixtures ratios.
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Figure 2. PFAS mixtures had limited gene induction. Human hepatocytes were treated
with PFAS mixtures (Table 1), with total PFAS concentrations of 2.5 and 25 µM. After
28h, cell lysate was processed, and gene expression was analyzed using a custom
QuantiGene bead plex assay and analyzed using BioPlex 200 System according to
manufacturer’s protocols. Fluorescence intensity was normalized to β-actin and fold
change was calculated compared to the vehicle control. Clofibrate (CLO, 5uM) and
rosiglitazone (ROSI, 25 µM) treatments were used as positive controls, result with PFOS
and PFOA from Manuscript II are also shown for comparison. Red indicates gene induction
and green indicates gene repression. Fold change was calculated compared to the DMSO
treated cells. All colors represent means; N = 3-4.
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Figure 3. PFAS mixtures did not induce liver lipid accumulation. Human hepatocytes
were treated with PFAS mixtures (Table 1), with total PFAS concentrations of 2.5 and 25
µM for 72 hours to induce liver lipid accumulation. 1:2 Palmitate and Oleate (0.5 mM,
P/O) was included as positive control for lipid accumulation and result with PFOS and
PFOA from Manuscript II are also shown for comparison. Nile Red fluorescence was
measured (excitation 485 nm/emission 535 nm) and normalized to DAPI fluorescence
(excitation 358 nm/emission 461 nm). Fold change was calculated compared to the DMSO
treated cells. Calculations were done using an ANOVA followed by Fisher’s LSD test. All
values are means ± SEM; N = 3-4. “*” indicates p<0.05.
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