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ABSTRACT

Perfluoroalkyl substances (PFAS) represent a family of environmental toxicants that have infiltrated the living world. This
study explores diet-PFAS interactions and the impact of perfluorooctanesulfonic acid (PFOS) and perfluorohexanesulfonic
(PFHxS) on the hepatic proteome and blood lipidomic profiles. Male C57BL/6J mice were fed with either a low-fat diet (10.5%
kcal from fat) or a high fat (58% kcal from fat) high carbohydrate (42 g/l) diet with or without PFOS or PFHxS in feed (0.0003%
wt/wt) for 29 weeks. Lipidomic, proteomic, and gene expression profiles were determined to explore lipid outcomes and
hepatic mechanistic pathways. With administration of a high-fat high-carbohydrate diet, PFOS and PFHxS increased
hepatic expression of targets involved in lipid metabolism and oxidative stress. In the blood, PFOS and PFHxS altered serum
phosphatidylcholines, phosphatidylethanolamines, plasmogens, sphingomyelins, and triglycerides. Furthermore, oxidized
lipid species were enriched in the blood lipidome of PFOS and PFHxS treated mice. These data support the hypothesis that
PFOS and PFHxS increase the risk of metabolic and inflammatory disease induced by diet, possibly by inducing dysregulated
lipid metabolism and oxidative stress.

Key words: proteomics; lipidomics; PFHxS; PFOS; PFAS; high-fat diet.

Perfluoroalkyl substances (PFAS) represent a family of man-
made fluorinated chemicals widely used in manufacturing and
consumer products since the 1940s. For example, PFAS have

been used in aqueous film-forming foams, food packaging, car-
pets, stain-resistant sprays, and the manufacturing of Teflon
for their unique surfactant and anti-stick properties (Kotthoff
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et al., 2015). Long-chain PFAS, 6 carbons or higher, are highly re-
sistant to degradation and are slow to excrete from the human
body with half-lives spanning several years. The CDC NHANES
survey data revealed 4 PFAS members that have been nearly
ubiquitously detected within human samples since 1999, in-
cluding perfluorooctanesulfonic acid (PFOS) and perfluorohexa-
nesulfonic (PFHxS) (Fourth National Report on Human Exposure
to Environmental Chemicals Update, 2019; Per- and
Polyfluorinated Substances (PFAS) Factsheet j National
Biomonitoring Program j CDC, 2019). Concentrations of PFOS
and PFHxS in human serum have been falling over the last de-
cade, attributable to the shift to alternative PFAS structures in
manufacturing. However, PFOS and PFHxS continue to be
detected at higher concentrations relative to other PFAS struc-
tures in general human populations (Miaz et al., 2020; Olsen
et al., 2017). PFOS and PFHxS comprise of a fully fluorinated car-
bon backbone with a sulfonic acid head group. The structural
difference between PFOS and PFHxS is the carbon chain length;
PFOS has an 8-carbon (C8) chain, whereas PFHxS has 6 carbons
(C6) (Supplementary Figure 1). Both PFOS and PFHxS exhibit
long half-lives in humans, 5.4 and 8.5 years, respectively (Olsen
et al., 2007). PFAS manufacturing companies have phased PFOS
out of production, however, PFHxS may still be manufactured
today as a replacement compound (US EPA, 2015).

PFAS exposure is associated with adverse health effects
related to metabolic and immune function including im-
paired immune response to vaccination (Grandjean et al.,
2012), elevated serum cholesterol (Nelson et al., 2010), and
increased serum marker of liver injury (Salihovic et al.,
2018). PFAS are also known for their ability to interact with
fatty acid binding and sensing molecules in rodents (Luebker
et al., 2002). This is believed to be attributable to their struc-
tural similarity to endogenous fatty acids. It is well estab-
lished that PFAS can induce changes in hepatic and sera
lipids in animals when administered with a lean standard
chow (Bagley et al., 2017; Curran et al., 2008; Kudo et al.,
2006; Wan et al., 2012). In addition, PFAS have been demon-
strated to alter the expression of hepatic lipid regulating
pathways in both animals and human hepatocytes (Bjork
et al., 2011). However, further studies have suggested that di-
etary fat further impacts PFAS alteration of hepatic and sera
lipids (Cho et al., 2016; Huck et al., 2018; Rebholz et al., 2016;
Tan et al., 2013; Wang et al., 2011). Despite the evidence of
diet-specific outcomes, diet effects are often overlooked
when evaluating PFAS induced changes on lipid outcomes
and the specific lipids targeted have not been fully
identified.

Abnormalities in the blood lipidome have been associated
with health disorders such as metabolic syndrome, nonalco-
holic steatohepatitis (NASH), and cardiovascular disease
(Mundra et al., 2018; Puri et al., 2009a). Few studies have char-
acterized the effect of PFAS on the blood lipidome (Salihovic
et al., 2019). It has been recently established that diet can al-
ter the blood lipidome (Pati et al., 2017; Wang et al., 2017);
however, no study to date has evaluated additional effect of
diet on PFAS modulation of the blood lipidome. The present
study is the first to investigate the influence of PFAS-diet
interactions on the blood lipidome and explore the hepatic
mechanisms of lipid regulation. By evaluating the hepatic
proteome and blood lipidome in the context of dietary fats,
we seek to broaden and deepen the current understanding of
PFAS induced lipid dysregulation and oxidative stress and
their potential implication in metabolic and inflammatory
disease.

MATERIALS AND METHODS

Chemicals and Reagents. The PFOS potassium salt (� 98% purity,
CAS# 2795-39-3, Lot# BCBR7869V) and PFHxS potassium salt (�
98% purity, CAS# 3871-99-6, Lot# BCBP4108V) chemical stocks
were obtained from Sigma-Aldrich (St. Louis, Missouri). PFOS
(MPFOS, Lot# MPFOS0918) and PFHxS (MPFHxS, Lot#
MPFHxS0618) internal standards used for LC-MS/MS analysis
were purchased from Wellington Laboratories (Ontario,
Canada).

Animals. The study was conducted at the University of Rhode
Island (Kingston, Rhode Island) in accordance with Institutional
Animal Care and Use Committee (IACUC). Mice, C57BL/6J, were
purchased from Jackson Labs (Bar Harbor, Maine) at 8 weeks of
age. The mice were acclimated for 2 weeks prior to being weight
paired and housed 3 per cage in a temperature-controlled room.
A strict 12-h dark/light cycle was maintained with access to
food and water ad libitum. The oral route of exposure was cho-
sen to mimic human exposure to PFAS via ingestion. Body
weights, water, and food consumption were monitored
throughout the study (Supplementary Figure 2). Following
29 weeks of diet and PFAS administration, mice were anesthe-
tized using isoflurane and euthanized via cardiac puncture.
From the whole blood, 100 ml was added to 1 ml of methanol and
set aside for lipidomic analysis. The remaining blood was
placed in a heparin-treated serum collection tube for later LC-
MS analysis. Gross liver and epididymal fat pad weights were
recorded prior to being snap frozen in liquid nitrogen for down-
stream processing.

Experimental Diets. Oral exposure to PFAS is considered to be a
major route of exposure in humans; therefore, PFAS were ad-
ministered via the oral route. The study design was based on a
published murine model of diet-induced hepatic lipid accumu-
lation and oxidative stress (Kohli et al., 2010; Marin et al., 2016).
The mice were fed either a 10.5% kcal, low-fat diet (LFD)
(D12328, Research Diets, New Brunswick), or a 58% kcal, high-fat
diet (HFD) (D12331, Research Diets, New Brunswick). The con-
tents of the diets can be found in Supplementary Table 1. The
typical American diet is characterized by high carbohydrate
consumption, partly attributed to sugary drinks containing high
fructose corn syrup (Malik et al., 2006). Fructose is known to aug-
ment hepatic oxidative stress and insulin resistance in models
of diet induced obesity (Crescenzo et al., 2018). Thus, the mice
that received HFD were also administered additional carbohy-
drates via drinking water at 42 g/l (55% fructose : 45% sucrose).
The mice were assigned to either diet alone, as controls, or to
diet containing 0.0003% PFOS or 0.0003% PFHxS. The resulting
treatment groups were as follows: LFD, high-fat high-carbohy-
drate (HFHC) diet, LFD þ PFOS (L þ PFOS), HFHC þ PFOS (H þ
PFOS), LFD þ PFHxS (L þ PFHxS), and HFHC þ PFHxS (H þ PFHxS)
at n¼ 6 per treatment group. Based on average daily food con-
sumption of 2121.6 mg per mouse per day (2.12 g) and an aver-
age body weight of 0.0416 kg (41.6 g) over the course of the
study, the daily exposure to PFAS via diet was roughly approxi-
mately 0.15 mg/kg/day (Supplementary Figure 2). The rodent
dose used as the basis of the current 70 ng/l EPA health advisory
for PFOS is 0.1 mg/kg/day with regard to developmental toxicity
in rodents.

Glucose Tolerance Test. A glucose tolerance test (GTT) was con-
ducted following 25 weeks of chemical and diet exposure.
Following a 6 h fast, 1 mg/kg glucose was administered via intra-
peritoneal injection. Blood glucose was measured using the
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AlphaTRAK 2 blood glucose monitoring system and glucose
testing strips. Blood glucose was measured after 0, 15, 30, 45, 60,
90, 120, and 150 min.

Determination of PFHxS and PFOS Concentration. LC-MS/MS was
used to quantify hepatic and serum PFAS concentrations after
necropsy following 29 weeks of chemical and diet exposure.
PFAS were isolated from liver using an adapted 3M method pre-
viously published (Chang et al., 2017). Roughly, 100 mg of tissue
was homogenized in water spiked PFOS C4 and PFHxS C3 inter-
nal standards. A fraction of the homogenate was digested over-
night in 10% 1 N KOH. One hundred microliters of digested
sample was mixed with 100 ll 1 N formic acid, 500 ll 2 N HCL,
500 ll saturated ammonium sulfate, and 5 ml LC-MS grade
methyl tert-butyl ether (MTBE). For serum PFAS extraction, 20 ll
of serum was mixed with 200 ll of 0.5 M tetrabutylammonium
bisulfate, 400 ll, 0.25 M sodium carbonate, internal standard
spike, and 3 ml of MTBE. For both liver and serum, the organic
layer was transferred to a fresh tube and evaporated to dryness.
The sample was resuspended in acetonitrile: water and filtered
through a 0.2 lm syringe filter prior to injection. The LC-MS/MS
analysis was performed at the University of Rhode Island on a
SHIMADZU Prominence UPLC coupled to a QTRAP 4500 LC-MS/
MS System (SCIEX, Framingham, Massachusetts). A gradient
elution of 0.1% (vol/vol) formic acid/water (A) and 0.1% (vol/vol)
formic acid/acetonitrile (B) was performed on a Waters XBridge
C18 (100 mm � 4.6 mm, 5 lm) column. The column was kept at
40�C with a flow rate of 0.6 ml/min and an injection volume of
10 ll. The samples were analyzed in negative mode using elec-
trospray ionization (ESI). The data were acquired using Analyst
1.6.3 software and processed using MultiQuant 3.0.1 software
(SCIEX, Framingham, Massachusetts). Partition coefficients
were estimated based on the liver to serum concentration ratio
under the assumption of steady state (Johanson, 2010).

Hepatic Lipid Isolation and Analysis. Liver lipids were isolated from
50 mg of liver tissue homogenized in 1 ml of phosphate-buffered
saline using the Folch chloroform-methanol extraction method
(Folch et al., 1957). Serum and liver triglycerides (TG) and total
cholesterol were measured using enzymatic kits from Pointe
Scientific (Ann Arbor, Michigan).

Blood Lipid Isolation. Blood lipids were isolated for lipidomic anal-
ysis according to the Bligh and Dyer method (Bligh and Dyer,
1959). The lipidomics was performed at the University of
Georgia (Athens, Georgia). Briefly, 100 ml of whole blood desig-
nated for lipidomics was suspended in 1.25 ml of methanol and
1.25 ml of chloroform. Tubes were vortexed for 30 s, allowed to
sit for 10 min on ice, centrifuged (300 � g; 5 min), and the bottom
chloroform layer was transferred to a new test tube. The extrac-
tion steps were repeated 3 times and the chloroform layer com-
bined. A commercial mix of SPLASH Lipidomix internal
standards (Avanti Polar Lipids, Inc.) was spiked into each sam-
ple. SPLASH Lipidomix Mass Spec standards include all major
lipid classes at ratios similar to that found in human plasma.
The collected chloroform layers were dried under nitrogen,
reconstituted with 50 ml of methanol: chloroform (3:1 vol/vol),
and stored at �80�C until analysis. Lipid content was quantified
by determining the level of inorganic phosphorus using the
Bartlett Assay (Bartlett, 1959).

Blood Lipidomic Analysis. Lipid extracts (500 pmol/ml) were prepared
for ESI-MS/MS by reconstitution in chloroform: methanol (2:1, vol/
vol). ESI-MS was performed on a 5-ml aliquot of each sample as

previously described (Zhang et al., 2005) using an LCQ Deca ion-
mass spectrometer (LCQ Finnigan mass spectrometer, Thermo
Fisher-Fenning Institute, California) with nitrogen drying gas flow
rate of 81/min at 350�C and a nebulizer pressure of 30 psi. The
scanning range was from 200 to 1000 m/z in positive and negative
mode for 2.5 min. The mobile phase was acetonitrile; methanol;
water (2:3:1) in 0.1% ammonium formate. Samples were run in
triplicate (n¼ 3). Lipid extracts were also analyzed using a high-
resolution LC linear ion trap-Orbitrap Hybrid MS (nanoHRLC-LTQ-
Orbitrap MS) (Thermo Scientific, San Jose, California). Individuals
running samples were blinded to sample conditions. Mass spectra
were acquired in the positive ion mode. Mass spectrometric
parameters for lipid extracts were as follows: spray voltage: 3.5/
2.5 kV, sheath gas: 40/35 AU; auxiliary nitrogen pressure: 15 AU;
sweep gas: 1/0 AU; ion transfer tube and vaporizer temperatures:
325 and 300/275�C, respectively. Full scan, data-dependent MS/MS
(top10-ddMS2), and data-independent acquisition were collected at
m/z 150–2000, corresponding to the mass range of most expected
cellular lipids. Lipids were separated on a nanoC18 column (length,
130 mm; i.d, 100mm; particle size, 5mm; pore size, 150 Å; max flow
rate, 500 nl/min; packing material, Bruker Micron Magic 18). Mobile
phase A was 0.1% formic acid/water; mobile phase B was 0.1% for-
mic acid/acetonitrile. Ten microliters of sample was injected for
analysis. A constant flow rate of 500 nl/min was applied to perform
a gradient profiling with the following proportional change of sol-
vent A (vol/vol): 0–1.5 min at 98% A, 1.5–15.0 min from 98% to 75%
A, 15.0–20.0 min from 75% to 40% A, 20.0–25.0 min from 40% to 5%
A, 25.0–28.0 min kept at 5% A, and 28.0–30.0 min from 5% to 98% A.
The LTQ-Orbitrap Elite MS was set in the positive full scan mode
within range of 50–1500 m/z. Settings of the ESI were: heater tem-
perature of 300�C, sheath gas of 35 arbitrary unit, auxiliary gas of
10 arbitrary unit, capillary temperature of 350�C, and source volt-
age of þ3.0 kV. MS/MS fragmentation was induced using a
collision-induced dissociation scan with a Fourier transform re-
solving power of 120 000 (transient¼ 192 ms; scan repetition rate ¼
4 Hz) at 400 m/z over 50–1500 m/z. Solvent extraction blanks and
samples were jointly analyzed over the course of a batch (10–15
samples).

Lipidomic Data Processing. Full scan raw data files were acquired
from Xcalibur (Thermo Fisher Scientific), centroided and con-
verted to a useable format (mzXML) using MSConvert. Data
processing and peak area integration were performed using
MZmine (Pluskal et al., 2010) and XCMS (Tautenhahn et al., 2012),
resulting in a feature intensity table. Feature tables and MS/MS
data were placed into a directory for each substrate analyzed.
Each folder contained each sample type, feature tables end in
“pos.csv” for positive mode. LipidMatch (Koelmel et al., 2017)
was used to identify features. Peak heights were normalized to
a mixture of deuterium-labeled internal standards for each
sample (SPLASH LIPIDOMIX Mass Spec standard). Multivariate
principal component analysis (PCA) was performed using
MetaboAnalyst 4.0 (http://www.metaboanalyst.ca/). Automatic
peak detection and spectrum deconvolution were performed
using a peak width set to 0.5. The peak height dataset has been
made publically accessible under the Metabolomics Workbench
(DATATRACK_ID: 2107). Analysis parameters consisted of inter-
quartile range filtering and sum normalization with no removal
of outliers from the dataset. Features were selected based on a
one-way analysis of variance (ANOVA) analysis and were fur-
ther identified using HPLC-MS/MS analysis. Significance for
ANOVA plot analysis was determined based on a fold-change
threshold of 2.00, q� 0.05 and p� .05. Following identification,
internal standards were used to normalize each parent lipid
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level, and the change in the relative abundance of the lipid spe-
cies as compared with its control was determined.

RNA Isolation and QuantiGene Plex Assay. Trizol reagent
(Invitrogen, Camarillo, California) was used to isolate hepatic
RNA from 50 mg of liver tissue. RNA was quantified by a
NanoDrop 1000 (Thermo Fisher Scientific, Wilmington,
Delaware) and diluted with DEPC water to equal concentrations.
Gene expression was measured using a custom QuantiGene
Luminex xMAP gene expression panel (Invitrogen by Thermo
Fisher Scientific, Santa Clare, California). The assay was con-
ducted on a Bio-plex 200 instrument (BioRad, Hercules,
California) using 250 ng RNA input, according to the manufac-
turer’s protocol. The full list of hepatic genes measured, names,
and functions can be found in Supplementary Table 2.

Protein Isolation and Proteomic Analysis. Relative protein quantifica-
tion with SWATH-MS (sequential window acquisition of all theoreti-
cal mass spectra) was performed as previously described with some
modifications (Jamwal et al., 2017). Briefly, hepatic protein samples
(500mg) were spiked with 2mg BSA and denatured with 25ml DTT
(100 mM) at 35�C for 30min in a shaking water bath (100 rpm). After
denaturation, samples were alkylated in the dark with 25ml IAA
(200 mM) for 30 min at room temperature. Samples were subse-
quently concentrated using a cold water, methanol and chloroform
(1:2:1) precipitation method (centrifugation at 12 000rpm, 5 min at
10�C). The protein pellet was washed with ice-cold methanol and
then suspended in 200ml of 50mM ammonium bicarbonate (pH 8)
containing 3% wt/vol sodium deoxycholate (DOC). An aliquot of
100ml of the reduced and alkylated protein sample was taken for di-
gestion. Furthermore, TPCK-treated trypsin (10mg) was added to
samples at a ratio of 1:25 (trypsin: protein) and samples were trans-
ferred into digestion tubes (PCT MicroTubes, Pressure Biosciences
Inc., Easton, Massachusetts). The digestion was carried out using a
barocycler at 35�C, for 90 cycles with 60s per pressure-cycled (50-s
high pressure, 10-s ambient pressure, 25 kpsi). Furthermore, 100ml
of digested peptides sample was mixed with 10ml of ACN (1:1, vol/
vol containing 5% formic acid) to precipitate detergent. Samples
were spun to remove the pellet and 100ml supernatant was collected
(12 000 rpm for 5 min at 10�C). Subsequently, 20ml of the resulting
peptide solution was injected on the analytical column and was an-
alyzed using LC-MS/MS. Data-independent acquisition was acquired
on an SCIEX 5600 TripleTOF mass spectrometer (SCIEX, Concord,
Canada) couple to Acquity UHPLC Hclass liquid chromatography
system (Waters Corp., Milford, Massachusetts). Peptide separation
was achieved using a run time of 60 min at 100ll/min and a linear
gradient method. Skyline v4.2.0. (MacLean et al., 2010) was utilized to
determine relative expression of targeted proteins. For each targeted
protein, the peak area of 2 peptides, represented by at least 3 frag-
ment ions and library matched to the precursor protein, was aver-

aged. This peak area was normalized to BSA as well as measured
sample peptide concentration.

Statistical Analysis. Table values are shown as the average 6

standard error (SEM). Significance was derived using one-way
ANOVA followed by Fisher’s LSD test for multiple comparisons
where p< .05 was denoted as statistically significant. Statistical
tests were performed using Graphpad Prism (Graphpad Prism
Software for Windows Ver 8.0, La Jolla, California).

RESULTS

Diet and Chain Length Alter PFOS and PFHxS Deposition
To examine whether diet or chain length influences the relative
accumulation of PFAS between blood and liver, hepatic and se-
rum PFOS and PFHxS were quantified by LC-MS/MS (Table 1). In
the LFD, L þ PFOS exhibited an estimated liver to serum parti-
tion coefficient of 3.1 compared with 0.35 for L þ PFHxS. In the
HFHC diet, H þ PFOS exhibited a partition coefficient of 3.0,
compared with 0.17 for H þ PFHxS. In addition, H þ PFHxS
achieved significantly lower concentrations than L þ PFHxS in
the blood. When taken together, these findings suggest that the
chain length of PFOS and PFHxS plays a prominent role in rela-
tive distribution between the serum and liver. Furthermore, diet
seems to pose a prominent influence on PFHxS absorption or
excretion.

PFHxS Augments White Adipose Weight Within a HFD
HFD feeding caused a 27.4% increase in body weight and 55.7%
in liver weight compared with LFD controls (Table 2). Within the
LFD, PFOS increased liver weight by 53.8% and liver: body ratio
weight by 61.8% more than its 6-carbon alternative.
Interestingly, PFHxS augmented white adipose weight within
the HFHC group by 43.7% and 19.4% in comparison to HFHC con-
trol and H þ PFOS, respectively. This is further supported by an
observed 37.7% increase in white adipose tissue: body weight
ratio with H þ PFHxS administration compared with HFHC con-
trol. In the LFD, a chain length-dependent effect on liver weight
was observed with L þ PFOS increasing liver weight 57.1% rela-
tive to L þ PFHxS. This was further confirmed by a significant
increase in the liver to body weight ratio between L þ PFOS and
L þ PFHxS.

PFOS and PFHxS Alter Classically Measured Lipid Moieties in the
Liver and Blood
Hepatic and serum total cholesterol and TG were assessed to
determine the effects of PFAS on classically measured lipid
markers (Figure 1). Total liver triglyceride concentrations were
similar among the treatment groups, whereas H þ PFOS reduced

Table 1. PFOS and PFHxS Partitioning

L þ PFHxS L þ PFOS H þ PFHxS H þ PFOS

Liver
(lg/g)

21.7 6 1.8$ 105.1 6 15.1$ 6.36 6 1.7$ 97.8 6 7.0$

Serum
(lg/ml)

62.0 6 5.9$& 33.9.67.7$ 36.8 6 4.3& 32.5 6 2.1

Partition Coefficient 0.35 3.1 0.17 3.0

After necropsy, PFOS and PFHxS were extracted from liver and serum then quantified using matrix matched LC-MS/MS. All control groups exhibited PFOS and PFHxS

concentrations below the lower limit of quantification (LLOQ) of 20 ng/ml. Likewise, no quantifiable cross-contamination between PFOS and PFHxS treated groups was

found. Calculations were done using a one-way ANOVA followed by Fisher’s LSD test. All values are average 6 SEM; n¼3–6. $p< .05, significance between PFOS and

PFHxS within the same diet (ie, L þ PFOS vs L þ PFHxS). &p< .05, significance between diet treatment within the same compound (ie, LPFAS vs HPFAS).
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serum TG by 26.9% and 28.8% relative to HFHC and LFD controls.
Hepatic cholesterol was decreased by 17.8% with PFOS and by
21.0% with PFHxS relative to the LFD controls. In serum, PFOS
reduced total cholesterol by 34.2% and 31.9% relative to the
HFHC and LFD controls, respectively. A GTT was conducted fol-
lowing 25 weeks of PFOS exposure (Supplementary Figure 3).
Exposure to PFHxS within in HFHC diet led to significantly

higher blood glucose levels, suggesting reduced glucose toler-
ance compared with H þ PFOS, LFD, and HFHC controls.

PFOS and PFHxS Administration Causes Shifts in the Global Mouse
Blood Lipidome
Multivariate, unsupervised PCA plots comparing changes in the
blood lipidome after exposure to PFAS in the presence of both

Table 2. Body and Tissue Weights

LFD L þ PFHxS L þ PFOS HFHC H þ PFHxS H þ PFOS

Body weight (g) 42.1 6 2.5# 43.5 6 1.8#& 44.5 6 1.4#& 53.7 6 1.8* 56.0 6 1.5*& 51.6 6 2.1*&

WAT weight (g) 2.4 6 0.1 2.3 6 0.3& 2.4 6 0.2 2.2 6 0.1 3.2 6 0.2*#$& 2.7 6 0.2$

Liver weight (g) 2.3 6 0.3# 2.1 6 0.2#$ 3.3 6 0.5$ 3.6 6 0.2* 3.1 6 0.5 3.8 6 0.3*

Liver: BW (%) 5.0 6 0.8 4.7 6 0.3$ 7.6 6 1.4# 6.6 6 0.4 5.7 6 0.8 7.6 6 0.3
WAT: BW (%) 5.9 6 0.4# 5.2 6 0.5 5.4 6 0.2# 4.2 6 0.3* 5.8 6 0.5# 5.2 6 0.4
Weight gain (%) 60.0 6 8.3# 61.6 6 7.8#& 67.8 6 4.3#& 100.7 6 8.9* 117.5 6 7.6*$& 91.9 6 8.4*$&

Male C57BL6 mice were fed with either a low-fat diet (LFD) or a high-fat high-carbohydrate (HFHC) diet with or without PFOS or PFHxS (0.0003% wt/wt in feed) for

29 weeks. After euthanization, gross body and organ weights were recorded and analyzed. All values are average 6 SEM; n¼5–6.

*p< .05, significant in comparison to the LFD control. #p< .05, significant in comparison to the HFD control. $p< .05, significance between PFOS and PFHxS within the

same diet (ie, L þ PFOS vs L þ PFHxS). &p< .05, significance between diet treatment within the same compound (ie, LPFAS vs HPFAS).

Figure 1. Diet composition impacts PFOS and PFHxS effect on hepatic lipids. Statistical significance was calculated using one-way analysis of variance (ANOVA) where

*significant from the LFD control, #significant from the HFHC control, $significance between PFOS and PFHxS within each diet, and &significance between diet within

each compound. Lipid moieties were quantified from hepatic lipid extracts and normalized to liver weight, expressed as mg/g for A) liver triglycerides and B) liver cho-

lesterol. Lipids measured in serum were expressed as mg/dl for C) serum triglycerides and D) serum cholesterol.
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LFD and HFHC showed distinct clustering (Supplementary Figs.
4 and 5). Further analyses of the blood lipidome confirmed sepa-
ration between the blood lipidome of mice exposed to the LFD
and the LFD in the presence of both PFAS (Supplementary
Figure 4). Moreover, similar results were observed for mice ex-
posed to the HFHC and those exposed to the HFHC containing
PFAS (Supplementary Figure 5). These data suggest that expo-
sure of mice to both PFAS and diet induce differential lipidomic
profiles within the blood lipidome.

Based on the diet-related comparisons above, HPLC-ESI MS/
MS was employed to identify the number of features altered be-
tween sample types. Blood lipid profiles from mice exposed to
LFD and HFHC in the presence and absence of PFAS were visual-
ized by cloud plots (Supplementary Figs. 6–8). A total of 2918
dysregulated ion features were identified between all diet and
PFAS groups, encompassing 28 distinct lipid species
(Supplementary Figure 6B). Lipid pathway enrichment analysis
(LIPEA) was conducted to identify the top pathways altered by
PFAS and diet. The majority of lipids (50%) that were altered in
response to diet and PFAS exposure correlated to glycerophos-
pholipid metabolism (Supplementary Table 3). Other pathways
identified as significantly impacted included sphingolipid me-
tabolism, ferroptosis, the sphingolipid signaling pathway, and
choline metabolism in cancer. Overall, PFAS exposure caused
notable shifts in the blood lipidome and diet further influenced
PFAS modulated lipid moieties.

PFOS and PFHxS Significantly Modulate Serum Phospholipids,
Triglycerides, and Plasmogens in the Presence of Either an LFD or
HFHC Diet
Targeted and internal standard validated analysis of the shifted
serum lipid moieties was performed by LC-MS/MS. The HFHC
diet significantly modulated the abundance of serum phospha-
tidylcholine (PC) moieties relative to the LFD (Figure 2).
Phosphatidylcholine lipids were enriched in the blood of mice
exposed to LFD þ PFAS when compared with LFD controls
(Figure 2A). Amongst the PC lipids, 14:0–22:2 PC was identified
as a dominant species enriched in the blood of mice exposed to
L þ PFOS and L þ PFHxS diets, as well as HFHC, relative to LFD
controls (Figure 2B). There was significant alteration of oxidized
PCs (OxPC) in the blood of mice exposed to the H þ PFHxS diet
as compared with the HFHC alone (Figure 2C). Surprisingly, oxi-
dized lysoPC (OxLPC) was significantly enriched in the blood of
mice exposed to the L þ PFHxS diet, as compared with the LFD
(Figure 2D). However, there was a significant decrease with L þ
PFOS compared with LFD. Figure 3 depicts further modulation of
phospholipid moieties, phosphatidylethanolamine (PE) and
lysoPE (LPE). Within the LFD, levels of PE were decreased in the
blood of mice exposed to the PFHxS and PFOS (Figure 3A).
Similar results were observed with H þ PFHxS and H þ PFOS ex-
posure relative to HFHC control. Relative to the LFD, partial hy-
drolysis of PE was attenuated by L þ PFHxS, L þ PFOS, and HFHC

Figure 2. Effect of PFOS and PFHxS on phosphatidylcholine (PC) levels within an LFD or HFHC diet. Lipidomic analysis was outsourced and performed using mass spec-

troscopy equipment at the University of Georgia. Scatter plots showing levels of PCs lipid moieties in sera between control and PFAS-treated mice within each diet

(n¼6). Significance is denoted as follows *significant from the LFD control, #significant from the HFHC control, $significance between PFOS and PFHxS within each diet,

and &significance between diet within each compound.
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(Figure 3B) as determined by decreased measurement of lysoPE
(LPE).

In addition to phospholipids, further modulation of the
blood lipidome by PFAS and diet was observed. Diglyceride lev-
els were significantly enriched in the blood of mice exposed to
the L þ PFOS, yet attenuated by L þ PFHxS as compared with the
LFD (Figure 4A). The levels of oxidized TG (OxTG) were modu-
lated in the blood of mice exposed to the L þ PFHxS and L þ
PFOS relative to the LFD (Figure 4B). Sphingomyelin (SM) was
significantly decreased in the blood of mice exposed to HFHC as
well as those exposed to L þ PFHxS and L þ PFOS diets, as com-
pared with the LFD (Figure 5A). Surprisingly, plasmalogen levels
were increased in the blood of mice exposed to the L þ PFOS
and L þ PFHxS diets, as compared with LFD control (Figure 5B).
Plasmalogen levels were also increased in the H þ PFHxS group
as compared with HFHC yet were decreased in the blood of mice
exposed to the H þ PFOS diet.

PFOS and PFHxS Modulate Serum and Hepatic Lipids via Modulation
of Hepatic Transcriptional Pathways
The mRNA transcripts of key proteins involved in lipid metabo-
lism, synthesis, transport, and oxidative stress were measured
to identify molecular mechanisms that could mediate the ob-
served changes in the blood lipidome. The full list of hepatic
genes, names, and functions is further described in

Supplementary Table 2. The gene expression data are summa-
rized as fold change relative to either the LFD or HFHC controls
in Figure 6. Overall PFOS had a more potent effect on gene ex-
pression than PFHxS based on the total number of genes modu-
lated by 2-fold or greater. H þ PFOS upregulated 5 transcripts by
2-fold or greater (Gstm3, Slc27a1, Cidea, Ehhadh, and Cyp4a14),
whereas H þ PFHxS only upregulated 1 gene (Cyp4a14). Similarly
in the LFD, L þ PFOS upregulated 3 genes (Acaca, Cidea, and
Slc271a), whereas L þ PFHxS upregulated 1 (Acaca) and downre-
gulated 1 gene (Gstm3) by � 2-fold. Overall, the top 5 modulated
genes included Cyp4a14, Acaca, Cidea, Slc27a1, and Gstm3.

Targeted protein expression was measured for 20 measur-
able proteins related to hepatic lipid regulation (Figure 7).
Similar to the gene expression data, PFOS exhibited more potent
induction of protein expression in liver tissue relative to PFHxS
for both diets. H þ PFOS induced 15 proteins over 2-fold (eg,
CYP2C29, CES1, and EHHADH), whereas H þ PFHxS induced 0
proteins. In the LFD, L þ PFOS induced 7 proteins (eg, CYP2C29,
EHHADH, and CYP4A12A) compared with 3 proteins (CYP4A14,
CYP4A12A, and CYP2C29) with L þ PFHxS. Overall, the top 5 pro-
teins induced by PFAS exposure included EHHADH, CYP2C29,
CYP4A14, CYP4A12A, and CES1. Several of these highly induced
proteins are involved in fatty acid oxidation and lipid metabo-
lism (Figure 8A).

Nrf2 is a transcription factor that is activated in the presence
of oxidative stress and drives the transcription of antioxidant

Figure 3. Effect of PFOS and PFHxS on phosphatidylethanolamine (PE) levels

within an LFD or HFHC diet. Data are indicative of 6 (n¼6) samples per group.

Each symbol represents an individual lipid feature as identified by LC-MS/MS.

Significance between treatment groups is denoted as follows *significant from

the LFD control, #significant from the HFHC control, $significance between PFOS

and PFHxS within each diet, and &significance between diet within each com-

pound. Normalized peak areas between all cells are shown for (A) PC, (B) 14.0/

22.0 PC, (C) OxPC, and (D) OxLPC. Each symbol represents an individual lipid fea-

ture as identified by LC-MS/MS.

Figure 4. Effect of PFOS and PFHxS on triglycerol levels in the blood of male

C57BL/6 mice exposed to an LFD or HFHC diet. Data are indicative of 6 (n¼6)

samples per group and compared based on normalized peak areas. Each symbol

represents an individual lipid feature as identified by LC-MS/MS. Significance be-

tween treatment groups is denoted as follows *significant from the LFD control,
#significant from the HFHC control, $significance between PFOS and PFHxS

within each diet, and &significance between diet within each compound.

Normalized peak areas between all cells are shown for (A) diglyceride (DG) and

(B) oxidized triglyceride (OxTG).
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response genes. Nrf2 and its target genes Gstm3, Nqo1, and Gclc
were upregulated by the HFHC diet (Figure 8B). Gstm3 was signif-
icantly repressed 0.2-fold by L þ PFHxS but not for H þ PFHxS.
For L þ PFOS, there was no appreciable effect on Gstm3 expres-
sion, yet it was induced 3.6-fold by H þ PFOS relative to respec-
tive control. Protein-level effects showed similar diet-PFAS
specific changes on markers of oxidative stress (Figure 7).
GSTM3 was slightly repressed only by L þ PFHxS and induced by
3.1-fold by H þ PFOS. On the protein level, HFHC groups caused
stronger relative induction of several oxidative stress-related
proteins including, CES1, GSTM2, GSTM3, and GSTM7. Figure 9
describes the proposed mechanism for diet-PFAS induced
effects on the blood lipidome.

DISCUSSION

This study demonstrated that both diet and carbon chain length
influenced the relative accumulation or retention of PFOS and
PFHxS in the liver and serum. There are very little data available
on the relative accumulation of PFAS between blood and liver in
the presence of an HFD. One developmental study suggested
that perinatal exposure followed by HFD consumption later in
life increased hepatic retention of PFOS (Wan et al., 2014). In the
present study, the data suggested that the decreased chain
length of PFHxS caused a reduction in hepatic PFAS

accumulation accompanied by increased serum accumulation.
Interestingly, the addition of an HFD reduced PFHxS concentra-
tions suggesting that diet may modulate the rate of PFHxS ab-
sorption or excretion. This diet effect could confound
associations between PFAS concentrations and lipid
dysregulation.

Transcriptional drivers hypothesized to drive PFAS effects on lip-
ids in the liver were examined in the context of diet, Ppara, Pparc,
and Srebf1. Of the 3, Srebf1 was the only transcriptional driver di-
rectly modulated in the dataset and only in one treatment group.
This finding is not surprising, as the activity of transcription factors
is at times better assessed by the expression of its downstream tar-
gets. SREBF1 is known for its ability to modulate lipid homeostasis
and expression of its target gene Cidea was found to be significantly
induced by PFOS in both diets. Furthermore, the hepatic transcrip-
tomic and proteomic data demonstrated increased expression of
enzymes involved in fatty acid uptake and oxidation, as is well
documented in the literature (Das et al., 2017). Although PPARa is
known to be a potent driver of lipid related pathways in response to
PFAS, studies in PPARa null mice have confirmed that additional
transcriptional drivers, such as PPARc and SREBF1, also exert some
influence. In addition, increased expression of CYPs involved in xe-
nobiotic metabolism, including CYP2C29, was observed. This finding
has been previously demonstrated in both WT and PPARa null
mice, and is believed to be linked to an increase in CAR activity
(Rosen et al., 2017). The HFHC potentiated PFAS induction of fatty
acid uptake and metabolism, as well as, xenobiotic metabolism
targets.

Interestingly, diet-dependent modulation of Nrf2, an antioxi-
dant response transcriptional driver, and its downstream tar-
gets (Nqo1, Gclc, and Gst) was observed with PFAS treatment.
There are conflicting data in the literature regarding the influ-
ence of PFAS on the Nrf2 pathway, with reports of either upregu-
lation or downregulation (Xu et al., 2016; Zeng et al., 2019). In the
LFD, Nrf2 showed a downward trend that is reflected in the ex-
pression of its downstream targets. However, in the HFHC, the
effect on Nrf2 is just the opposite resulting in induction. There
are limited studies linking the activity of the NRF2 pathway and
PFAS, however, the NRF2 pathway has been demonstrated to
have a protective role against PFAS induced oxidative stress (Shi
and Zhou 2010; Sun et al., 2018). As observed in the present
study, PFAS have been shown to induce targets in the GST and
GTT families in proteomic and transcriptomic datasets (Rosen
et al., 2010; Tan et al., 2012). Increased glutathione conjugation is
suggestive of increased oxidative stress and elevated fatty acid
oxidation may contribute to increased ROS production.

Most studies that have addressed PFAS effects on lipids fo-
cused on classical lipid indicators, such as total cholesterol and
TG. In contrast, few have studied the ability of PFAS to alter the
blood lipidome. Salihovic et al. (2019) examined trends in PFAS
exposure and the blood lipidome in humans, reporting signifi-
cant associations between PFAS and glycerophospholipids.
Similarly, this work found that the glycerophospholipid class of
lipids was the most prominently impacted by PFAS exposure.
Subsequent targeted analysis in the present study identified the
specific types of lipids moieties altered. Significant shifts in PCs,
the most abundant phospholipid in cell membranes, were ob-
served with PFOS and PFHxS exposure. Furthermore, abnormal
levels of circulating PC has been linked to metabolic syndrome
and hepatic lipid dysregulation (Tiwari-Heckler et al., 2018).
Contrary to PC, the level of PE, as well as lysophosphatidylcho-
line (LPC) and lysophosphatidylethanolamine (LPE) decreased.
These downward trends have been associated with diseases
such as nonalcoholic fatty liver disease and inflammatory

Figure 5. Effect of PFOS and PFHxS on serum sphingomyelin and plasmalogen

levels within an LFD or HFHC diet. Data are indicative of 6 (n¼6) samples per

group. Each symbol represents an individual lipid feature as identified by LC-

MS/MS. Significance between treatment groups is denoted as follows *significant

from the LFD control, #significant from the HFHC control, $significance between

PFOS and PFHxS within each diet, and &significance between diet within each

compound. Normalized peak areas are shown for (A) sphingomyelin and (B)

plasmalogen.
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NASH in human studies (Calzada et al., 2016). Interestingly, it
has been reported that PFAS partition into biological mem-
branes and increase membrane fluidity (Fitzgerald et al., 2018;
Xie et al., 2010). Furthermore, the association of PFAS with phos-
pholipids is the best predictor of their accumulation (Dassuncao
et al., 2019; Sanchez Garcia et al., 2018).

A novel finding from this study is the observed elevation in
oxidized lipids such as those derived from PC, LPC, and TG, in
response to PFAS exposure. This is likely caused by increased
lipid peroxidation brought on by oxidative stress. It is known
that oxidized lipids are not simply by-products formed during
lipid peroxidation reactions, but are key mediators in inflamma-
tion (Fu and Birukov 2009) infection (Matt et al., 2015), and im-
mune response (Cruz et al., 2008). Furthermore, oxidized lipids
are suggested to be augmented in inflammatory hepatic condi-
tions such as NASH (Ipsen et al., 2018). The increase in oxidized
phospholipids in the blood lipidome agreed with liver gene ex-
pression and proteomics, which revealed an increased abun-
dance of oxidative stress related and detoxifying targets with
HFHC and PFAS exposure. It is known that PFAS increases
markers of oxidative stress and lipid peroxidation in the liver
(Yang et al., 2014). Our findings were consistent with previous

studies that demonstrate that elevated plasmalogens are sug-
gested to indicate increased activity of protective mechanisms
against oxidative stress. Furthermore, plasmalogens are
enriched in developing lipoproteins secreted by cultured rat
hepatocytes where they may serve as endogenous plasma anti-
oxidants (Vance, 1990).

Data from both untargeted and targeted analysis of the
mouse blood lipidome demonstrated diet-dependent shifts in
the types and levels of lipids modulated by PFAS exposure.
Huck et al. (2018) demonstrated that dietary fat can alter hepatic
PFAS induced lipid outcomes, with HFD exhibiting a protective
effect against hepatic lipid accumulation not observed with
LFD. Other researchers such as Schlezinger et al. (2020) have
reported diet effects on PFAS modulation of blood and hepatic
lipids. These diet-specific findings support the observed diet ef-
fect on PFAS modulation of the murine blood lipid profile.

Although this study represents the most comprehensive
analysis of the effect of diet and PFAS exposure on the murine
blood lipidome, it is limited as the actual concentrations for
lipid species were not provided. This was in part intentional,
and these data are meant to inspire further studies focusing on
the roles of the specific lipids identified as altered in serum.

Figure 6. PFAS-diet interaction alters hepatic gene expression. A targeted QuantiGene panel measuring 36 genes was conducted on a BioPlex 2.0 system. Fluorescence

intensity values were normalized to beta actin as a housekeeper. The value in each cell represents the average fold change relative to the LFD control for n¼5 samples.
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Furthermore, it is important to acknowledge that many of these
lipids are rather novel and do not have a suitable internal stan-
dard currently to allow for absolute quantification. Species dif-
ferences between mice and humans represent a second
limitation of this work. Serum cholesterol is known to be in-
duced by several PFAS in humans (Nelson et al., 2010). In mice,
the effect of PFAS members on serum cholesterol has been
found to be affected by the sex, diet composition, and strain of
mouse. However, it is commonly reported that rodents experi-
ence hypocholesteremia with PFAS exposure (Rebholz et al.,
2016). PFAS modulation of the murine blood lipid profile may re-
sult in additional species-specific outcomes and cannot be di-
rectly extrapolated to humans. The half-life of PFAS compounds
is also species specific with mice eliminating PFOS and PFHxS
on the order of weeks, whereas human half-lives are over 5
years for PFOS and PFHxS (Chang et al., 2012; Sundström et al.,
2012). Lastly, the diets chosen to be representative of an LFD or
an HFHC diet may exert composition-specific lipid outcomes.
For example, the HFHC diet used in this study was chosen for

its pro-inflammatory properties and may have a higher propen-
sity to induce oxidative stress than other HFD models. The
results should be replicated using additional low fat and HFD
schemes to confirm that the diet effects observed are attribut-
able to dietary fats and/or carbohydrates rather than the spe-
cific diet compositions utilized in the present study.

CONCLUSIONS

This study demonstrates that exposure to PFAS alters the effect
of dietary fat on hepatic pathways and the blood lipidome of
mice. The observed shifts in the blood lipidome may be a result
of changes in the liver transcriptome and proteome and linked
to increases in lipid metabolism and oxidative stress. These
findings also support the hypothesis that the distribution and
effects of PFAS on lipids in vivo are diet and chain-length depen-
dent. In the presence of an HFHC diet, PFOS and PFHxS in-
creased the hepatic expression of genes and proteins involved

Figure 7. PFAS-diet interaction alters hepatic protein expression. Global protein analysis was conducted using SWATH-MS DIA proteomics on (n¼5) samples per treat-

ment group. Targeted relative protein expression was derived via Skyline. Each value is the average expression of 2 peptide fragments for each precursor protein, nor-

malized to spiked BSA control and measured protein input. The value is each cell represents the average fold-change value relative to the respective control diet. The

full proteomic dataset is publicly accessible under the ProteomeXchange Consortium and can be found using the identifier PXD015976.
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Figure 8. PFOS and PFHxS modulate expression of targets related to hepatic lipid metabolism and oxidative stress. Targeted graphs of gene expression data showing

average fold change 6 SEM; n¼4–6. Statistical significance was calculated using one-way ANOVA where *significant from the LFD control, #significant from the HFHC

control, $significance between PFOS and PFHxS within each diet, and &significance between diet within each compound. A) Highlights diet-PFAS effects on genes re-

lated to lipid metabolism. B) Highlights diet-PFAS effects on genes related to oxidative stress.
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in fatty acid metabolism. This study provides new evidence that
PFOS and PFHxS augment oxidative stress in the liver and in-
crease oxidized lipid species in the sera and represents the first
to characterize the diet-PFAS impact on the blood lipidome. The
mechanisms by which PFAS may interfere with blood lipids in
humans are not well understood. The results suggest a correla-
tion between dietary modulations of the blood lipid profile as a
basis for identification of common PFAS-related lipid predictors.
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