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BACKGROUND: Previous epidemiological studies have repeatedly found per- and polyfluoroalkyl substances (PFAS) exposure associated with higher
circulating cholesterol, one of the greatest risk factors for development of coronary artery disease. The main route of cholesterol catabolism is through
its conversion to bile acids, which circulate between the liver and ileum via enterohepatic circulation. Patients with coronary artery disease have
decreased bile acid excretion, indicating that PFAS-induced impacts on enterohepatic circulation may play a critical role in cardiovascular risk.

OBJECTIVES: Using a mouse model with high levels of low-density and very low-density lipoprotein (LDL and VLDL, respectively) cholesterol and
aortic lesion development similar to humans, the present study investigated mechanisms linking exposure to a PFAS mixture with increased
cholesterol.
METHODS:Male and female Ldlr−=− mice were fed an atherogenic diet (Clinton/Cybulsky low fat, 0.15% cholesterol) and exposed to a mixture of 5
PFAS representing legacy, replacement, and emerging subtypes (i.e., PFOA, PFOS, PFHxS, PFNA, GenX), each at a concentration of 2 mg=L, for 7
wk. Blood was collected longitudinally for cholesterol measurements, and mass spectrometry was used to measure circulating and fecal bile acids.
Transcriptomic analysis of ileal samples was performed via RNA sequencing.

RESULTS: After 7 wk of PFAS exposure, average circulating PFAS levels were measured at 21.6, 20.1, 31.2, 23.5, and 1:5 lg=mL in PFAS-exposed
females and 12.9, 9.7, 23, 14.3, and 1:7 lg=mL in PFAS-exposed males for PFOA, PFOS, PFHxS, PFNA, and GenX, respectively. Total circulating
cholesterol levels were higher in PFAS-exposed mice after 7 wk (352 mg=dL vs. 415 mg=dL in female mice and 392 mg=dL vs. 488 mg=dL in male
mice exposed to vehicle or PFAS, respectively). Total circulating bile acid levels were higher in PFAS-exposed mice (2,978 pg=lL vs. 8,496 pg=lL
in female mice and 1,960 pg=lL vs. 4,452 pg=lL in male mice exposed to vehicle or PFAS, respectively). In addition, total fecal bile acid levels were
lower in PFAS-exposed mice (1,797 ng=mg vs. 682 ng=mg in females and 1,622 ng=mg vs. 670 ng=mg in males exposed to vehicle or PFAS, respec-
tively). In the ileum, expression levels of the apical sodium-dependent bile acid transporter (ASBT) were higher in PFAS-exposed mice.

DISCUSSION:Mice exposed to a PFAS mixture displayed higher circulating cholesterol and bile acids perhaps due to impacts on enterohepatic circula-
tion. This study implicates PFAS-mediated effects at the site of the ileum as a possible critical mediator of increased cardiovascular risk following
PFAS exposure. https://doi.org/10.1289/EHP14339

Introduction
Per- and polyfluoroalkyl substances (PFAS) are a large family of
syntheticallymanufactured chemicals used for their surfactant prop-
erties in industrial and consumer products, including nonstick cook-
ware and food storage, clothing, carpets, and aqueous film-forming
foams (AFFF) used in firefighting.1–5 PFAS have become global
environmental contaminants, found in water and food sources
around the world.6–8 Consumption of PFAS through these contami-
nated sources have led to the accumulation of PFAS in humans,
resulting in 98% of American adults having detectable PFAS levels
in their blood.9 PFAS, especially long-chain or legacy PFAS, have
long half-lives and are resistant to degradation, leading to their
inclusion in a group of chemicals termed forever chemicals.10,11

Although production of legacy long-chain PFAS has been phased
out in the United States, emerging PFAS of unknown toxicity, with
shorter chain lengths or fluoroether alternatives, have been used as
replacements.12–14 Research into the effects of emerging PFAS,
such as hexafluoropropylene oxide dimer acid (GenX), is a growing
field. Although GenX has a much shorter biological half-life com-
pared with legacy PFAS, animal studies have demonstrated that
GenX exposure can lead to adverse health effects similar to other
PFAS.15–17

Research into the health effects of PFAS has revealed that ex-
posure is associatedwith numerous adverse outcomes in humans.18

Perfluorooctanoic acid (PFOA) exposure in humans has been asso-
ciated with kidney and testicular cancers,19–21 as well as negative
reproductive and developmental effects, including impaired fertil-
ity22,23 and decreased birth weight.24 PFAS exposure has also
been shown to have hepatotoxic effects and is associated with bio-
markers of liver function and metabolic dysfunction-associated
steatotic liver disease (MASLD; formerly known as nonalcoholic
fatty liver disease) in humans.25–27 Recent studies have also high-
lighted the association of PFAS exposure with markers of cardiovas-
cular risk,28,29 although a consistent association between increasing
PFAS levels in humans and cardiovascular disease were not found in
recent meta-analyses.30,31 Cardiovascular diseases are the leading
cause of premature mortality worldwide.32,33 Despite effective inter-
ventions for historical risk factors [e.g., low-density lipoprotein
(LDL) cholesterol, blood pressure, smoking], considerable residual
risk remains for atherosclerotic heart disease, implicating a role for
other environmental stressors, such as PFAS.34,35

High levels of cholesterol are an important factor in the for-
mation and progression of atherosclerotic plaques, leading to
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blood clots and related events, such as heart attacks, strokes, or
aneurisms.36–38 Previous epidemiological studies have repeatedly
determined PFAS exposure to be associated with elevated choles-
terol (i.e., hypercholesterolemia).31,39–42 Most PFAS, especially
PFOA and perfluorooctanesulfonic acid (PFOS), were found
associated with increased total and LDL cholesterol, whereas cer-
tain PFAS, such as perfluorohexane sulfonic acid (PFHxS) and
perfluorodecanoic acid (PFDA), demonstrated a positive associa-
tion with high-density lipoprotein (HDL) cholesterol.43 Even at
lower “background” PFAS levels within the general US popula-
tion, analysis of National Health and Nutrition Examination
Survey (NHANES) data (2003–2004) reported positive associa-
tions between PFOS, PFOA, perfluorononanoic acid (PFNA) and
both total and non-HDL cholesterol.40

The primary route of cholesterol catabolism is through its
conversion to bile acids, accounting for ∼ 50% of its daily turn-
over.44 Bile acids are synthesized in the liver from cholesterol
and then move into the bile, through the intestines, and then can
be either excreted or reabsorbed at the distal small intestine (il-
eum) and sent back to the liver, a cycle that is known as the enter-
ohepatic circulation.45 Previous studies have shown that PFAS
exposure has been significantly associated with alterations of bile
acid profiles.46–49 Furthermore, previous studies have shown that
having lower levels of bile acid excretion in patients was associ-
ated with coronary artery disease and its risk factors.50,51

To be able to circulate within the enterohepatic circulation, bile
acids bind to active membrane transporters.52 The ileum is the
major site of bile acid intestinal absorption, where the apical
sodium-dependent bile acid transporter (ASBT) is responsible for
most of the active absorption of bile acids, facilitating their trans-
port from the lumen of the ileum across the apical membrane of
ileal enterocytes.52–55 It has previously been shown that PFAS are
able to directly bind several bile acid transporters, including
ASBT,56 which is critical for PFAS transport through the enterohe-
patic circulation.57 Taken together, these studies support the idea
that alterations in bile acid metabolism and transport within the il-
eummay play an important role in the development of coronary ar-
tery disease. In the present study, we aimed to investigate
mechanisms linking exposure to a PFAS mixture with impacts on
cholesterol and bile acid metabolism. To do this, we used LDL re-
ceptor–deficient mice (Ldlr−=− ), which have high levels of LDL/
very LDL (VLDL) cholesterol and aortic lesion development simi-
lar to humans when fed the Clinton/Cybulsky diet,58 that were
exposed towater containing amixture offive environmentally rele-
vant PFAS (PFOA, PFOS, PFHxS, PFNA, andGenX) for 7 wk.

Materials and Methods

Animal Experiments
Male and female B6.129S7-Ldlrtm1Her/J mice (strain #002207) on
a C57Bl/6J genetic background were purchased from Jackson
Laboratories at 7 wk of age and were allowed to acclimate for 1
wk upon arrival. The mice were housed with five mice per cage in
a 12-h light/dark cycle under controlled temperature (21–23°C)
and humidity (30%–70%). The mice were then randomly divided
into the following four experimental groups: a) female+vehicle
(n=10), b) female+PFAS (n=10), c) male+vehicle (n=10), and
d) male+PFAS (n=10). Subsequent to acclimation, the Ldlr−=−

mice were fed an atherogenic diet (Clinton/Cybulsky low-fat diet,
0.15% cholesterol; Research Diets; product number D01061401C)
(Table S1) for 1 wk prior to the beginning of PFAS exposure and
then continued on the atherogenic diet for the remainder of the
study.

The Ldlr−=− mice were exposed for 7 wk via their drinking
water supply to either control water or water containing a PFAS

mixture. Double-distilled water from Wayne State University
was used to produce the control and PFAS water. The PFAS
water contained a mixture of five PFAS: a) PFOA (Sigma-
Aldrich; CAS No: 335-67-1; 95%), b) PFOS (Sigma-Aldrich;
CAS No: 2795-39-3; ≥98:0%), c) PFHxS (J&K Scientific; CAS
No: 3871-99-6; ≥98:0%), d) PFNA (Sigma-Aldrich; CAS No:
375-95-1; 97%), and e) GenX (Synquest Laboratories; CAS No:
62037-80-3; 95%). PFAS water was made from a 10× concen-
trated stock (containing each PFAS at 20 mg=L) used throughout
the experiment. Each of the five PFAS were present in the PFAS
mixture water at a concentration of 2 mg=L and the mice were
allowed to drink the water ad libitum. The estrous cycle was not
controlled for in the female mice throughout the study. Control
groups were provided control water containing no PFAS. Water
bottles were changed weekly. The animal protocol was approved
by the Wayne State University Institutional Animal Care and Use
Committee.

Sample Collection
The body weight per mouse and the food and water intake per cage
(i.e., per five mice) were recorded weekly. Blood was collected lon-
gitudinally throughout the study via the submandibular vein at the
start of weeks 3 (unfasted) and 5 (unfasted), as well as at study com-
pletion (fasted). Fasting was conducted overnight for 16 h prior to
euthanasia. Mice were euthanized via carbon dioxide. Plasma was
separated from blood via centrifugation at 2,000× g for 10 min at
4°C. Body composition was measured via an EchoMRI Body
CompositionAnalyzer (EchoMedical System) for fivemice of each
group at weeks 2 and 5, as well as at study completion. Tissues and
samples collected at study completion include liver, aortas, ileum,
kidney, gonadal fat, and cecum contents. Sections of the liver’s large
right lobe were either collected in Scigen Tissue-Plus O.C.T.
Compound (Thermo Fisher Scientific, #4585), fixed in 10% neutral-
buffered formalin for histology or homogenized in TRI Reagent
Solution (Thermo Fisher Scientific, #AM9738). The remaining liver
tissue was frozen at −80�C. The ileal section of the intestines was
identified as ∼ 6 cm distance from the cecum. Ileal tissue was ho-
mogenized in TRI reagent or frozen at −80�C. Ileal contents were
not removed prior to RNAextraction. Cecum contents were emptied
from the cecum and frozen at −80�C. Tissues for hematoxylin and
eosin (H&E) staining were fixed in 10% neutral-buffered formalin
(48 h) and embedded in paraffin (Sakura Tissue Tek VIP E300
Tissue Processor). Sections were cut at a thickness of 4 lm (Sakura
Tissue Tek TEC 5 Tissue Embedding Console System) and stained
with H&E. The activity of alanine aminotransferase (ALT) was
measured in plasma by using the Alanine Aminotransferase
ActivityAssayKit (Sigma-Aldrich, #MAK052).

Urine and feces samples were collected from six mice per
treatment group on week 6 of PFAS exposure. The mice were
individually housed in metabolic cages (Tecniplast USA, Inc.)
for 48 h. The mice were allowed 24 h to acclimate to the cages;
then urine and feces samples were collected, measured for vol-
ume or weight, respectively, and frozen at −80�C until subse-
quent analysis. For urine and feces amounts collected, the fold
change was calculated by dividing the PFAS-exposed values by
the vehicle values for each sex.

Atherosclerosis Analysis
Aortas were isolated from the mice and cleaned by removing
adventitial tissue. The aortas were then sent to the University of
Massachusetts for analysis by the Mouse Metabolic Phenotyping
Center. The aortas were stained with Oil Red O and prepared for
en face measurement. Bright-field images were obtained with a
Nikon Stereo microscope (Nikon Instruments) equipped with a
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SPOT Insight camera (SPOT Imaging). Images were analyzed
for atherosclerotic percentage using ImageJ software.59

Mesoplex Cytokine Analysis
Plasma samples collected following 7 wk of PFAS exposure were
analyzed for levels of inflammatory biomarkers. Plasma biomarker
levels were quantified using a subset of the U-PLEX Biomarker
Group 1 (Mouse) multiplex assay (MSD) according to the manufac-
turer’s instructions. The assay was run using aMESOQuickPlex SQ
120 plate reader, and data analysis was conducted using the
Discovery Workbench Desktop Analysis Software (version 4.0;
Meso ScaleDiagnostics).

RNA Sequencing
Total RNAwas extracted from the ileum samples using TRI Reagent
Solution (Thermo Fisher Scientific). Ilea were collected for male
mice only, with female samples lacking owing to personnel over-
sight. The RNA purity and quantity were measured using a spectro-
photometer (NanoDrop 2000, Thermo Fisher Scientific). The
Wayne State University Genome Sciences Core performed the RNA
sequencing (RNA-seq). The quality of the RNA was assessed on a
TapeStation (Agilent). The RNA integrity numbers (RINs)
ranged from 3.6 to 7.2 (mean= 5:7). The mRNA-seq library was
prepared using the QuantSeq 3 0 mRNA-Seq Library Prep Kit
FWD (Lexogen). Libraries were assessed by the High Sensitivity
D1000 (HS D1000) ScreenTape Assay (Agilent). Samples were
sequenced on the NovaSeq system (Illumina). Reads were aligned
to the mouse genome (Build mm10) and tabulated for each gene
region.60,61 Differential gene expression analysis was used to compare
transcriptome effects between treatment groups. Differential expres-
sion was analyzed using the analysis of variance (ANOVA)–like test
in edgeR.62 The results are reported as the PFAS-exposure fold change
from control, p-value, the Benjamini–Hochberg–adjusted p-value,
false discovery rate (FDR)–adjusted p-value, and the individual read
counts by gene for each sample replicate. Significantly differentially
expressed genes (|log fold change| ≥ 2; p-value ≤0:05) were used to
perform gene ontology enrichment analyses via the Database for
Annotation, Visualization, and Integrated Discovery (DAVID) soft-
ware.63 Differential expression was analyzed using the ANOVA-like
test in edgeR.62 The RNA-seq data has been uploaded to the Gene
Expression Omnibus (GEO) database with the reference number
GSE263158.

Real-Time Quantitative Polymerase Chain Reaction Gene
Expression Analysis
Total cellular RNA was extracted from liver tissue using TRI rea-
gent. RNA quantity and purity were measured and validated via
spectrophotometer (NanoDrop 2000, Thermo Fisher Scientific).
Total RNA was used to synthesize complementary DNA (cDNA)
using the High-Capacity cDNA Reverse Transcription Kit
(#4368814, Thermo Fisher Scientific). Reverse transcription was
performed on a Bio-Rad T100 Thermal Cycler under the follow-
ing conditions: a) 25°C for 10 min, b) 37°C for 2 h, c) 85°C for 5
min, and d) hold at 10°C. All analyzed genes and primer sequen-
ces were obtained from Integrated DNA Technologies and are
presented in Table S2. For analysis of Cyp7a1 and Cyp27a1,
Taqman Fast Advanced Master Mix (#4444557, Thermo Fisher
Scientific) was used to perform real-time quantitative polymerase
chain reaction (RT-qPCR) under the following conditions: a) 50°C
for 2 min, b) 95°C for 20 s, c) 95°C for 3 s, and d) 60°C for 30 s
(40 cycles). For all other genes, PowerUp SYBR Green Master
Mix (#A25742, Thermo Fisher Scientific) was used to perform
RT-qPCR under the following conditions: a) 50°C for 2 min,
b) 95°C for 2 min, c) 95°C for 1 s, and d) 60°C for 30 s (40

cycles). All RT-qPCR was performed using the QuantStudio 6
Pro (Thermo Fisher Scientific). For all genes measured by RT-
qPCR, the fold change was calculated as 2−DDCT and normalized to
the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase
(GAPDH). The relative gene expression was set to 1 for the female
vehicle samples as the reference samples.

Plasma Lipid and Hormone Measurements
Total plasma cholesterol levels were measured by colorimetric
assay (Total Cholesterol E Assay Kit, #999-02601, Fujifilm Wako
Diagnostics). Colorimetric assays were run on a CLARIOstar
microplate reader (BMG Labtech) and results were analyzed using
CLARIOstar MARS data analysis software (BMG Labtech).
Samples were run in duplicate and the average percentage coeffi-
cient of variation between duplicate wells was ∼ 3%. The lowest
cholesterol standard was 0:0625 mg=dL, and no samples fell out-
side the limit of detection (LOD). HDL and LDL/VLDL choles-
terol fractions were separated by precipitation, and free and
esterified cholesterol levels were measured, using the Cholesterol
Assay Kit - HDL and LDL/VLDL, according to manufacturer pro-
tocol (Abcam, ab65390). Progesterone was measured by colori-
metric assay (Enzo Life Sciences, ADI-900-011), according to
manufacturer protocol. Follicle-stimulating hormone (FSH) was
measured by colorimetric assay (Elabscience, E-EL-M0511),
according to manufacturer protocol. Luteinizing hormone (LH)
was measured by colorimetric assay (Elabscience, E-EL-M3053),
according to manufacturer protocol. Fold change was calculated
by dividing themeasured PFAS-exposed values by the vehicle val-
ues for each sex.

Hepatic Bile Acid and Cholesterol Measurements
Liver tissues were homogenized in phosphate-buffered saline, incu-
bated on ice for 30 min, and centrifuged at 12,000× g for 15 min at
4°C. Protein concentrations were determined by the Bradford assay
(Quick Start Bradford 1 × Dye Reagent #5000205, Bio-Rad).
Levels of hepatic cholesterol and bile acids weremeasured by color-
imetric assays using the Total Cholesterol E Assay Kit (#999-
02601, Fujifilm) and Total Bile Acid Assay Kit (#STA-631, Cell
Biolabs), respectively, according to each manufacturer’s instruc-
tions. The levels of cholesterol and bile acids were normalized by
protein concentrations.

Absolute Quantitation of Fecal and Circulating Bile Acids
Quantitation of bile acids was performed by the Michigan State
University Mass Spectrometry Core. For the fecal samples,
∼ 50 mg of fecal pellets were weighed and extracted with 400 lL
of acetonitrile (ACN):water (1:1 vol:vol) after spiking each sample
with 5 lg of d4-glycochenodeoxycholic acid (GCDCA-d4; inter-
nal standard). Samples were vortexed for 1 min, then mixed by
shaking for 15 min, followed by centrifugation for 10 min, and
the supernatants were collected to a new tube. The remaining pel-
let was reextracted with an additional 400 lL of ACN:water (1:1
vol:vol). Samples were further diluted 50-fold prior to liquid
chromatography–mass spectrometry (LC-MS) analysis. Each
diluted sample was centrifuged for 10 min immediately prior to
being transferred to glass LC-MS vials.

For the plasma samples, 50 lL of plasma were mixed with
50 lL of water and extracted with 300 lL of ACN:water (1:1
vol:vol) after spiking each sample with 12:5 ng of GCDCA-d4
(internal standard). Samples were vortexed for 1 min, then mixed
by shaking for 15 min, followed by centrifugation for 10 min,
and the supernatants were collected to a new tube. The remaining
pellet was reextracted with an additional 300 lL of ACN:water
(1:1 vol:vol). The pooled supernatants were dried under vacuum
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(without heat) in a speedvac centrifuge and reconstituted in
50 lL of ACN:water (1:1 vol:vol) by vortexing for 15 min, then
transferring the entire supernatant to an LC-MS vial. Samples
were centrifuged for 10 min immediately prior to being trans-
ferred to the autosampler.

LC-MS analysis was adapted from Swann et al.64 The LC-MS
system consisted of a Shimadzu Prominence high-performance
liquid chromatograph (HPLC) and an LTQ-Orbitrap Velos MS.
Standards and samples were analyzed by LC-MS in the following
condition: a) injection of 10 lL; b) flow: 0:2 mL=min; c)
oven: 40�C; d) sample chamber: 10�C; e) column: Phenomenex
C18AQ (2:0× 150 mm, 4:0 lm, 80 Angstrom); and f) gradient.
Chromatographic peak alignment, isotope correction, compound
identification, and peak area quantification was performed using
MAVEN metabolomics software.65 Peak areas were quantitated
against the peak areas of the internal standard. Fold change was cal-
culated by dividing measurements from PFAS-exposed mice by the
measurements for vehicle control mice. Comparisons were done ei-
ther as PFAS treatment with a sex or by overall PFAS treatment
(regardless of sex), as indicated.

Absolute Quantitation of Circulating PFAS
Quantitation of absolute circulating PFAS levels were meas-
ured in plasma after 7 wk of PFAS exposure by the Wayne
State University Lumigan Instrument Center, as previously
reported.47 The circulating PFAS levels are presented in Table 1.
Briefly, plasma sample extraction was completed using an Agilent
Enhanced Matrix Removal (EMR)–Captiva lipid extraction 96-
well plate. Samples were analyzed using a Thermo Scientific TSQ
Altis with UltiMate 3000 ultra-HPLC. Mobile phases used were
(A) 20mM ammonium acetate in LC-MS–grade water, and (B)
LC-MS–grade ACN. PFAS were detected in negative ion mode
using electrospray ionization. The LOD were as follows: PFOA
1:00 ppb, PFOS 4:64 ppb, PFHxS 0.46 ppb, PFNA 0:5 ppb, and
GenX 0:5 ppb.

Western Blotting
Liver and ileal tissue were homogenized in radioimmunoprecipita-
tion assay buffer. Samples were centrifuged at 12,000 × g for 15
min at 4°C, and the supernatant was collected. Total protein levels
were measured by the Bradford assay (Quick Start Bradford 1 ×
Dye Reagent #5000205, Bio-Rad). Twenty micrograms of
total protein for each sample were separated by 10% sodium
dodecyl sulfate–polyacrylamide gel and then transferred to a nitro-
cellulose membrane. For Western blot analysis, the membranes
were incubated with antibodies to measures proteins of interest, as
follows. ASBT was analyzed using anti-SLC10A2/ASBT rabbit
polyclonal antibody (Abcam, #ab203205; diluted 1:1,000). The bile
acid transporter sodium taurocholate cotransporting polypeptide
(NTCP) was analyzed using anti-NTCP/SLC10A1 rabbit polyclonal
antibody (Bioss, #bs-1958R; diluted 1:1,000). b-actin was analyzed
using anti; b-actin (13E5) rabbit monoclonal antibody (Cell
Signaling Technology, #4970; diluted 1:1,000). The secondary anti-
body used was anti-rabbit immunoglobulin G, horseradish peroxi-
dase–linked antibody (Cell Signaling Technology, #7074; diluted
1:1,0,000). The membranes were blocked in Tris-buffered saline
with Tween (TBST; 0.1% Tween) +5% milk for 1 h at room temper-
ature. The membranes were then incubated with primary antibody
overnight at 4°C with rocking. The blots were then washed with
TBST three times for 10 min at room temperature. Then the blots
were incubated with secondary antibody for 1 h at room temperature.
The blots were then again washed with TBST three times for 10 min
at room temperature. Protein bands were detected using Pierce
Enhanced Chemiluminescence (ECL) Western Blotting Substrate
(Thermo Fisher Scientific, #32209). Protein bands were imaged using
a ChemiDoc MP Imaging System (Bio-Rad). Quantification of pro-
tein levels was performed using ImageJ software.59

Statistical Analysis
RNA-seq of ileal tissue was performed by the Wayne State
University Genome Sciences Core, and statistical analysis of the

Table 1. Circulating levels of individual PFAS after exposure of Ldlr−=− mice to the PFAS mixture.

Absolute plasma PFAS levelsa

PFAS biomonitoring
study (year of
publication)

Measured PFAS levels
(ng/mL)

Biochemical
Name

PFAS female average
concentration (ng/mL)

PFAS male average
concentration (ng/mL)

PFAS female
vs. PFAS male
(fold change)

Sex difference
(p-value)b

PFOA 21,600± 6,900 12,900± 3,700 1.7 0.037* Sakr et al. (2007)66 Median (range): 494
(5–9,550)

Olsen and Zobel (2007)67 Median (range): 950
(10–92,030)

Girardi and Merler
(2019)68

Geometric mean
(range): 4,048
(19–91,900)

L-PFOS 20,100± 5,700 9,700± 3,600 2.1 0.009* Olsen et al. (2007)11 Median (range): 626
(145–3,490)

Olsen and Zobel (2007)67 Median (range): 450
(30–4,790)

Lu et al. (2019)69 Median (range): 909.3
(9.6–43,299)

L-PFHxS 31,200± 10,000 23,000± 7,700 1.4 0.19 Olsen et al. (2007)11 Median (range): 193
(16–1,295)

Lu et al. (2019)69 Median (range): 785.2
(<LOD to 1,226)

PFNA 23,500± 10,200 14,300± 3,900 1.6 0.10 Wang et al. (2012)70 Median (range): 5.7
(0.8–24.5)

Nilsson et al. (2010)71 Median (range): 14.7
(0.8–163)

HFPO-DA
(GenX)

1,500± 1,500 1,700± 2,500 0.9 0.88 Petriello et al. (2022)72 Median (range): 0.321
(0.06–1.00)

Note: Ldlr, low density lipoprotein receptor; LOD, limit of detection; L-PFHxS, perfluorohexane sulfonic acid; L-PFOS, perfluorooctanesulfonic acid; PFAS, per- and polyfluoroalkyl
substances; PFNA, perfluorononanoic acid; PFOA, perfluorooctanoic acid; HFPO-DA (GenX), hexafluoropropylene oxide dimer acid. *Represents statistical significance (p<0:05).
aN =10 total; data from 5 PFAS-exposed females and 5 PFAS-exposed males.
bSignificance between PFAS-exposed males and PFAS-exposed females were determined using t-test; p<0:05.
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results was done with R statistical software (version 4.2.0; R
Development Core Team). Spearman correlation analysis of circu-
lating PFAS and cholesterol fractions was performed using JMP
Statistical Software (version 15.2; SAS Institute Inc.). For data other
than RNA-seq, comparisons of multiple groups were analyzed by
two-way ANOVA and the Holm–Sidak post hoc test for multiple
comparisons using SigmaPlot (version 14; Systat Software Inc.).
Two-way ANOVA was used to analyze both main effects (i.e., sex,
PFAS), as well as the interaction between sex and PFAS. With past
consultation from biostatisticians, a significant interaction term
supersedes the main effects and can make their meaning unclear.
We therefore have not included the main effects p-values for any
figure with a significant interaction. Graphed values are denoted as
mean± standard error of themean ðSEMÞ. A probability value of
p<0:05 was considered statistically significant. Data that was non-
normally distributed was log10 transformed. Statistics provided
were based on transformed data and indicated in figure legends.

Results

PFAS Effects on Hepatic Toxicity
The present study investigated possible mechanisms linking
exposure to a PFAS mixture with increased circulating choles-
terol. To do this, we used male and female Ldlr−=− mice,
which have high levels of LDL/VLDL cholesterol and aortic
lesion development similar to humans when fed diets enriched
with cholesterol.58 The mice were exposed to water containing
a mixture of five environmentally relevant PFAS (PFOA,
PFOS, PFNA, PFHxS, and GenX) for 7 wk.

To characterize hepatic toxicity in Ldlr−=− mice exposed to the
PFASmixture, liver sections of male and femalemice were stained
with H&E (Figure 1A). PFAS-exposed mice exhibited hepatocyte
hypertrophy as indicated by the appearance of larger hepatocytes
and lipid infiltration compared with vehicle control mice, espe-
cially in the female PFAS-exposed mice. By the end of the study, a
significant PFAS:sex interaction in body weight was observed
(Figure 1B,C). This interaction was driven by a significant differ-
ence in body weight in PFAS-exposed females (namely, lower
body weight) compared with vehicle control females (p<0:001),
whereas body weight was not significantly different between male
PFAS-exposed and vehicle control groups (p=0:88; interaction
p<0:001). Fat weight (reported as a percentage of body weight)
was also found to be significantly lower in PFAS-exposed mice,
especially females, after 4 and 7 wk of PFAS exposure (Figure S1).
Circulating plasma levels of ALT were significantly higher in
PFAS-exposed females compared with vehicle controls, whereas
there was no significant difference in males (Figure 1D). Liver
weight (reported as a percentage of body weight) was significantly
greater after 7 wk of PFAS exposure in both females and males,
with liver weight in females higher by ∼ 2:5-fold (p<0:001) and
inmales higher by ∼ 2-fold (p<0:001) (Figure 1E).

Circulating PFAS Levels and Dietary Intake and Excretion
After 7 wk of exposure to the PFAS mixture, the female PFAS-
exposed mice had plasma PFAS levels at concentrations of 21.6,
20.1, 31.2, 23.5, and 1:5 lg=mL of PFOA, PFOS, PFHxS, PFNA,
and GenX, respectively (Table 1). The male PFAS-exposed mice
had plasma PFAS levels at concentrations of 12.9, 9.7, 23, 14.3,
and 1:7 lg=mL of PFOA, PFOS, PFHxS, PFNA, and GenX,
respectively (Table 1). Significant sex differences were observed
for circulating levels of PFOA (p=0:037) and PFOS (p=0:009),
with higher levels of both measured in the female PFAS-exposed
mice comparedwith PFAS-exposedmales. Food intakewasmeasured
weekly throughout the study (Figure 2A). From week 2 onward, the

male PFAS-exposed mice ate more than the female PFAS-exposed
mice. Female food intake was not significantly affected due to PFAS
exposure until after 6 wk, when the PFAS-exposed females ate less
food compared with vehicle control females (p=0:025) (Figure 2A).
Water intake was also measured weekly throughout the study (Figure
2B). At weeks 1, 4, and 6, themale PFAS-exposedmice drank signifi-
cant more water than the female PFAS-exposed mice (Figure 2B). At
none of the weekly time points were the female PFAS-exposed mice
observed to drinkmore than theirmale counterparts.

In addition, on the final week of PFAS exposure, six mice from
each treatment group were moved into urine and feces collection
cages. In these cages, PFAS-exposed mice had significantly greater
water intake during this time (overall exposure effect p=0:014)
(Figure 2C). Urine output volumewas alsomeasured over a 24-h col-
lection period, and greater urine output was found in PFAS-exposed
females (p=0:04) and in PFAS-exposed males (p=0:015; overall
exposure effect p=0:003) (Figure 2D). In addition, the amount of
fecal mass excreted was significantly greater by ∼ 64% in the male
PFAS-exposed mice compared with male vehicle (p<0:001),
whereas female fecal excretion was not significantly different
betweenPFAS-exposed (p=0:60) and vehicle controlmice (interac-
tion p=0:015) (Figure 2E).

PFAS Exposure and Circulating Cholesterol Levels
Plasma collected longitudinally throughout the studywas analyzed
for cholesterol levels. After 3 wk of PFAS exposure, total choles-
terol levels in the female PFAS-exposed mice were significantly
lower than those in vehicle control mice, with levels of 784 mg=dL
in vehicle females and 610 mg=dL in PFAS-exposed females
(p=0:007). However, this effect was not observed in males
(Figure 3A). After 5 wk of PFAS exposure, no significant differen-
ces were observed between PFAS-exposed and vehicle control
mice of either sex (Figure 3B). However, after 7 wk of PFAS expo-
sure, total cholesterol levels were significantly higher in female
(415 mg=dL vs. 352 mg=dL; p=0:036) and male (488 mg=dL vs.
392 mg=dL; p=0:002) PFAS-exposed mice compared with vehi-
cle control mice, respectively (Figure 3C).

The plasma HDL and LDL/VLDL lipoprotein fractions were
also analyzed. Total LDL/VLDL cholesterol did not significantly
differ in mice exposed to the PFAS mixture compared with those
exposed to vehicle (Figure 3D). The free LDL/VLDL cholesterol
fraction demonstrated a trend toward being higher in PFAS-exposed
mice, but was not statistically significant (p=0:087) (Figure 3E).
The esterified LDL/VLDL cholesterol fraction did not differ signifi-
cantly (Figure 3G). The HDL cholesterol fraction was significantly
higher in PFAS-exposed females (23 mg=dL in vehicle vs.
31 mg=dL in the PFAS-exposed group; p=0:022), and in PFAS-
exposed males (42 mg=dL in vehicle vs. 50 mg=dL in PFAS-
exposed group; p=0:030) (Figure 3G). The HDL:LDL/VLDL ratio
did not differ significantlywith PFAS exposure (Figure 3H).

Circulating PFAS levels were correlated with LDL/VLDL
and HDL cholesterol fractions (Table S3). There were signifi-
cant positive correlations between PFOS and free VLDL/LDL
cholesterol (p=0:029) and significant inverse correlations with
HDL cholesterol (p=0:048). Similar trends were observed for
circulating PFOA. No significant correlations between LDL/
VLDL or HDL cholesterol with other PFAS were observed
(Table S3).

Inflammatory Markers and Atherosclerotic Lesion
Development
Finally, circulating levels of inflammatory cytokines were
measured after 7 wk of PFAS exposure (Figure 4A–C; Figure
S2A–E). Circulating levels of tumor necrosis factor-a (TNF-a)
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demonstrated a significant PFAS:sex interaction (interaction
p<0:001), driven by lower levels in female PFAS-exposed
mice (p<0:001) and higher levels in male PFAS-exposed mice
(p=0:012), compared with relative controls (Figure 4A). Circulating
levels of monocyte chemoattractant protein-1 (MCP-1) also demon-
strated a significant PFAS:sex interaction (interaction p=0:005),
driven by lower levels in female PFAS-exposed mice (p=0:011)
and higher levels in male PFAS-exposed mice approaching signifi-
cance (p=0:102), compared with relative controls (Figure 4B).
Circulating levels of interleukin-6 (IL-6) demonstrated a PFAS:sex
interaction approaching significance (interaction p=0:056), driven
by higher levels in female PFAS-exposed mice (p=0:003), whereas
IL-6 levels in males were not significantly different (Figure 4C). The
other measured cytokines did not demonstrate a significant effect due
to PFAS exposure (Figure S2). Finally, en face analysis was com-
pleted on a subset of aortic arches. No significant differences were
recorded at this early time point of atherosclerotic development
(Figure 4D,E).

Circulating Bile Acid Levels

Circulating levels of total bile acids were significantly higher in the
PFAS-exposed mice compared with vehicle control mice (Figure 5).
Female total bile acid levels were 2,978 pg=lL in vehicle control
females and 8,496 pg=lL in PFAS-exposed females (p<0:001),
whereas male total bile acid levels were 1,960 pg=lL in vehicle con-
trol males and 4,452 pg=lL in PFAS-exposed males (p<0:001;
overall exposure effect p<0:001; interaction p=0:91). Specific cir-
culating primary and secondary bile acids, along with many of their
conjugated forms, were measured after 7 wk of PFAS exposure
(Table 2). Plasma levels of the primary bile acids—cholic acid (CA),
taurocholic acid (TCA), glycocholic acid (GCA), taurocheno-
deoxycholic acid (TCDCA), a-muricholic acid (aMCA), tauro-
a-muricholic acid (TaMCA), and taurocholic acid 3-sulfate
(TCA-3-SO4)—were all significantly higher in PFAS-exposed
mice, ranging from 1.77- to 6.63-fold higher than those of vehicle
control mice (overall exposure effect p<0:007 for all) (Table 2).

A

B

D EC

Figure 1.Measures of toxicity (liver weight, ALT, and histology; body weight) in Ldlr−=− mice exposed to the PFAS mixture. Male and female Ldlr−=− mice
were exposed to vehicle water or the PFAS mixture for 7 wk. n=10 mice per treatment group. (A) Male and female liver sections were stained for H&E.
Arrows indicate lipid droplets. Images were taken at 20 × magnification. (B) Weights for each mouse were recorded weekly. Graph represents the average
weight over time. Error bars represent the standard error of the mean. (C) Body weights of mice measured at euthanasia. (D) ALT levels were measured in
plasma collected after 7 wk of PFAS exposure. (E) Liver weight at euthanasia given as a percentage of total body weight. In (C–E), two-way ANOVA was
used to analyze both main effects (i.e., sex, PFAS), as well as the interaction between sex and PFAS (interaction p<0:05). The Holm–Sidak post hoc test was
used for multiple comparisons. With past consultation from biostatisticians, a significant interaction term supersedes the main effects and can make their mean-
ing unclear. We therefore have not included the main effects p-values for any result with a significant interaction. Box plots represent the median values with
upper and lower quartiles; whiskers extend to the 1st and 99th percentiles. Data are reported in Excel Tables S1–S3. Note: ALT, alanine aminotransferase;
ANOVA, analysis of variance; H&E, hematoxylin and eosin; Ldlr, low density lipoprotein receptor; PFAS, per- and polyfluoroalkyl substances.
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The only primary bile acid included in our measurements that
was lower in PFAS-exposed animals was chenodeoxycholic
acid (CDCA), which was nearly absent in PFAS-exposed mice
compared with vehicle control mice (overall exposure effect
p<0:001). In addition, the bile acids glycochenodeoxycholic
acid (GCDCA), cholic acid 7-sulfate (CA-7-SO4), and urso-
deoxycholic acid 3-sulfate (UDCA-3-SO4) demonstrated a sig-
nificant interaction between PFAS exposure and sex, driven by
higher levels in the PFAS-exposed females (Table 2). The bile
acids bMCA, UDCA-3-SO4, and deoxycholic acid disulfate
(DCA-3-SO4) also demonstrated a significant interaction
between PFAS exposure and sex, which was driven by higher
levels in PFAS-exposed males (Table 2).

Hepatic Levels of Total Cholesterol and Bile Acids
Hepatic levels of total cholesterol were significantly lower in
both male and female PFAS-exposed Ldlr−=− mice compared
with vehicle control mice after 7 wk of PFAS exposure (Figure
6A). Total cholesterol levels were significantly lower by 0.40-
fold in female PFAS-exposed mice (p<0:001) and 0.36-fold in
male PFAS-exposed mice (p=0:007; overall exposure effect
p<0:001; interaction p=0:157). Expression of the rate-limiting

enzyme in cholesterol synthesis, 3-hydroxy-3-methylglutaryl
coenzyme A reductase (Hmgcr), demonstrated a significant
PFAS:sex interaction, which was driven by a significant 0.42-
fold lower level in the PFAS-exposed females (p<0:001) and a
0.67-fold lower level in the PFAS-exposed males (p<0:001)
(interaction p=0:002) (Figure 6B). General pathways for both
endogenous cholesterol synthesis and bile acid synthesis are
depicted in a schematic in Figure 6C.

Total hepatic bile acid levels demonstrated a PFAS:sex interac-
tion approaching significance (interaction p=0:053) (Figure 6D).
This was driven by 0.42-fold lower level in the female PFAS-
exposed mice (p<0:001), whereas male PFAS-exposed mice were
lower by 0.65-fold (p=0:008). Transcriptional regulation of
Cyp7a1 (Figure 6E) and Cyp27a1 (Figure 6F), two rate-limiting
enzymes in bile acid synthesis, weremeasured byRT-qPCR.Neither
Cyp7a1 (overall exposure effect p=0:418) norCyp27a1 (overall ex-
posure effect p=0:798) were differentially expressed in PFAS-
exposedmice comparedwith vehicle controlmice.

Hepatic Bile Acid Transporters
After 7 wk of PFAS exposure, the effects on transcriptional regu-
lation of several hepatic bile acid transporters were measured by

C D E
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Figure 2. Exposure of Ldlr−=− mice to the PFAS mixture and food and water intake, urine volume, and fecal mass. (A) The average food intake per mouse per day
was calculated weekly for all mice of each group (n=10). (B) Changes in water intake from the beginning of PFAS exposure to 6 wk of PFAS exposure. Mice were
placed into urine and feces collection cages after week 6: female+vehicle (n=6), female+PFAS (n=6), male+vehicle (n=6), and male+PFAS (n=6). The indi-
cated statistics for week 4 refer to PFAS-exposed females compared with vehicle control females. (C) The average water intake per mouse over a 24-h period in
week 7. The total amount of (D) urine and (E) feces excreted over a 24-h period in week 7 are presented. Statistical significance for (A,B) (p<0:05) was determined
by t-test and the error bars represent the standard error of the mean. #p<0:05 compared with opposite sex of the same treatment. *p<0:05 comparing treatment
groups within same sex. In (C–E), two-way ANOVAwas used to analyze both main effects (i.e., sex, PFAS), as well as the interaction between sex and PFAS (inter-
action p<0:05). The Holm–Sidak post hoc test was used for multiple comparisons. With past consultation from biostatisticians, a significant interaction term super-
sedes the main effects and canmake their meaning unclear.We therefore have not included themain effects p-values for any result with a significant interaction. Box
plots represent the median values with upper and lower quartiles; whiskers extend to the 1st and 99th percentiles. Data are reported in Excel Tables S4–S6. Note:
ANOVA, analysis of variance; Ldlr, low density lipoprotein receptor; PFAS, per- and polyfluoroalkyl substances.
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RT-qPCR. Many of the following hepatic bile acid transporters
are summarized in Figure 7A, as well as their roles in hepatic
influx and efflux and the observed PFAS-mediated effects.
Specifically, expression of hepatic Abcc3, Abcc4, Slc10a1, and
Ephx1 (Figure 7B–D; Figure S3) all demonstrated a significant
interaction between PFAS exposure and sex. The PFAS:sex
interaction for Abcc3 was driven by significantly higher expres-
sion in PFAS-exposed male mice (p<0:001), whereas the dif-
ference in females was not quite significant (p=0:053) (Figure
7B). The PFAS:sex interaction for Abcc4 was driven by a
greater fold difference in expression in PFAS-exposed males as
opposed to PFAS-exposed females when compared with their
relative vehicle controls (Figure 7C). The PFAS:sex interaction

for Slc10a1 was driven by a larger fold difference in PFAS-
exposed females as opposed to PFAS-exposed males when
compared with their relative vehicle controls (Figure 7D).
Conversely, transcriptional expression of hepatic Slc10a2,
Abcb11, and Ostb were all significantly lower by 0.14- to 0.45-
fold compared with vehicle controls due to overall PFAS expo-
sure (Figure 7E; Figure S3). Hepatic protein levels of NTCP,
coded by Slc10a1, were measured via Western blot and quanti-
fied relative to b-actin (Figure S3). Although no significant dif-
ferences were seen for female mice, hepatic NTCP levels in the
male mice were significantly up-regulated 2.4-fold in the
PFAS-exposed males compared with male vehicle control mice
(p=0:04).

B C
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Figure 3. Exposure of Ldlr−=− mice to the PFAS mixture and cholesterol outcomes. Male and female Ldlr−=− mice were exposed to water containing the
PFAS mixture for 7 wk. Blood was collected from n=10 mice in each treatment group and total cholesterol was measured after (A) 3 wk (unfasted), (B) 5 wk
(unfasted), and (C) 7 wk (fasted) of PFAS exposure. The plasma collected at euthanasia was separated into different lipoprotein subfractions: (D) total LDL/
VLDL cholesterol, (E) free LDL/VLDL, (F) esterified LDL/VLDL, and (G) total HDL cholesterol. (H) The ratio of HDL to LDL/VLDL is presented. Two-
way ANOVA was used to analyze both main effects (i.e., sex, PFAS), as well as the interaction between sex and PFAS (interaction p<0:05). The Holm–Sidak
post hoc test was used for multiple comparisons. Box plots represent the median values with upper and lower quartiles; whiskers extend to the 1st and 99th per-
centiles. Data are reported in Excel Tables S7 and S8. Note: ANOVA, analysis of variance; HDL, high-density lipoprotein; LDL, low-density lipoprotein; Ldlr,
low density lipoprotein receptor; PFAS, per- and polyfluoroalkyl substances; VLDL, very low-density lipoprotein.
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Ileal Transcriptome and Bile Acid Transporters after PFAS
Exposure in Male Mice
Transcriptomic analyses of the ileum were performed in the male
mice. A total of 36 genes were found to be significantly up-regulated
and 34 genes were found significantly down-regulated in PFAS-
exposed males (|log fold change| ≥1; FDR <0:05) (Table S4).
Gene ontology enrichment analyses were completed using the
DAVID software. The top 15 significantly enriched pathways
due to PFAS exposure, determined by the lowest Benjamini–
Hochberg–adjusted p-values, are depicted in Figure 8A and
include the acute inflammatory response, fatty acid metabolic
process, and lipid metabolic process. The alterations in gene
expression due to PFAS exposure for the specific genes within
the acute inflammatory response and the lipid metabolic process
are listed in Table S5. Transcriptomic sequencing data was next
analyzed specifically for gene expression of ileal bile acid trans-
porters. Many of the ileal bile acid influx and efflux transporters
are depicted in Figure 8B. Effects on gene expression levels of
several ileal bile acid transporters are presented in Table 3.
Transcriptional expression of ileal Slc10a2, Slc51a, Slc51bwere
all significantly up-regulated between 1.28- to 1.55-fold due to

PFAS exposure (Table 3). Protein levels of the ASBT, encoded
by Slc10a2, were also significantly higher. Ileal protein levels of
ASBT were measured via Western blot (Figure 8C) and quanti-
fied relative to b-actin (Figure 8D). Ileal levels of ASBT protein
were significantly higher by 4-fold in males due to PFAS expo-
sure (p=0:001).

Bile Acid Excretion after PFAS Exposure
Bile acid levels were measured in the feces of our mice during the
final week of the study. Total fecal bile acid levels were lower by
0.38-fold in PFAS-exposed females (p<0:001) and were lower by
0.41-fold in PFAS-exposed males (p<0:001) compared with those
in the respective vehicle control mice (Figure 8E). The fecal levels
of many individual primary and secondary bile acids were also
measured and are presented in Table 4. Plasma levels of the pri-
mary and secondary bile acids—CA, TCA, TCDCA, aMCA,
b-muricholic acid (bMCA), TaMCA, chenodeoxycholic acid-
sulfate (CDCA-SO4), lithocholic acid (LCA), deoxycholic acid
(DCA), taurodeoxycholic acid (TDCA), UDCA, tauroursodeoxy-
cholic acid (TUDCA), and DCA-3-SO4—were all significantly
lower in PFAS-exposed mice, ranging from 0.05 to 0.59 (overall

D E
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Figure 4. Exposure of Ldlr−=− mice to the PFAS mixture for 7 wk and inflammatory and atherosclerotic outcomes. Circulating cytokine protein levels for
(A) TNF-a, (B) MCP-1, and (C) IL-6 were measured from plasma collected at euthanasia from mice of each treatment group (n=5). (D) En face aortas were
stained with Oil Red O for n=4 mice per treatment group and representative images of stained aortas are shown. (E) The percentage of staining was quantified
to determine aortic atherosclerotic percentage. Two-way ANOVA was used to analyze both main effects (i.e., sex, PFAS), as well as the interaction between
sex and PFAS (interaction p<0:05). The Holm–Sidak post hoc test was used for multiple comparisons. With past consultation from biostatisticians, a signifi-
cant interaction term supersedes the main effects and can make their meaning unclear. We therefore have not included the main effects p-values for any result
with a significant interaction. Box plots represent the median values with upper and lower quartiles; whiskers extend to the 1st and 99th percentiles. Data are
reported in Excel Tables S9 and S10. Note: ANOVA, analysis of variance; IL, interleukin; Ldlr, low density lipoprotein receptor; MCP, monocyte chemoattrac-
tant protein; PFAS, per- and polyfluoroalkyl substances; TNF, tumor necrosis factor.
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exposure effect p<0:02 for all) (Table 4). In addition, six bile
acids—CDCA, GCDCA, CA-7-SO4, TCA-3-SO4, UDCA-3-SO4,
and DCA-di-SO4—demonstrated a significant interaction between
PFAS exposure and sex. For CDCA, and GCDCA, the PFAS:sex
interaction was driven by a greater difference in bile acid levels
between PFAS-exposed and vehicle control males. For TCA-3-
SO4 and DCA-di-SO4, the PFAS:sex interaction was driven by a

greater difference in bile acid levels between PFAS-exposed
females and vehicle controls. For CA-7-SO4 and UDCA-3-SO4,
the PFAS:sex interaction was driven by lower levels in PFAS-
exposed females and higher levels in males overall.

Gene expression analyses of hepatic and ileal tissues were ana-
lyzed via RT-qPCR or RNA-seq, respectively. Differences in ileal
gene expression of several nuclear receptors and downstreammedia-
tors are presented in Table 5. Interestingly, in our mice, ileal farne-
soidX receptor (FXR) expressionwas higher in PFAS-exposedmale
mice, whereas small heterodimer partner (SHP) expression was not
different. Downstream of FXR, ileal Fgf15 expression was also not
significantly different in PFAS-exposed mice (q=0:68) (Table 5).
Ileal peroxisome proliferator-activated receptor delta/beta
(PPARd=b) was significantly higher in PFAS-exposed animals, as
was its downstream target aspartoacylase (Aspa). On the other hand,
the nuclear receptor PPARa was significantly lower, along with
downstream mediator Hsd17b11. Other ileal nuclear receptors,
including Nr1i2 (PXR), Nr1i3 (CAR), Nr1i1 (VDR), Nfe2l2
(NRF2), and Pparγ, were not significantly different in PFAS-
exposed mice, nor were the selected downstream targets (Table 5).
In the liver, FXR expression was significantly down-regulated in
PFAS-exposed mice (Table S6). Hepatic SHP expression demon-
strated a significant PFAS:sex interaction, which was driven by sig-
nificantly lower levels of SHP in females (p<0:001), whereas levels
in males were not significantly different (p=0:91). Hepatic CAR
expression also demonstrated a significant PFAS:sex interaction,
driven by significantly lower levels in PFAS-exposed females
(p=0:008), whereas levels in males were not significantly different
(p=0:90) (Table S6). Finally, hepaticGstm1 expression also exhib-
ited a significant PFAS:sex interaction, which was driven by signifi-
cantly higher levels in PFAS-exposed females (p<0:001), whereas
levels inmaleswere not significantly different (p=0:12).

Estrous Cycle Hormones after PFAS Exposure
The estrous cycle was not controlled for in our female mice.
Because of this, circulating levels of FSH, LH, and progesterone
were measured in the plasma of our female mice after 7 wk of
PFAS exposure (Figure S4A–C). PFAS exposure did not signifi-
cantly impact the circulating concentrations of these three

Table 2. Circulating levels of individual plasma bile acids after exposure of Ldlr−=− mice to the PFAS mixture.

Plasma bile acidsa
Female vehicle

(mean±SEM) pg/µL
Female PFAS

(mean±SEM) pg/µL
Male vehicle

(mean±SEM) pg/µL
Male PFAS

(mean±SEM) pg/µL

Primary bile acids
Cholic acid (CA) 510± 67 1,228± 314* 564± 176 761± 110
Chenodeoxycholic acid (CDCA) 4:6± 0:8 0:5± 0:1* 3:2± 1:2# 0:2± 0:1*

Taurocholic acid (TCA) 769± 61 3,108± 422* 367± 83# 1,278± 160*,#

Glycocholic acid (GCA) 8:7± 1:4 69:5± 17:6* 3:1± 1:1# 8:6± 1:8*,#

Glycochenodeoxycholic acid (GCDCA)b 2:0± 0:5 2:9± 0:1* 3:0± 0:1# 2:7± 0:1
Taurochenodeoxycholic acid (TCDCA) 365± 36 675± 102* 210± 52# 340± 63*,#

a-Muricholic acid (aMCA) 190± 22 543± 87* 185± 79 415± 59*

b-Muricholic acid (bMCA)b 350± 46 594± 155 232± 76# 624± 95*

Tauro-a-Muricholic acid (TaMCA) 444± 40 1,987± 470* 245± 77# 721± 107*,#

Cholic acid 7-sulfate (CA-7-SO4)
b 1:1± 0:2 5:4± 1:6* 2:5± 0:6# 1:6± 0:4#

Taurocholic acid 3-sulfate (TCA-3-SO4) 0:09± 0:02 0:35± 0:06 0:39± 0:05 1:43± 0:40*,#

Secondary bile acids
Lithocholic acid (LCA) 1:9± 0:2 2:3± 0:6 3:2± 0:6 2:7± 0:8
Taurolithocholic acid (TLCA) 3:7± 0:8 0:9± 0:3* 1:3± 0:4# 0:1± 0:04
Taurodeoxycholic acid (TDCA) 167± 12 181± 29 92± 26# 146± 33
Ursodeoxycholic acid (UDCA)b 157± 44 93± 28 48± 17# 144± 28*

Ursodeoxycholic acid 3-sulfate (UDCA-3-SO4)
b 0:2± 0:03 2:7± 1:0* 0:7± 0:3 0:9± 0:2#

Deoxycholic acid disulfate (DCA-di-SO4)
b 2:6± 0:5 2:8± 0:8 0:2± 0:1# 2:7± 0:6*

Note: Average absolute plasma bile acid levels (pg=lL) for each treatment group are listed as mean±SEM. Statistical significance for the interaction and main effects of PFAS expo-
sure and sex between all treatment groups (male vehicle, male PFAS, female vehicle, female PFAS) was determined using two-way ANOVA and the Holm–Sidak post hoc test for
multiple comparisons. ANOVA, analysis of variance; Ldlr, low density lipoprotein receptor; PFAS, per- and polyfluoroalkyl substances; SEM, standard error of the mean p<0:05.
*p<0:05 compared with respective vehicle treatment. #p<0:05 compared with opposite sex of the same treatment.
aN =40 total; n=10 male vehicle, n=10 male PFAS, n=10 female vehicle, and n=10 female PFAS.
bp<0:05 PFAS:sex interaction determined by two-way ANOVA using SigmaPlot.

Figure 5. Total circulating bile acids in Ldlr−=− mice exposed to the PFAS
mixture. Blood was collected from n=10 mice in each treatment group and
total bile acid levels were measured in the plasma after 7 wk of PFAS expo-
sure. Nonnormally distributed data was log10 transformed prior to statistical
analysis. Two-way ANOVA was used to analyze both main effects (i.e., sex,
PFAS), as well as the interaction between sex and PFAS (interaction
p<0:05). The Holm–Sidak post hoc test was used for multiple comparisons.
Box plots represent the median values with upper and lower quartiles;
whiskers extend to the 1st and 99th percentiles. Data are reported in Excel
Table S11. Note: ANOVA, analysis of variance; Ldlr, low density lipopro-
tein receptor; PFAS, per- and polyfluoroalkyl substances.
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hormones. The variability of FSH was not significant (Figure
S4A). Most LH measurements were below the LOD. The proges-
terone levels measured in the PFAS-exposed females did not
have significant variance (Figure S4C). However, variance of
progesterone in the vehicle control females was observed.

Discussion
Epidemiological studies have repeatedly determined a significant
association between PFAS exposure and hypercholesterolemia,
but the specific mechanisms involved are not well understood.39–42

Previous studies have additionally shown that PFAS exposure is
significantly associated with alterations of bile acid profiles, sug-
gesting alteration of bile acid synthesis, transport, and reuptake as
logical mechanisms of action.46–49 In the present study, we investi-
gated mechanisms linking exposure to a PFAS mixture with effects
on cholesterol and bile acid metabolism in a mouse model with
high levels of LDL/VLDL cholesterol and aortic lesion develop-
ment similar to humans.58 Compared with vehicle control mice,

those exposed to the PFAS mixture had higher circulating choles-
terol and bile acid levels, as well as differential expression of criti-
cal transporters of the enterohepatic circulation, including ileal
ASBT levels.

Previous studies have shown that PFAS exposure is associ-
ated with liver injury, such as hypertrophy, steatosis, and
MASLD (formerly nonalcoholic fatty liver disease).27,73–75

Histological examination of the mouse livers showed greater
injury and lipid accumulation in PFAS-exposed mice, especially
in the PFAS-exposed females (Figure 1A). Body weight at study
end was significantly lower in the PFAS-exposed females,
whereas weights of PFAS-exposed males were not significantly
different from vehicle control mice (Figure 1C), most likely
owing to a similar loss in fat weight (Figure S1). In addition, se-
rum ALT levels and liver weights were significantly higher in
both male and female PFAS-exposed mice (Figure 1D), further
supporting PFAS-induced liver injury, especially in females.

The individual circulating PFAS concentrations averaged
between 1:5 and 31:2 lg=mL, suggesting the present exposure
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Figure 6. Exposure to the PFAS mixture, hepatic cholesterol and bile acid levels, and synthesis pathways. (A) Hepatic protein was isolated from n=5 mice
from each treatment group and hepatic total cholesterol levels were measured. (B) Total hepatic RNA (n=10 mice from each treatment group) was isolated,
and gene expression levels of Hmgcr were determined by RT-qPCR. (C) Diagram of hepatic cholesterol and bile acid synthesis pathways. Steps preceded by
“&” represent a significant reduction, whereas those measured and not significantly affected are preceded by “@.” (D) Hepatic total bile acid levels. Gene
expression levels of (E) Cyp7a1, and (F) Cyp27a1 were determined by RT-PCR. GAPDH was used as a housekeeping gene. Two-way ANOVA was used to
analyze both main effects (i.e., sex, PFAS), as well as the interaction between sex and PFAS (interaction p<0:05). The Holm–Sidak post hoc test was used for
multiple comparisons. With past consultation from biostatisticians, a significant interaction term supersedes the main effects and can make their meaning
unclear. We therefore have not included the main effects p-values for any figure with a significant interaction. Box plots represent the median values with upper
and lower quartiles; whiskers extend to the 1st and 99th percentiles. Data are reported in Excel Tables S12 and S13. Note: ANOVA, analysis of variance;
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HMG-CoA, 3-hydroxy-3-methylglutaryl coenzyme A; PFAS, per- and polyfluoroalkyl substances; RT-
qPCR, real-time quantitative polymerase chain reaction.
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scenario results in PFAS levels above those typically seen in
highly exposed populations (Table 1).11,66–72 However, circulat-
ing PFOA concentrations in our mice were within range of some
occupational exposure studies, which measured PFOA levels in
humans as high as 92,030 ng=mL (Table 1).67 In addition, circu-
lating PFOS levels in our mice were also within range of an occu-
pational PFAS exposure cohort in China analyzed by Lu et al.,69
which measured PFOS levels as high as 43,299 ng=mL. PFHxS
had the highest circulating levels in our study and were ∼ 22
times higher than those measured in the Lu et al. cohort.69 PFNA
and GenX concentrations in our study were an order of magni-
tude higher than maximum levels of those measured in PFAS
biomonitoring studies (Table 1), although occupational studies
focusing on manufacturers of PFNA and GenX are lacking.

Similar to liver toxicity, there were significant sex differences
in circulating levels of PFOA and PFOS, with higher levels meas-
ured in female PFAS-exposed mice compared with males (Table
1). Although differences in water intake, which would impact
PFAS exposure levels, was observed in our study, at no time
point did the PFAS-exposed females drink more water than the
PFAS-exposed males. In fact, PFAS-exposed males drank

significantly more of the PFAS water than the PFAS-exposed
females on weeks 1, 4, and 6 (Figure 2B). Because PFOA and
PFOS concentrations were higher in females, it is unlikely that
differences in water intake between sexes is responsible for
these differences in the PFAS-exposed mice. However, male
PFAS-exposed mice excreted significantly more feces than the
females (Figure 2E), which could also affect PFAS exposure
levels, leading to the lower PFOA and PFOS concentrations
observed in the male mice (Table 1). Significant sex differen-
ces were not measured in plasma levels of PFHxS, PFNA, or
GenX, though, indicating that although differences in excre-
tion may be a contributing factor for PFOA and PFOS, excre-
tion differences alone do not fully explain the sex differences
in PFAS concentrations.

After 3 wk of PFAS exposure, total circulating cholesterol
levels were lower in the PFAS-exposed mice compared with ve-
hicle controls (Figure 3A), which could be due to initial PPAR
activation.76–79 However, this effect was transient, and by 7 wk
of PFAS exposure, total circulating cholesterol levels were
higher in both male and female PFAS-exposed mice (Figure
3C). Cholesterol is primarily synthesized in the liver and is
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Figure 7. Hepatic bile acid transporters in Ldlr−=− mice exposed to the PFAS mixture. Total hepatic RNA from n=10 mice from each treatment group was
isolated. (A) Diagram of PFAS-induced effects on hepatic bile acid transporters. Transcriptional changes are italicized. NTCP protein changes are indicated by
arrow. “$” indicates a significant relative fold change increase (p<0:05). “&” indicates a significant relative fold change decrease (p<0:05). Expression levels
of the transporters (B) Abcc3, (C) Abcc4, (D) Slc10a1, and (E) Abcb11 were determined by RT-qPCR. GAPDH was used as a housekeeping gene. Two-way
ANOVA was used to analyze both main effects (i.e., sex, PFAS), as well as the interaction between sex and PFAS (interaction p<0:05). The Holm–Sidak post
hoc test was used for multiple comparisons. With past consultation from biostatisticians, a significant interaction term supersedes the main effects and can
make their meaning unclear. We therefore have not included the main effects p-values for any result with a significant interaction. Box plots represent the me-
dian values with upper and lower quartiles; whiskers extend to the 1st and 99th percentiles. Data are reported in Excel Table S14. Note: ANOVA, analysis of
variance; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; Ldlr, low density lipoprotein receptor; NTCP, sodium taurocholate cotransporting polypeptide;
PFAS, per- and polyfluoroalkyl substances; RT-qPCR, real-time quantitative polymerase chain reaction.
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transported through plasma via various lipoproteins, including
LDL, HDL, VLDL, and intermediate-density lipoprotein (IDL)
cholesterol and chylomicrons.80 Of these lipoproteins, LDL is
the major carrier of cholesterol in human plasma,81 whereas
HDL is a key mediator of reverse cholesterol transport.82 PFAS
exposure has repeatedly been associated with elevated choles-
terol levels, especially in the total and LDL cholesterol frac-
tions.39–43 We found that the free LDL/VLDL cholesterol
fraction demonstrated an upward trend in PFAS-exposed mice
(p=0:087) (Figure 3D), which could be an indication of athero-
genic risk.83 In addition, HDL levels were slightly higher in
both male and female PFAS-exposed mice (Figure 3G). Although
PFAS usually have been associatedwith increases in non-HDL cho-
lesterol fractions,40,41,84 a few studies have shown PFHxS associ-
atedwith increasedHDL in humans.43,85 However, the overall HDL
values were low and do not make up for the differences in total cho-
lesterol (Figure 3). Therefore, it is likely that HDL was not driving
the increase in total cholesterol. Of the five PFAS in our mixture,

PFOA and PFOS were the only two with significant correlations
with cholesterol—positively associated with free or esterified LDL/
VLDL and inversely correlated with HDL levels (Table S3). It is
possible that PFOA and PFOS could be the specific PFAS driving
the observed PFAS-induced effects in cholesterol levels, but a more
in-depth analysis of lipoprotein fractions is called for, especially
given the low sample size used in the correlations.

Elevated levels of circulating cholesterol play an important role
in the progression of inflammatory atherosclerotic plaques.36–38
When plasma samples were also analyzed for inflammatory
cytokines, circulating levels of TNF-a and MCP-1 were found
to be lower in PFAS-exposed females, whereas they were higher in
PFAS-exposed males compared with vehicle controls (Figure 4).
Of note, female vehicle control mice had much higher baseline lev-
els of both TNF-a and MCP-1 compared with male vehicle control
mice, suggesting that females may already be in a higher inflamma-
tory state. However, the aortas contained only 1%–2% aortic
lesions at this time point, with no significant PFAS-associated
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Figure 8. Ileal transcriptome and bile acid transporters in male Ldlr−=− mice exposed to the PFAS mixture. Total ileal RNA was isolated from n=10 males
from the vehicle control and PFAS-exposed groups. (A) Gene ontology analysis results are graphically depicted, with the top 15 significant pathways listed as
determined by the lowest Benjamini–Hochberg–adjusted p-values. The number of genes within each pathway is listed above. (B) Diagram of PFAS-induced
effects on ileal bile acid transporters. Transcriptional changes are italicized. ASBT protein changes are indicated by arrow. “$” indicates a significant relative
fold change increase (p<0:05). (C) Western blot analysis of ASBT protein in the ileum. (D) Quantification of band intensity for ASBT protein relative to
b-actin. Statistical significance for Western blot quantitation was determined by Mann–Whitney rank sum test (p<0:05). (E) Fecal excretion of total bile acids
was also measured via LC-MS in n=6 mice from each treatment group. Nonnormally distributed data was log10 transformed prior to statistical analysis. Two-
way ANOVA was used to analyze both main effects (i.e., sex, PFAS), as well as the interaction between sex and PFAS (interaction p<0:05). The Holm–Sidak
post hoc test was used for multiple comparisons. Box plots represent the median values with upper and lower quartiles; whiskers extend to the 1st and 99th per-
centiles. Data are reported in Excel Tables S15–S17. Note: ANOVA, analysis of variance; ASBT, apical sodium-dependent bile acid transporter; GPCR, G pro-
tein-coupled receptor; LC-MS, liquid chromatography–mass spectrometry; Ldlr, low density lipoprotein receptor; PFAS, per- and polyfluoroalkyl substances.
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differences (Figure 4D,E). A recent study by Wang et al. observed
that exposure of hyperlipidemic mice to PFOS for 12 wk acceler-
ated atherosclerotic progression,86 suggesting the need for longer
exposure studies to examine atherosclerosis.

Although there was no lesion development at this 7-wk time
point, total circulating cholesterol levels were still higher in the
PFAS-exposed mice (Figure 3C). Cholesterol levels can be
affected in a variety of ways. One mechanism involves modula-
tion of endogenous cholesterol synthesis. In our study, hepatic
cholesterol levels were significantly lower in both the male and
female PFAS-exposed mice (Figure 6A). Endogenous cholesterol
synthesis can be regulated transcriptionally, with Hmgcr being
the rate-limiting enzyme.87 We observed that transcriptional reg-
ulation of Hmgcr was significantly down-regulated in both male
and female PFAS-exposed mice (Figure 6B), indicating that
PFAS-induced transcriptional induction of endogenous choles-
terol synthesis was likely not responsible for the elevated circu-
lating cholesterol.

The main route of cholesterol catabolism and removal from the
body is through its conversion into bile acids.44,88,89 PFAS expo-
sure has been shown to alter bile acid profiles46,47,49 and metabo-
lism.56,57,90 In our study, circulating bile acid levels were
significantly higher in both male and female PFAS-exposed mice
compared with vehicle control mice, with PFAS-exposed females

often having significantly higher total bile acid levels compared
with males (Figure 5 and Table 2). Conversely, hepatic bile acid
levels were significantly lower in PFAS-exposed mice (p<0:001)
(Figure 6D). However, this effect did not appear to be driven by
PFAS-induced transcriptional effects in bile acid synthesis path-
ways. Two pathways are responsible for the majority of bile acid
synthesis. The first, known as the classical pathway, is catalyzed in
the rate-limiting step by cholesterol-7a-hydroxylase (Cyp7a1).91
The alternative pathway is catalyzed by sterol-27-hydroxylase
(Cyp27a1).91 Elevated levels of bile acids usually trigger negative
feedback mechanisms, leading to down-regulation of Cyp7a1 and
Cyp27a1 in the liver.92,93 Decreased levels of these enzymes due to
PFAS exposure have been observed before both in vitro and
in vivo.84,94,95 No significant differences were seen in either
Cyp7a1 and Cyp27a1 between PFAS-exposed and vehicle control
animals, indicating that transcriptional regulation of the conversion
of cholesterol to bile acids does not explain the elevated cholesterol
or bile acid levels in the plasma (Figure 6E,F).

In addition to synthesis, bile acid levels can also be modulated
via changes to their transport through the enterohepatic circula-
tion.45 Gene expression levels of the hepatic transporters multi-
drug resistance protein 3 (MRP3), coded for by Abcc3, were
higher in PFAS-exposed males (Figure 7B), whereas MRP4,
coded for by Abcc4, was higher in both male and female PFAS-

Table 3. Expression of ileal bile acid transporters after exposure of male Ldlr−=− mice to the PFAS mixture.

Ileal bile acid
Transportersa

Male vehicle RNA-seq
counts (mean±SEM)

Male PFAS RNA-seq
counts (mean±SEM)

Overall PFAS exposure
(fold change)

Overall PFAS exposure
(p-value)

Overall PFAS exposure
(FDR-adjusted q-value)

Slc10a1 (NTCP) 4:7± 1:7 2± 0:9 0.44 0.15 0.72
Slc10a2 (ASBT) 1,771:7± 136:6 2,632:9± 258:9 1.55* <0:001 0.014*

Abcc2 (MRP2) 638:2± 42:2 646:7± 62:4 1.05 0.57 1.00
Abcc3 (MRP3) 63± 5:1 78:2± 7:0 1.28 0.039 0.48
Abcc4 (MRP4) 22:2± 2:5 29:5± 3:9 1.36 0.074 0.60
Abcb11 (BSEP) 0:8± 0:7 0:7± 0:5 0.85 0.89 1.00
Ephx1 (mEH) 63:7± 6:2 57:9± 5:8 0.94 0.57 1.00
Slc51a (OSTa) 5,279:1± 319:9 6,637:5± 388:3 1.30* <0:001 <0:001*

Slc51b (OSTb) 2,300:2± 175:2 3,212:6± 242:2 1.47* <0:001 <0:001*

Note: Statistical significance was determined by t-test using R statistical software (version 4.2.0; R Developmental Core Team). FDR, false discovery rate; Ldlr, low density lipopro-
tein receptor; PFAS, per- and polyfluoroalkyl substances; RNA-seq, RNA sequencing; SEM, standard error of the mean. *Represents significant change relative to vehicle control
(q<0:05).
aN =20 total; n=10 male vehicle and n=10 male PFAS.

Table 4. Fecal bile acid levels after exposure of Ldlr−=− mice to the PFAS mixture.

Fecal bile acidsa
Female vehicle

(mean±SEM) ng/mg
Female PFAS

(mean±SEM) ng/mg
Male vehicle

(mean±SEM) ng/mg
Male PFAS

(mean±SEM) ng/mg

Primary bile acids
Cholic acid (CA) 257± 42 120± 39* 180± 37 70± 19*

Chenodeoxycholic acid (CDCA)b 17± 0:9 7:7± 1:1* 22± 4 1:4± 0:4*,#

Taurocholic acid (TCA) 24± 10 2:8± 0:7* 8:6± 4:7# 3:6± 2
Taurochenodeoxycholic acid (TCDCA) 6:8± 4 0:4± 0:1* 1:8± 1:2# 0:3± 0:1*

Chenodeoxycholic acid-sulfate (CDCA-SO4) 26± 6:5 9:1± 1:0* 16± 4 5±2:4
a-Muricholic acid (aMCA) 424± 51 172± 38* 257± 18# 76± 13*

b-Muricholic acid (bMCA) 360± 42 145± 31* 189± 30# 54± 8*,#

Tauro-a-Muricholic acid (TaMCA) 93± 38 8:3± 2:9* 20± 14# 4:1± 1:9
Cholic acid 7-sulfate (CA-7-SO4)

b 64± 9:3 18± 4:8* 526± 45# 363± 58#

Taurocholic acid 3-sulfate (TCA-3-SO4)
b 40± 5:2 5:8± 1:2* 2± 1:6# 0:8± 0:4

Secondary bile acids
Lithocholic acid (LCA) 2:2± 0:3 1:5± 0:3* 1:0± 0:2# 0:5± 0:1#

Deoxycholic acid (DCA) 357± 23 178± 22* 219± 14# 23± 4:9*,#

Taurodeoxycholic acid (TDCA) 9:5± 4:3 0:3± 0:1* 1:6± 1:0# 0:2± 0:1*

Ursodeoxycholic acid (UDCA) 94± 7:7 8:7± 2:5* 25± 7:9# 1:4± 0:3*,#

Tauroursodeoxycholic acid (TUDCA) 7:4± 2:4 0:9± 0:3* 4± 3:4 0:2± 0:1
Ursodeoxycholic acid 3-sulfate (UDCA-3-SO4)

b 13± 2:9 1:0± 0:3* 145± 14# 65± 6:6*,#

Note: Average absolute fecal bile acid levels (ng/mg) for each treatment group are listed as mean±SEM. Statistical significance for the interaction and main effects of PFAS exposure
and sex between all treatment groups (male vehicle, male PFAS, female vehicle, female PFAS) was determined using two-way ANOVA and the Holm–Sidak post hoc test for multiple
comparisons; p<0:05. ANOVA, analysis of variance; Ldlr, low density lipoprotein receptor; PFAS, per- and polyfluoroalkyl substances; SEM, standard error of the mean.
*p<0:05 compared with respective vehicle treatment. #p<0:05 compared with opposite sex of the same treatment.
aN =24 total; n=6 male vehicle, n=6 male PFAS, n=6 female vehicle, and n=6 female PFAS.
bp<0:05 PFAS:sex interaction determined by two-way ANOVA using SigmaPlot.
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exposed mice (Figure 7C). Given that both MRP3 and MRP4
participate in bile acid efflux into the circulation, our results sug-
gests that up-regulation of hepatic efflux transporters could also
be a mechanism for increased circulating bile acid levels.96 The
bile acid transporter sodium taurocholate cotransporting polypep-
tide (NTCP), coded by Slc10a1, is highly expressed on the baso-
lateral membrane of hepatocytes.97 NTCP is responsible for
∼ 90% of bile acid uptake into the liver, including the major tau-
rine- and glycine-conjugated bile acids.52,98 In our mice, hepatic
expression of Slc10a1, the gene encoding NTCP, was signifi-
cantly lower in PFAS-exposed mice of both sexes (Figure 7D).
However, NTCP protein levels were significantly higher in male
mice exposed to PFAS, but not in females (Figure S3).

Several previous studies have explored the relationship between
PFAS exposure and impacts on bile acid metabolism.56,57,90
However, our study is distinct in its analysis of circulating, hepatic,
and fecal bile acids to get an overall idea of the effect of PFASon bile
acids, as well as their impacts on the ileum. Gene ontology enrich-
ment analysis performed on the ilea of our male mice, revealed
highly significant differences in several pathways due to PFAS expo-
sure, including the lipid metabolic process and the acute inflamma-
tory pathway, which can be linked to atherosclerosis (Figure 8A).99
Within the lipid metabolic process pathway, we found lower expres-
sion of many genes related to fatty acid metabolism, including
Acot1/2 and Cyp4a (Table S5). In addition, many differentially
expressed genes were observed in the ilea of PFAS-exposed male
mice (Table S4), including the significant up-regulation of serum
amyloidA1 (Saa1), which has been linked to cholesterolmetabolism
and atherosclerosis100,101 and is a novel biomarker for cardiovascular
disease.102,103

Bile acid transporters are highly expressed in the ileum as part
of the reabsorption process. The enterohepatic circulation is very
efficient, with ∼ 95% of bile acids being reabsorbed in the ileum,
occurring primarily via ASBT-mediated uptake from the intestinal
lumen into the ileal enterocytes.104,105 Inhibition of ASBT has
been shown to increase the fecal excretion of bile acids and to
decrease the amount of bile acids returning to the liver.106,107
Furthermore, a study by Iwaki et al. demonstrated that concomitant
treatment of mice with the bile acid sequestrant, colestyramine,
and the ASBT inhibitor, elobixibat, reduced LDL cholesterol

levels as well as plaque formation rates.108 In our study, transcrip-
tional regulation of ASBT, as well as protein levels, were signifi-
cantly higher in PFAS-exposed male mice (Figure 8D and Table 3).
Interestingly, ASBT has been shown able to transport both PFAS
and bile salts from the intestines into enterocytes in vitro.56 Within
the ileal enterocyte, efflux transporters then move bile acids into the
portal vein. Gene expression of the ileal efflux transporters MRP3
and OSTa/b were up-regulated in our PFAS-exposed mice (Table
3). This up-regulation, together with the observed lower amounts of
bile acids excreted in the feces (Figure 8E), suggests that PFASexpo-
sure led to increased reabsorption and lower excretion of bile acids.
Interestingly, the male PFAS-exposed mice produced significantly
more fecal mass compared with vehicle control mice, whereas
female fecal mass was not affected by PFAS (Figure 2E). These
alterations in fecal mass are not mirrored by concurrent increases in
food intake, nor by the amounts of bile acids excreted through the
feces (Figures 2A and 8E).

Bile acid transporters are governed by mechanisms of transcrip-
tional control that act through nuclear receptor pathways.92,109,110
The effects of PFAS exposure on these pathways may be due
directly to PFAS, or indirectly through PFAS-induced alterations
in signaling mediators, including bile acids. The main pathway
responsible for bile acid regulation is via FXR, which senses ele-
vated bile acid levels and activates negative feedback mecha-
nisms.111 In our study, transcriptional expression of ileal FXR
was significantly up-regulated in PFAS-exposed mice, whereas
SHP and downstream target Fgf15 expression were unaffected
(Table 5). However, previous studies have shown that FXR nega-
tively regulated ileal ASBT levels in mice via SHP.112,113 In
addition, ileal Ppara and downstream targetHsd17b11were also
down-regulated (Table 5), although previous studies have found
that PPARa ligands can activate ASBT.114 Overall, our results
suggest that normal bile acid signaling pathways are modulated
when exposed to PFAS, and the observed effects do not by them-
selves explain ASBT levels.

There are certain limitations present throughout the present
study. First, the human relevance of the mouse model bears con-
sideration. Although VLDL levels measured in Ldlr−=− mice fed
the Clinton/Cybulsky diet58 are lower than those observed in
Ldlr−=− mice on other atherogenic diets,115 VLDL levels are still

Table 5. Ileal nuclear receptor signaling after exposure of male Ldlr−=− mice to the PFAS mixture.

Gene name
Male vehicle RNA-seq
counts (mean±SEM)

Male PFAS RNA-seq
counts (mean±SEM)

Overall PFAS exposure
(fold change)

Overall PFAS exposure
(p-value)

Overall PFAS exposure
(FDR-adjusted q-value)

Nuclear receptor signalinga

Nr1h4 (FXR) 346:2± 20:0 501:5± 45:5 1.48* <0:001 <0:001*

mFgf15 154:1± 27:7 104:7± 16:9 0.74 0.12 0.68
Nr0b2 (SHP) 2:8± 1:1 1:5± 0:8 0.54 0.34 0.95
Nr1i2 (PXR) 458:1± 36:9 505:8± 37:0 1.14 0.04 0.48
Cyp3a11 176:9± 29:1 138:6± 20:8 0.82 0.25 0.88
Nr1i3 (CAR) 1:1± 0:5 0:2± 0:1 0.26 0.08 0.62
Cyp2b10 90:7± 23:1 58:8± 7:9 0.69 0.095 0.64
Nr1i1 (VDR) 1,742:3± 107:2 1,653:4± 128:6 0.97 0.57 1.0
Nfe2l2 (NRF2) 1,161:8± 90:2 969:9± 80:9 0.86 0.02 0.31
Keap1 466:5± 27:0 397:6± 25:5 0.88 0.03 0.43
Gstm1 221:1± 16:3 229:4± 23:5 1.05 0.50 1.0
Hmox1 6± 1:2 8:9± 1:7 1.60 0.16 0.73
Ppara 870:5± 49:0 623:9± 86:7 0.72* <0:001 0.01*

Fbp2 1,531:8± 115:3 1,490:8± 177:9 1.00 0.99 1.0
Hsd17b11 2,540:9± 172:9 1,825:1± 136:4 0.73* <0:001 <0:001*

Pparc 19± 2:9 26± 5:8 1.32 0.21 0.84
Adipoq 343:6± 36:2 438:9± 105:0 1.28 0.14 0.71
Ppard/b 235:6± 18:9 341:7± 11:9 1.52* <0:001 <0:001*

Aspa 643:6± 54:2 814:5± 36:3 1.33* <0:001 0.003*

Note: Statistical significance was determined by t-test using R statistical software (version 4.2.0; R Development Core Team). FDR, false discovery rate; Ldlr, low density lipoprotein
receptor; PFAS, per- and polyfluoroalkyl substances; RNA-seq, RNA sequencing; SEM, standard error of the mean. *Represents significant change relative to vehicle control
(q<0:05).
aN =20 total, n=10 male vehicle and n=10 male PFAS.
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higher than those observed in humans.115 In addition, human epi-
demiological studies reproducibly support a positive association
of specific PFAS with increased LDL cholesterol, but not with an
increase in HDL cholesterol. In our study, we observed signifi-
cantly higher levels of HDL cholesterol, but not to the extent that
would explain our observed increases in total cholesterol. Given
that our measures of cholesterol fractions were done using sepa-
ration by precipitation, here we have not considered the chylomi-
cron or chylomicron remnant lipoprotein fractions, which are
produced in the intestines, impacted by fasting, and may also
contribute to atherosclerosis as a significant transporter of choles-
terol to the atherosclerotic plaque.116 Thus, future studies using
fast protein liquid chromatography and other methods, such as
LipoPrint, to measure all cholesterol subfractions will be valuable
as a more accurate analysis of what lipoprotein fractions are driv-
ing the total cholesterol increase. Furthermore, in this study we
did not observe differences in the expression of Cyp7a1 in PFAS-
exposed animals, which has reproducibly been shown in mouse
studies of similar duration,47,84 as well as with human-relevant
in vitro models.90,94,95 In addition, the Ldlr−=− mouse model has
been shown to be predisposed to hepatic lipid accumulation and
steatosis when fed an atherogenic diet.117 Our vehicle control
mice did exhibit early hepatic lipid accumulation, thus it is possi-
ble that the exacerbation due to PFAS, especially in females,
could have been impacted by the genotype. It has also been
shown that some PFAS are excreted via the urine,57,118 so future
studies should address urinary excretion as well as fecal. In addi-
tion, PFAS have been shown to accumulate in different tissues
not analyzed here, such as bile and kidneys.57

Another limitation is the lack of control for the estrous cycle
in the female mice. Possible effects from the estrous cycles are
especially interesting given that female sex hormones are pro-
posed to be protective against atherosclerosis.119 Previous studies
have found that estrogens can significantly increase hepatic
VLDL production,120 whereas progestins promote VLDL clear-
ance.121,122 Estrogen has also been found to promote reverse cho-
lesterol transport and the uptake of cholesterol by HDL.123–126 It
is possible that fluctuations in these hormones could obscure
PFAS-induced effects on VLDL and HDL cholesterol levels.
Furthermore, rodent studies have shown that the estrous cycle
can modulate expression of Cyp7a1 and Cyp27a1,124 which
could also add variability to PFAS-induced modulation of bile
acids. Our PFAS measurements also provide a limitation to our
study, given that PFAS levels in vehicle control mice were below
the LODs of our plasma LC/MS methodology, so correlative
analyses only included plasma PFAS concentration data from
PFAS-treated mice. In addition, the PFAS-exposed males gener-
ally ate more food than the PFAS-exposed females throughout
the study. This could lead to some effects being attributable to
the reduced plane of nutrition and therefore secondary to the
PFAS exposure, such as with observed modulation of hepatic
Hmgcr expression and ABCC4 levels, which have both been
shown to be impacted by overconsumption.127–129 Finally, ilea
were only collected for the males and should be studied in
females as well in future studies, especially given that sexual
dimorphisms of ASBT and other ileal transporters have been
observed.130,131

Our study showed that PFAS exposure in Ldlr−=− mice led to
higher levels of circulating cholesterol and bile acids, as well as
reduced fecal excretion of bile acids. These effects may result
from a modulation of critical transporters of the enterohepatic cir-
culation, such as ileal ASBT levels. These findings expand our
understanding of the effects of PFAS exposure on cholesterol and
bile acid metabolism and may have important implications for
human health and cardiometabolic disease.
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