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BACKGROUND: Perfluorooctane sulfonate (PFOS) is a persistent environmental pollutant that has become a significant concern around the world.
Exposure to PFOS may alter gut microbiota and liver metabolic homeostasis in mammals, thereby increasing the risk of cardiometabolic diseases.
Diets high in soluble fibers can ameliorate metabolic disease risks.

OBJECTIVES:We aimed to test the hypothesis that soluble fibers (inulin or pectin) could modulate the adverse metabolic effects of PFOS by affecting
microbe-liver metabolism and interactions.

METHODS:Male C57BL/6J mice were fed an isocaloric diet containing different fibers: a) inulin (soluble), b) pectin (soluble), or c) cellulose (control,
insoluble). The mice were exposed to PFOS in drinking water (3 lg=g per day) for 7 wk. Multi-omics was used to analyze mouse liver and cecum
contents.
RESULTS: In PFOS-exposed mice, the number of differentially expressed genes associated with atherogenesis and hepatic hyperlipidemia were lower
in those that were fed soluble fiber than those fed insoluble fiber. Shotgun metagenomics showed that inulin and pectin protected against differences
in microbiome community in PFOS-exposed vs. control mice. It was found that the plasma PFOS levels were lower in inulin-fed mice, and there was
a trend of lower liver accumulation of PFOS in soluble fiber-fed mice compared with the control group. Soluble fiber intake ameliorated the effects of
PFOS on host hepatic metabolism gene expression and cecal content microbiome structure.
DISCUSSIONS: Results from metabolomic, lipidomic, and transcriptomic studies suggest that inulin- and pectin-fed mice were less susceptible to
PFOS-induced liver metabolic disturbance, hepatic lipid accumulation, and transcriptional changes compared with control diet-fed mice. Our study
advances the understanding of interaction between microbes and host under the influences of environmental pollutants and nutrients. The results pro-
vide new insights into the microbe-liver metabolic network and the protection against environmental pollutant-induced metabolic diseases by high-
fiber diets. https://doi.org/10.1289/EHP11360

Introduction
Environmental exposures impact the human body throughout
life. The gut and liver mostly serve as the first line of insult if ex-
posure occurs through the oral route. They are also major players
in the defense against environmental exposure-induced toxicity.
The gut, along with its harbored microbiome, is not only the pri-
mary organ for digestion and absorption, but it also plays an im-
portant role in regulating the host’s metabolism.1 The liver is
pivotal for xenobiotic and endobiotic biotransformation, mainte-
nance of energy homeostasis in the body, and regulation of physi-
ology and disease pathologies.2 Evidence from animal3,4 and
epidemiologic5 studies has suggested that gut–liver crosstalk
plays extremely vital roles in the occurrence and development of
diseases related with environmental exposures (e.g., as reviewed
by Di Ciaula et al.6) The accumulating evidence that prebiotics,

probiotics, and antibiotics might improve severe liver disorders
supports the crucial function of the gut microbiome in hepatic
diseases.7 Modulation of the gut microbiota may be an interven-
tion strategy to lessen the harmful consequences of environmen-
tal exposure, given the gut microbiome’s growing importance to
human health and susceptibility to environmental insults.8,9

Perfluoroalkyl substances (PFAS) are synthetic chemicals
widely used in water and oil repellents, coating agents, surfactant
additives, and firefighting foams. PFAS are resistant to degrada-
tion and thus have been detected in environmental biota, includ-
ing drinking water, groundwater, soils, and air.10,11 One of the
most widely used PFASs is perfluorooctane sulfonate (PFOS).
People are mainly exposed to PFOS through drinking water and
contaminated food.10 Biomonitoring data from the U.S. Centers
for Disease Control and Prevention (years 2011–2018) have indi-
cated that PFOS can be universally detected in the general U.S.
population’s serum.12 The half-life of PFOS has been estimated
to be 3.4 y13 and 1–2 months14 in humans and rodents, respec-
tively. Enterohepatic circulation was reported to contribute to the
high bioaccumulation and long biological half-lives of PFOS.15

After PFOS administration to rodents, 6% of the dose could be
recovered in urine and feces at 48 h post dose, and 79% of the
dose was recovered in the carcass, indicating that PFOS persists
and accumulates in tissues.14 Because of its broad exposure and
documented toxicity, concern regarding PFOS’s health effects is
high. In a study about PFAS distribution in human tissues, it was
found that the liver is a major organ of PFOS bioaccumulation.16

Epidemiologic studies have reported the elevation of serum he-
patic enzymes after PFOS exposure, which is suggestive of liver
damage.17–19 Alterations in cholesterol and circulating lipid levels
resulting from PFOS exposure have also been demonstrated.20
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Rodents exposed to PFOS have exhibited hepatocellular hyper-
trophy,21 hepatic steatosis,22,23 and microscopic hepatic lesions
associated with greater liver weight20; transcriptome analysis in
zebrafish exposed to PFOS has revealed differences in genes
related to hepatic hyperlipidemia.24 In addition, PFOS adminis-
tration has been shown to disrupt hepatic lipid and glucose
homeostasis in mouse models.25–27 In vitro studies have sug-
gested that PFOS exposure can up-regulate the expression of
genes involved in lipogenesis in primary hepatocytes28,29 and
that the activation of peroxisome proliferator-activated recep-
tor a (PPARa) can be partially responsible for these effects
caused by PFOS.30 Furthermore, PFOS has been shown to
activate other nuclear receptors that regulate liver functions,
such as the constitutive androstane receptor, farnesoid X re-
ceptor, and pregnane X receptor.20,29 According to recent
studies in mice, the gut microbiota can modify host metabo-
lome and gene expression, mediating some of the molecular
and biochemical alterations caused by PFOS.31,32

Healthful nutrition, such as diets rich in plant-derived poly-
phenols and fiber, and nutritional intervention in general, has
been described as a sensible and successful means of developing
prevention strategies against diseases associated with environ-
mental exposures.33,34 Dietary fibers are carbohydrate polymers
consisting of more than three monosaccharide units that with-
stand the host digestive enzymes. Dietary fibers include water
soluble and insoluble forms.35 Insoluble forms, such as cellu-
lose, are resistant to fermentation by the gut microbiome.
Soluble dietary fibers, such as inulin and pectin, are fermented
by different gut bacteria through complex mechanisms.35

Mounting evidence has suggested that soluble fibers could
reduce systemic inflammation, promote the growth of benefi-
cial bacteria, and enhance intestinal barrier function.36 In addi-
tion, inulin and pectin administration have been shown to protect
against liver diseases through multiple mechanisms, including anti-
oxidant effects in hepatic stellate cells,37 improvement of lipid pro-
files in patients with nonalcoholic fatty liver disease (NAFLD)38

and in animal models,39,40 and affecting hepatic drug-metabolizing
enzymes in rodents.41,42 According to our previous studies, ex-
posure to dioxin-like polychlorinated biphenyls (PCBs) led to
gut microbiota dysbiosis and hepatic metabolism disorder in
mice.40,43,44 The soluble dietary fiber inulin was protective
against these toxicities.40 In addition to differences in solubil-
ity, dietary fibers have distinct chemical structures; for exam-
ple, pectin is a-ð1,4Þ-linked poly D-galacturonate, whereas
inulin is b-ð2,1Þ-linked poly fructose. Such differences could
affect their biological effects.45 Therefore, the aims of this
study were to investigate the role of different dietary fiber
interventions (inulin and pectin) on PFOS-induced disruption
of hepatic and gut microbiota health. Understanding the mech-
anisms might lead to improved dietary intervention strategies
to reduce environmental exposure-related disease risk.

Methods

Chemicals and Reagents
PFOS (heptadecafluorooctanesulfonic acid potassium salt; 77282;
Sigma-Aldrich; purity >98%). D3-methionine (300616; Sigma-
Aldrich) was used as the internal standard for metabolomic analy-
sis. The SPLASH LIPIDOMIX Mass Spec Standard (330707)
used for lipidomic assay was purchased from Avanti Polar Lipids.
13C2, D4-PFOS sodium salt (98% chemical purity), obtained from
Cambridge Isotopes Laboratories, was used as the internal stand-
ard for PFOS quantification. All solvents used were of high-
performance liquid chromatography (HPLC) grade.

Diets
Inulin, pectin, and cellulose (control) were incorporated directly
into the formulation of the OpenStandard diet (Research Diets
Inc.) at 8% to produce isocaloric diets (24 g=1,000 calories). All
diets were gamma-irradiated. Inulin, a polyfructosan (Orafti HP;
source: chicory root) was procured from Beneo. Pectin, a polyga-
lacturonate (source: apple peel) was purchased from Spectrum
Chemical MFG Corp. The level of fiber in this study was chosen
based on our previous studies,39,40 in which 8% of inulin was
demonstrated to improve plasma lipid profiles and protect against
dioxin-like PCB126-induced hepatotoxicity in a hyperlipidemic
mouse model. The established level of fiber in purified rodent
diets is 5%, equating to ∼ 12 g per 1,000 calories. The recom-
mended intake of fiber in humans is 14 g per 1,000 calories,46

and the 8% level of fiber in the OpenStandard diet equates to
24 g per 1,000 calories, which can be classified as a high-fiber
diet. Detailed diet compositions can be found in Table S1.

Study Design
Wild-type male C57BL/6J mice (7 wk old) were purchased from
the Jackson Laboratory. The animals were allowed access to chow
and water ad libitum and maintained at 23°C with a 14:10-h light/
dark cycle. The mice were randomly divided into six groups.
Random numbers were generated using an online random order
generator (https://www.random.org/lists/). Eight mice were allo-
cated to each experimental group. There were two animal losses at
the beginning of the experiment (one in the inulin+PFOS group
and one in the pectin+PFOS group), and one loss (in the
inulin+PFOS group) in the middle of the study for unknown rea-
sons. The mice were fed with the diet supplemented with one of the
three fibers: cellulose as control, inulin, or pectin. PFOS was mixed
with drinking water to get a final concentration at 21:6 lg=mL. The
exposure dose corresponded to ∼ 3 lg=g bodyweight per day (cal-
culated based on an average mouse body weight of 23 g and mean
volume of drinking water consumption of 3:2 mL=d at 10 wk of
age). Mouse drinking water was prepared from NERL high purity
water (23-249-589; Thermo Fisher Scientific), which is produced
using the most efficacious methods to remove PFAS contaminates
(i.e., reverse osmosis and carbon filtering).47 The animals in each
group received drinking water with or without PFOS for 7 wk
(Figure 1A). The selection of the dosage schedule was based on
a previous study that suggested that mice exposed to PFOS at
3 lg=g per day for 7 wk exhibited metabolic function changes.32

All mice received food and water ad libitum and measures of
food and water intake and body weight were recorded weekly.
At the end of the study, the mice were fasted for 16 h, anesthe-
tized using isoflurane, and blood was collected via cardiac
puncture. Liver and cecum content (feces) samples were col-
lected (weight of the liver was recorded), snap frozen in liquid
nitrogen, and stored at −80�C until analysis. All experimental
procedures were approved by the institutional animal care and
use committee of the University of Kentucky.

Transcriptomic Analysis of Mouse Liver
RNA was extracted from mouse liver samples (n=5=group) with
the Qiagen RNeasy Plus Mini Kit. Nucleic acid concentration and
purity were determined using the NanoDrop 2000 spectrophotome-
ter (Thermo Scientific), and the quality of RNA was assessed using
the Agilent 2100 Bioanalyzer system (Agilent Technologies).
Samples were sequenced by Novogene Corporation (https://en.
novogene.com). The complementary DNA library was constructed
using the RNA-NEBNext Ultra RNA Library Prep Kit for Illumina
(New England Biolabs). NovaSeq 6000 (Illumina) was used for the
sequencing. Raw reads of FASTQ format were processed through

Environmental Health Perspectives 117003-2 130(11) November 2022

https://www.random.org/lists/
https://en.novogene.com
https://en.novogene.com


fastp, and clean data were obtained by filtering raw data with
reads containing adapter and poly-N sequences and reads with
low quality. For data analysis, paired-end clean reads were
aligned to the reference genome using STAR48 (version 2.5),
and the maximal Mappable Prefix method, which can generate a
precise mapping result for junction reads, was used. HTSeq49

(version 0.6.1) was used to count the read numbers mapped of
each gene, and then fragments per kilobase of transcript per mil-
lion mapped reads of each gene were calculated based on the
length of the gene and reads count mapped to that gene.
Alignments were parsed using the TopHat2 program50 (http://
ccb.jhu.edu/software/tophat) and differential expressions were
determined through DESeq251 R package (version 2_1.6.3;
R Development Core Team). p-Values were adjusted using the
Benjamini and Hochberg method.52 Significantly differentially
expressed genes with p<0:05 and an absolute fold change>1
are listed in Excel Tables S2–S4. ClusterProfiler53 R package
(version 3.8.1; R Development Core Team) was used to test the
statistical enrichment of differential expression genes in the
Kyoto Encyclopedia of Genes and Genomes (KEGG)54 pathways
(http://www.genome.jp/kegg/). KEGG terms with an adjusted
p<0:05were considered significantly enriched.

Sample Extraction for Metabolome and Lipidome Analyses
Liver and cecum content samples were extracted and analyzed
using a modified method of that reported previously.39 Briefly,

20-mg samples were homogenized in 200 lL of 0.1% ammonium
formate. The homogenate was spiked with an internal standard
solution, then mixed with methanol and methyl tertiary-butyl
ether (MTBE). After shaking for 30 min at room temperature,
water was added to induce phase separation. After centrifugation,
the upper lipid phase was collected and dried under nitrogen
flow, and the lower aqueous (polar) phase was pooled and lyophi-
lized. For liquid chromatography–mass spectrometry (LC-MS)
analysis, the lipid residue was dissolved in 400 lL of a chloro-
form and methanol mixture (2:1, vol/vol), and the polar residue
was dissolved in 100 lL of a mixture of methanol and water (4:1,
vol/vol). Quality control (QC) samples were used to monitor the
overall quality of the MS analyses, which were prepared from
pooled mouse liver and cecum content extracts.

Untargeted Metabolomics and Lipidomics
Metabolomic and lipidomic analyses were performed using a
Q Exactive Orbitrap MS coupled to a Dionex UltiMate 3000 ultra
HPLC system (Thermo Fisher Scientific). The MS was equipped
with an Ion Max API source and a HESI II probe. External mass
calibration under both negative and positive modes was per-
formed using the standard calibration mixture every 7 d.

A Sequant ZIC-pHILIC column (2:1× 150 mm, 5 lm) (Merck)
was used for the chromatographic separation of polar metabolites.
The analytical conditions were similar to our previously pub-
lished method.55 The mobile phase was composed of 20mM

A

B

Figure 1. Effects of PFOS exposure and dietary interventions on liver/body weight ratio. (A) Study design. Seven-week-old C57BL/6 male mice
(n=6–8=group) were placed on an irradiated diet supplemented with one of three fibers: cellulose (control), inulin, or pectin. The mice were exposed to PFOS
at 3 lg=kg BWper day by drinking water and maintained on the diet for 7 wk. Body weight, food, and water intake were measured weekly. The mice were
fasted 16 h before euthanasia, and tissues and plasma were collected at the end of the study. (B) The effects of PFOS and dietary fibers on liver/body weight
ratio. Data were analyzed by two-way ANOVA followed by Tukey’s post hoc test for multiple comparisons. Bars represent means±SEMs of 6–8 mice in
each group. ***p<0:001. No significant interactions between PFOS exposure and dietary fiber on liver/body weight ratio were observed. Detailed data of liver/body
weight ratio are listed in Excel Table S11. Note: ANOVA, analysis of variance; BW, body weight; PFOS, perfluorooctane sulfonate; SEM, standard error of the
mean.
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ammonium carbonate with 0.1% ammonium hydroxide (buffer
A) and acetonitrile (buffer B). The chromatographic gradient was
delivered at a flow rate of 150 lL=min as follows: 0–20 min, lin-
ear gradient from 80% to 20% B; 20–21 min, maintained at 20% B
min; 21–22 min, linear gradient to 80% B; and 22–28 min, re-
equilibration at 80% B. The sample injection volume was 5 lL.
The MS was operated under both positive and negative modes
with the heated capillary held at 275°C and the HESI probe held at
350°C. The spray voltage was set to 3.0 kV. The sheath gas flow
was 40 units, the auxiliary gas flow was 15 units, and the sweep
gas flow was 1 unit. The MS data acquisition was performed in a
range of m/z 59–850. The full scan and MS2 spectra were collected
at a resolution of 70,000 and 17,500, respectively; the AGC target
was set at 106; and the maximum injection time was 100 ms.

A Waters ACQUITY BEH C8 column (2:1× 50 mm, 1:7 lm)
was used for the separation of lipids. The analytical conditions
were similar to our previously published method.39 The mobile
phases consisted of 60:40 water/acetonitrile (A), and 90:10 isopro-
panol/acetonitrile (B), both containing 10mM ammonium formate
and 0.1% formic acid. Gradient elution started from 32% B and
increased to 97% B over 25 min, the mobile phase was maintained
at 97% B for 4 min, followed by re-equilibration with the initial
mobile phase (32% B) for 6 min. The flow rate was 250 lL=min.
The column ovenwasmaintained at 40°C, and the sample injection
volume was 5 lL. The MS was operated under both positive and
negative ionization modes. The full scan and fragment spectra
were collected at a resolution of 70,000 and 17,500, respectively.
Experimental samples were randomized across the run and QC
samples were spaced evenly among the injections.

Metabolites were assigned and the LC-MS peaks were inte-
grated using Compound Discoverer version 3.0; (Thermo
Fisher Scientific), and a customized workflow was established
based on our previous report55 (Figure S1). Multidimensional
peak tables that included molecular weight (or m/z), retention
time, compound formula, and internal standard normalized
peak area were generated (peak areas were listed in Excel Table
S5). Raw data were log-transformed to correct for heteroscedas-
ticity and to balance distributions, then the data were normal-
ized by median centering.56 Metabolic pathway analysis was
employed using the MetaboAnalyst (version 5.0)57 to identify
the most relevant metabolic pathways involved in PFOS expo-
sure. Metabolites showing significant change were mapped to
the KEGG54 pathways (http://www.genome.jp/kegg/).

Lipidsearch (version 4.1; Thermo Fisher) was used for lipid
data analysis and identification.Within a lipid class,MainArea val-
ues output by LipidSearch were assigned to each fatty acid moiety
of a given lipid species and Microsoft Excel was used to sum the
data. Positive and negative electrospray ionization data were proc-
essed separately, and peak area tables were combined into an Excel
file. The peak areas’metabolites and lipids were normalized by in-
ternal standards and sample weight [liver: peak area of metabolite
or lipid/(peak area of internal standard × liverweight), plasma:
peak area of metabolite or lipid/peak area of internal standard]
before statistical analysis (Figure S1).

Quantification of Linear and Branched PFOS in Mouse
Plasma and Liver
Plasma and liver samples were analyzed at the Laboratory of
Exposure Assessment and Development for Environmental
Health Research (LEADER) at Emory University. Liver sam-
ples were homogenized with a tissue grinder with 2 mL of
methanol. Plasma (100 lL) and homogenized liver (100 mg)
samples were spiked with an isotopically labeled standard solu-
tion (13C2, D4-PFOS) and diluted with a 0:1 M formic acid/
methanol solution (400 mL for plasma; 200 mL for liver) prior

to sample preparation so that their concentrations were within
the calibration range of the method and to deproteinate the sam-
ple. After centrifugation, 400 lL of the supernatant of the sam-
ples were introduced onto a Strata RP on-line extraction
column (2:1× 20 mm). The on-line extraction column was
washed with 0:1 M formic acid/acetonitrile (90/10, vol/vol), then
the target analytes were transferred from the on-line extraction
column to a Betasil C18 analytical column (4:6× 150 mm, 5 lm)
for chromatographic separation and detection using HPLC
interfaced with tandem MS (6460 Triple Quadrupole LC/MS;
Agilent Technologies). In each analytical batch, a matrix-based
calibration curve, a blank sample, National Institute Standards
Technology (NIST) standard reference materials (SRMs) and
QC samples were prepared and injected alongside unknown
plasma or liver samples. Quantification was performed using iso-
tope dilution calibration with the limits of detection of
0:17 ng=mL for branched PFOS and 0:22 ng=mL for linear
PFOS. The limit of detection was defined as the lowest concen-
trations in the calibration curve, where the signal/noise ratio of
the observed signal was ≥3 and the accuracy derived from NIST
SRMs samples was 98:6± 8%. The method precision, calculated
as the relative standard deviation (RSD) of QC materials, was
<10%. The LEADER successfully participates in and is certified
semiannually for PFAS measurements by the German External
Quality Assessment Scheme (https://app.g-equas.de/web/).

Shotgun Metagenomics of Cecum Contents
Genomic DNA was isolated from murine cecal content
(n=5=group) using the QIAamp DNA Stool Mini Kit (Qiagen).
The quality and integrity of DNA samples were checked by 1% aga-
rose gel electrophoresis (loading 20 ng of DNA). Meanwhile, DNA
yield and purityweremeasured using aNanoDrop 2000 spectropho-
tometer (Thermo Fisher) and a Qubit 2.0 fluorometer (Thermo
Fisher), and the A260/280 values were ∼ 2:0 or higher. Shotgun
metagenomics was performed under contract by Psomagen, Inc.
DNA integrity was checked by Psomagen using E Gel 48 Agarose
Gels with SYBRSafeDNAGel Stain 1%Kit (Thermo Fisher) on an
E-base Electrophoresis Device (Thermo Fisher). Two nanograms of
genomic DNAwere used as the input material for the shotgunmeta-
genome library. The samples mixed with the bead-linked transpo-
somes from the Nextera DNA Flex Library Prep Kit (Illumina) were
incubated at 55°C for 15min to fragment and tag theDNAwith adapter
sequences. Tagmented samples bound on the beads were resuspended
with polymerase chain reaction (PCR)mastermix and index from IDT
for Illumina Nextera DNA Unique Dual Indexes kit. Then they were
amplified using a limited-cycle PCR program to add the index and
sequences required for sequencing cluster generation on an Axygen
MaxyGene II thermal cycler. The PCR product was purified using
magnetic beads and validated using the Agilent D5000 ScreenTape
assay and Picogreen assay (G820841; Thermo Fisher). The validated
libraries were then normalized to 10 nM and loaded onto an Illumina
HiseqXplatformwith PE150 (pair-end sequencing, 150 bp reads) after
diluting to the desired loading concentration (2 nM).

Shotgun metagenomics data sets were analyzed by the
Bioinformatics group at the University of Kentucky. Raw shot-
gun sequencing reads were preprocessed using KneadData
(version 0.10.0) QC pipeline.58 Briefly, the paired-end reads
were first trimmed to remove low-quality positions, adapter
bases, and repetitive sequences. The resulting reads were
then queried against the Bowtie2 Mus musculus reference data-
base mouse_C57BL_6NJ to remove contaminating host reads
from the sequencing files.59 After preprocessing, a total of
16:2±8:5million paired-end reads remained.

Taxonomy assignment of shotgun sequencing reads was per-
formed using Kraken2.60 In brief, the kraken2 function was used
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Figure 2. Liver lipid profiles in mice exposed to PFOS and fed with diets supplemented with different fibers (C: cellulose as control, I: inulin, P: pectin).
Lipids including sphingolipids (Cer, A; SM, B), lysophospholipids (LPC, C; LPE, D), phospholipids (PC, E; PE, F), cholesterol ester (ChE, G), and a neutral
lipid (TAG, H) were analyzed using UHPLC-Q exactive MS. The normalized peak areas of lipid species in each lipid class are summarized. Bars represent
means±SEMs of 6–8 mice in each group. Data were compared using two-way ANOVA and Tukey’s post hoc test for multiple comparisons, *p<0:05;
**p<0:01; ***p<0:001; and ****p<0:0001. Detailed lipidomic data are listed in Excel Table S12. Note: ANOVA, analysis of variance; Cer, ceramide; LC-
MS, liquid chromatography-mass spectrometry; LPC, lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; PC, phosphatidylcholine; PE, phosphati-
dylethanolamine; PFOS, perfluorooctane sulfonate; SEM, standard error of the mean; SM, sphingomyelin; UHPLC-Q exactive MS, ultra-high-performance liq-
uid chromatography coupled with quadrupole-exactive mass spectrometer; TAG, triacylglycerol.
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to run the kneadphyla data-filtered shotgun sequencing reads
against the Kranen2 Refseq database (data accessed 17 May
2021) containing the “archaea,” “bacteria,” and “viral” reference
databases. The taxonomy labels assigned by Kraken2 for each
sample were passed to Bayesian Reestimation of Abundance
with Kraken (Bracken2) to estimate the relative abundance at the
phylum, genus, and species levels.61 The relative abundance out-
puts from Braken2 can be found in Excel Tables S6–S8.

Alpha- and beta-diversity analyses were performed using
Phyloseq (version 1.38.0)51 and Vegan (version 2.5-7)53 in R
(version 4.1.2; R Development Core Team). Kraken2 outputs
were combined and imported into a phyloseq object. The
Shannon Diversity Index was used to measure alpha-diversity
(within-sample diversity). Bray–Curtis distance matrix and prin-
cipal coordinate analysis (PCoA) values were obtained using the
ordinate function to measure beta-diversity. Permutational

multivariate analysis of variance (PERMANOVA) was per-
formed to determine significance in the distance metrices across
samples by dietary fibers or PFOS exposure using the adonis3
function in the GUniFrac package. Microbiota changes focusing
on relative abundances of taxa were compared between groups
using linear discriminant analysis (LDA) effect size (LEfSe) with
the default p-value (a=0:05) and the LDA score of 2.0.62

Statistical Analyses
Partial least-squares discriminant analysis (PLS-DA) was used to
identify initial trends and clusters in data sets. Variable impor-
tance in projection (VIP) scores, which indicated the importance
of the variable to the whole model, were calculated using the
Metaboanalyst (version 5.0; www.metaboanalyst.ca). GraphPad
Prism (version 7.04 for Windows; GraphPad Software Inc.) was
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Figure 3. Liver ceramide levels in mice exposed to PFOS and fed diets supplemented with different fibers (C: cellulose as control, I: inulin, P: pectin).
Ceramides were analyzed using UHPLC-Q Exactive MS. Bars represent means± SEMs of 6–8 mice in each group. Data were compared using two-way
ANOVA and Tukey test for multiple comparisons, *p<0:05; **p<0:01; ***p<0:001; and ****p<0:0001. Detailed ceramide data are listed in Excel Table
S12. Note: ANOVA, analysis of variance; PFOS, perfluorooctane sulfonate; SEM, standard error of the mean; UHPLC-Q exactive MS, ultra-high-performance
liquid chromatography coupled with quadrupole-exactive mass spectrometer.
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used for the statistical analyses of metabolomic and lipidomic
data. Data are expressed as means±SEMs. Comparisons between
groups were made by one-way (comparison of PFOS levels in
exposed mice) or two-way ANOVA with post hoc Tukey’s test.
Statistical significance was set at a determined p<0:05.

Results

Effects of PFOS Exposure and Dietary Fiber Intervention
on the Mouse Liver/Body Weight Ratio
No significant differences were observed in water consumption,
food intake, and body weight (Figure S2, Excel Tables S9 and
S10), suggesting that the mice from different groups had equiva-
lent dietary fiber intake and PFOS exposure via drinking water

and that the dose of the PFOS used did not cause hypophagia.
We observed that mice exposed to PFOS had a higher liver/body
weight ratio regardless of diet (Figure 1B; Excel Table S11).
There was a trend in PFOS-exposed mice that those fed with the
inulin-supplemented diet demonstrated an ∼ 21% lower liver/body
weight ratio than control- and pectin-diet-fed mice (p=0:08; Figure
1B). Although significant effects of PFOS exposure and fiber on
liver/body weight ratio were observed, there were no interactions
between PFOS and fiber intake (Figure 1B).

Mouse Liver Lipidomic Changes in Response to PFOS
Exposure and Dietary Fiber Intervention
The LC-MS–based lipidomic analysis identified a total of 1,651
lipid species in mouse liver. Analysis of lipidomic data (Excel
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Figure 4. Liver Cer/SM ratio in mice exposed to PFOS and fed diets supplemented with different fibers (C: cellulose as control, I: inulin, P: pectin). Bars repre-
sent means± SEMs of 6–8 mice in each group. Data were compared using two-way ANOVA and Tukey test for multiple comparisons, *p<0:05; **p<0:01;
***p<0:001; and ****p<0:0001. Detailed data of liver Cer/SM ratio are listed in Excel Table S13. Note: ANOVA, analysis of variance; Cer, ceramide; PFOS,
perfluorooctane sulfonate; SEM, standard error of the mean; SM, sphingomyelin.
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Table S12) by two-way ANOVA revealed a higher abundance of
particular classes of hepatic lipids in PFOS-exposed mice regard-
less of diet (Figure 2A–H), including lysophosphatidylcholine
(LPC), lysophosphatidylethanolamine (LPE), and phosphatidyl-
choline (PC). Comparing PFOS-exposed mice and vehicle-
treated mice, significantly higher levels of ceramide (Cer)
were observed in control- and pectin-fed groups, but not in the
inulin-fed group (Figure 2A). The level of sphingomyelin (SM)
was significantly lower after PFOS exposure in control- and
pectin-fed mice (Figure 2B). In addition, the PFOS-induced accu-
mulation of hepatic LPC and LPE was ameliorated by both inulin
and pectin feeding compared with control diet (Figure 2C,D).
Furthermore, the significantly higher cholesterol ester seen in mice
on the control diet exposed to PFOS was not observed with PFOS-
exposed inulin- and pectin-fed mice (Figure 2G). There were no
significant differences in hepatic triacylglycerol (TAG) and phos-
phatidylethanolamine (PE) after PFOS exposure and different die-
tary fiber treatments, although there was a trend of lower TAG
levels in PFOS-exposed mice in the control- and inulin-fed
groups.

Effects of PFOS Exposure and Dietary Fiber Intervention
on Mouse Liver Sphingolipids
Ceramide and sphingomyelin are two major sphingolipids that
form a complex class of bioactive lipids. Certain species with dis-
tinct acyl chains are closely associated with the development of
metabolic syndrome.63 The analysis of individual ceramides indi-
cated that Cer 24:1 was significantly higher in PFOS-exposed
mice regardless of diet (Figure 3; Excel Table S12). Cer 16:0 and
22:0 were both significantly higher in PFOS-exposed mice than
vehicle-treated mice, but only in the cellulose control diet group.
There was a trend for higher Cer 16:0 after PFOS exposure in the
inulin and pectin groups, but it did not reach statistical signifi-
cance (Figure 3). Similarly, there was a trend for higher Cer 22:0
in the pectin group that did not reach statistical significance
(Figure 3). Sphingolipid is a major precursor for ceramide, and hy-
drolysis of sphingolipid by sphingomylinase is one of the major
biosynthesis pathways for ceramide.64 The ratio between ceramide
and sphingomyelin (Cer/SM), an indicator of sphingomyelinase
activity,65 was significantly higher in PFOS-exposed mice than in
vehicle-treated mice. This effect was partially attenuated in inulin-
fed mice (Figure 4; Excel Table S13), especially for long-chain
species (C18:0, C20:0, C22:0), whose Cer/SM ratios were lower
compared with control diet-fed mice (I+PFOS vs. C+PFOS). In
addition, a higher C16:0 Cer/SM ratio in response to PFOS expo-
sure was observed in control and pectin-fed mice, but not in the
inulin-fed group. For very long-chain species (C24:0 and C24:1),
although the Cer/SM ratio was higher in all three dietary groups
after PFOS exposure, significantly lower values were observed in
both inulin- and pectin-fed mice compared with the control group
(Figure 4).

Effects of Dietary Fiber Intervention on Plasma and Liver
PFOS Levels
PFOS levels in plasma and liver were analyzed using the LC-MS
method (Figure 5; Excel Table S14). It was found that in control
diet-fed mice, the levels of linear and branched PFOS in plasma
were 283:8± 79:1 and 71:0±17:3 mg=mL, respectively, and
the levels were at 571:3±265:6 and 234:3±101:3 mg=g in
liver tissue. The plasma level of linear PFOS was lower by 33%
in inulin-fed mice compared with control diet-fed mice, and the
level was lower by 20% in pectin-fed mice, although not statis-
tically significant (p=0:19; Figure 5A). There were trends that
plasma levels of branched PFOS were lower in the inulin-

and pectin-diet-fed mice, with p=0:08 and 0:12, respectively
(Figure 5B). Similarly, trends of lower hepatic linear and
branched PFOS were observed in inulin- and pectin-diet-fed
mice (Figure 5C,D).

Effects of PFOS Exposure and Dietary Fiber Intervention
on the Mouse Liver Metabolome

The LC-MS–based metabolomic analysis identified a total of 516
metabolites in mouse liver (Excel Table S5). Metabolites found
in QC samples had a median RSD of 8%, indicating the analysis
was highly reproducible. To identify potential metabolites that
contribute to the divergent effects of diet and PFOS exposure on
the mouse liver metabolome, a PLS-DA was carried out. In all
three diet-treated groups, there were clear differences between
the PFOS- and vehicle-treated mice (Figure 6A), indicating con-
siderable variations in the hepatic metabolite composition after
PFOS exposure regardless of diet. Patterns of metabolite abun-
dance in the heatmap of liver metabolites indicated apparent
impacts of the PFOS exposure and of the diet composition
(Figure S3, full metabolomic data is listed in Table S5). Two dif-
ferent approaches were used to analyze these data.

A B

C D

Figure 5. Plasma and liver levels of (A,C) linear and (B,D) branched PFOS
in mice fed with cellulose- (control), inulin-, and pectin-supplemented diets.
Bars represent means±SEMs of 6–8 mice in each group and p-values are la-
beled on the chart. Data were compared using one-way ANOVA and
Tukey’s post hoc test for multiple comparisons. Detailed data of PFOS lev-
els are listed in Excel Table S14. Note: ANOVA, analysis of variance;
PFOS, perfluorooctane sulfonate; SEM, standard error of the mean.
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First, PLS-DA identified main metabolites responsible for
separation between vehicle and PFOS treated groups, which were
further analyzed by VIP, and the importance of individual metab-
olites that altered by PFOS treatment in different dietary groups
were ranked by VIP scores (Figure 6B; Excel Table S15). In
addition to PFOS, glutarylcarnitine was scored the highest across
all three dietary groups, indicating that it was a main contributor to
the separation of PFOS-vehicle groups. Other metabolites that
contributed to the separation across the three dietary groups
included inosine monophosphate (IMP), Gly-Lys, and amino-
benzoic acid. Interestingly, the ranking (VIP score) of metabolite
was not equivalent between diets although the overall pattern of
metabolic profile change was similar, suggesting that metabolic
responses to PFOSwere specific to dietary fiber types.

Second, analysis of statistically significant metabolites identi-
fied by volcano plot (fold change>2 and p≤ 0:05; Figure 6C)

revealed the overall differences in metabolite profiles. It was
found that control diet-fed mice had the highest number of differ-
entially expressed metabolites after PFOS exposure among all
three dietary groups (Figure 7A,B). As shown in the Venn dia-
grams (Figure 7B), 23 core metabolites that were different
between PFOS- and control diet-fed mice in all three diet groups
were identified (Table 1). Those included metabolites from amino
acid metabolism, nucleotide metabolism, and fatty acid biosyn-
thesis (Figure S4, Excel Table S5). Among these, the 4 major dif-
ferential metabolites identified in the VIP analysis were also
detected. Importantly, 55 specific metabolites that were altered
by PFOS exposure in the control diet group but not in the inulin-
and pectin-fed groups were identified (Figure 7C; Excel Table
S16) that were enriched into pathways of amino acid metabolism,
nucleotide metabolism, fatty acid metabolism, and the citric
cycle.

A

B

C

Figure 6.Metabolomic analysis of liver samples from mice exposed to PFOS and fed with diets supplemented with cellulose (control), inulin, or pectin.
(A) Liver metabolite profiles were analyzed by PLS-DA and significant separations between PFOS and vehicle treatments were observed in all three dietary
groups (n=6–8=group). (B) Main metabolites responsible for separation between vehicle- and PFOS-treated groups by PLS-DA were analyzed by variable in pro-
jection (VIP). Up arrow indicates the level of the metabolite was higher in PFOS-exposed mice than that in the vehicle group, down arrow indicates the level of
the metabolite was lower in PFOS-exposed mice than that in the vehicle group. Detailed data of VIP scores are listed in Excel Table S15. (C) Analysis of statisti-
cally significant metabolites were identified by volcano plot (fold change>2, and p≤ 0:05). Detailed metabolomic data are listed in Excel Table S5. Note: FC,
fold change; Gly, glycine; Lys, lysine; PFOS, perfluorooctane sulfonate; PLS-DA, partial least-squares discriminant analysis; Pro, proline; Val, valine.
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Effects of PFOS Exposure and Dietary Fiber Intervention
on the Mouse Liver Transcriptome

Soluble fiber feeding paradigms were associated with effects
on liver/body weight ratio (inulin only) and liver metabolism
after PFOS exposure. To gain insight into the underlying
mechanisms, we conducted RNA sequencing analysis of liver
samples (Excel Tables S2–S4). As shown in the Venn diagram
and volcano plots (Figure 8A,B), pairwise comparisons of
PFOS-vehicle treatment identified 4,316, 2,394, and 2,466 dif-
ferentially expressed gene transcripts in the control and the
inulin- and pectin-fed groups, respectively. In addition, a total
of 835 shared genes that were altered by PFOS exposure but
independent of diet were identified in the liver transcriptome
(Figure 8A).

Enrichment analysis showed that control diet-fed mice
exposed to PFOS demonstrated a higher expression of genes
associated with ribosome, amino acid metabolism, PPAR path-
way, and fatty acid and lipid metabolism (Figure 8C). The main
genes with lower expression were associated with pathways of
complement and coagulation cascades, adenosine monophos-
phate–activated protein kinase (AMPK) signaling, insulin path-
way, and bile acids biosynthesis and excretion. Although mice
consuming inulin- and pectin-supplemented diets showed some
similarities in the affected pathways as those in the control diet,
the number of differentially expressed genes in each pathway
were less (Figure 8C), namely, those associated with the ribo-
some [control/inulin/pectin (C/I/P): 81/37/49 genes], glutathione

metabolism (C/I/P: 33/24/24 genes), retinol metabolism (C/I/P:
39/37/33 genes), protostome (C/I/P: 24/11/12 genes), arachidonic
acid metabolism (C/I/P: 27/22/21 genes), fatty acid degradation
(C/I/P: 20/19/15 genes), branched chain amino acid metabolism
(C/I/P: 19/16/12 genes), and PPAR signaling pathway (C/I/P: 49/
20/21 genes). Genes with lower expression after PFOS exposure
in mice fed with the three diets showed the overlapping KEGG
pathway of complement and coagulation cascades. Notably, the
number of enriched genes in this pathway were dramatically less
in inulin- and pectin-fed mice compared with the control group
(C/I/P: 41/17/30 genes). Genes associated with the ferroptosis
pathway was up-regulated after PFOS exposure in control- and
pectin-fed mice but not in inulin-fed mice. Genes associated
with cysteine and methionine metabolism were significantly
different in control diet-fed mice exposed to PFOS, with 16
genes up-regulated and 14 genes down-regulated, but these
genes were not significantly different in inulin- and pectin-fed
mice. Furthermore, 43 up-regulated genes were enriched into
the pathway of fluid shear stress and atherosclerosis in control
mice after PFOS exposure, whereas this pathway was not
observed as significantly different in the inulin- and pectin-fed
groups. Results of the two-way ANOVA of differentially
expressed atherosclerosis-related genes in response to PFOS ex-
posure in the three diets fed mice are shown in Figure 9, includ-
ing anti-atherogenesis (Nqo1, Gstt3, Hmox1, and Sqstm1) and
pro-atherogenesis genes (Mmp2, Ctsl, Icam1, and Vcam1). The
AMPK signaling pathway, related genes of which were signifi-
cantly down-regulated in PFOS-exposed mice, was protected in

A B

C

Figure 7. Liver metabolome in mice exposed to PFOS and fed with diets supplemented with different fibers. (A) The total number of different hepatic metabo-
lites in mice exposed to PFOS and treated with cellulose- (control), inulin-, and pectin-supplemented diets (n=6–8=group). (B) Venn diagrams depicting the
distribution of metabolites in the liver of mice on the cellulose, inulin, or pectin diet in response to PFOS exposure. Shared elements constitute “core” metabo-
lites and are associated with PFOS exposure regardless of diets. “Specific” metabolites are associated with PFOS exposure in the cellulose diet group only but
not in inulin- or pectin-fed groups. (C) Heatmap of liver metabolomic profiling of mice fed with diets supplemented with cellulose (b vs. a), inulin (d vs. c),
and pectin (f vs. e) compared with mice treated with vehicle. Log fold changes of profiled metabolites are shown. Metabolites are ordered within each category:
amino acid metabolism, nucleotide metabolism, fatty acid metabolism, citric cycle, dipeptide, steroid, and uncategorized (carbonyls, carboxylic acids, and alco-
hols). Detailed metabolomic data are listed in Excel Table S5. Heatmap data are listed in Excel Table S16. Note: a, cellulose+vehicle; b, cellulose+PFOS; c,
inulin+vehicle; d, inulin+PFOS; e, pectin+vehicle; f, pectin+PFOS; PFOS, perfluorooctane sulfonate.
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the inulin- and pectin-fed groups. The major genes involved in
ceramide metabolism that were higher after PFOS exposure
included Smpd3, CerS2, and CerS6 (Figure 10). Hepatic gene
expression of Smpd3 was significant lower in the inulin-fed mice.
The effects of PFOS on CerS2 and CerS6 were either diminished
or protected in the inulin- and pectin-fed mice (Figure 10).

Effects of PFOS Exposure and Dietary Fiber Intervention
on the Cecal Content Microbiome
Relative abundance analysis demonstrated that Bacteroidetes was
the dominant phylum in mice from the six groups (Excel Table
S6). Actinobacteria was the major phylum whose abundance was
significantly higher in inulin-fed mice than the control diet group
treated with the vehicle (Figure 11A), and there were no signifi-
cant differences among other groups. The cecal content microbial
alpha-diversity at genus level was evaluated using the Shannon
Diversity Index. Pairwise comparisons indicate that alpha-
diversity of the inulin group was remarkably higher than the
pectin group (false discovery rate < 0:05) in the vehicle-treated
mice. In contrast, no significant shifts were observed among the
other experimental groups (Figure 11B; Excel Table S17). The
PCoA using Bray–Curtis distance (beta-diversity) showed a
separation of the inulin treatment from other dietary groups at
the genus level (Figure 11C). PERMANOVA showed that the
beta-diversity derived from the inulin differed from other die-
tary interventions (p<0:05), supporting the notion that feeding
inulin led to significant changes in the microbiome community
compared with feeding pectin or cellulose.

To identify the differences in specific bacterial taxa in response
to PFOS exposure and dietary interventions, LEfSe was used to
compare the cecal microbiota composition (Figure 12), and the
LDA scorewas used to discriminate specific taxa between different
groups at the genus level (Figure 13; Excel Table S18). It was
found that fewer bacterial taxa were different after PFOS exposure
(Figures 12 and 13) in inulin- and pectin-fed mice compared with
the control diet group. For control diet groups, compared with the
vehicle-treated mice, PFOS-exposed mice had a lower abundance

of Alistipes, Oscillibacter, Flavonifractor, Flintibacter, Dysosmo-
bacter, Paenibacillus, Citrobacter, Intestinimonas, Acutalibacter, and
Streptomyces (LDA score <− 3), which mostly belonged to the
phylum of Firmucutes and Actinobacteria. Higher abundances of
Duncaniella, Muribaculum, Prevotella, and Sodaliphilus were
observed in control diet-fed mice after PFOS exposure (Figure
13A). On the contrary, in inulin-fed mice, abundances of
Flavonifractor, Dysosmobacter, Streptomyces, Ruminococcus,
and Faecalitalea were higher in PFOS-exposed mice (Figure
13B). In pectin-fed mice, abundances of genus Paraprevotella
and Staphylococcus were found to be lower in PFOS-exposed
mice than in the vehicle control group (Figure 13C).

The effects of dietary fiber on bacterial taxa were investiga-
ted by comparing vehicle-treated mice fed with different diets
(without PFOS exposure). LEfSe suggested that Bifidobacter-
ium (LDAscore= 4:65), Duncaniella (LDAscore= 4:25), and
Muribaculum (LDA score= 4:16) were the top three genera
that were up-regulated by inulin feeding compared with the
control diet group. The two-way ANOVA revealed a signifi-
cant effect of PFOS-inulin fiber interaction on the re-
lative abundance of Muribaculum (Figure S5). Duncaniella
(LDA score = 4:33), Muribaculum (LDA score= 4:11), and
Bifidobacterium (LDA score= 3:87) are the major genera that
were up-regulated in the pectin-fed mice. The two-way ANOVA
revealed a significant interaction effect between PFOS and pectin
fiber on the relative abundance of Duncaniella and Muribaculum
(Figure S5).

Discussion
PFOS has been considered to disturb lipid metabolism owing to its
structural similarity to fatty acids.66 Some in vitro studies have
demonstrated that PFOS elicited its hepatotoxicity by activation of
the PPAR pathway.29,67 Other studies have suggested that PFOS
toxicity may not be relevant to the transcription of PPAR; for
example, Wan et al.22 reported that PFOS can inhibit b-oxidation
of fatty acids in mice by up-regulating the hepatic gene expression
of lipoprotein lipase and fatty acid translocase, as well as the

Table 1.Metabolomic analysis of liver samples from mice exposed to PFOS and fed with diets supplemented with cellulose (control), inulin, or pectin.

Metabolite Category MW
Rt

(min)

Fold difference: PFOS vs. vehicle

Cellulose Inulin Pectin

Glutarylcarnitine Short-chain acylcarnitine 275.136 5.7 158.0 18.4 45.9
Malonylcarnitine Short-chain acylcarnitine 247.105 7.1 3.4 3.5 2.9
Pimelylcarnitine Short-chain acylcarnitine 303.168 2.4 0.3 0.3 0.3
Inosine-5 0-monophosphate Nucleotide metabolism 348.046 9.7 7.2 6.1 45.1
Inositol cyclic phosphate Nucleotide metabolism 242.019 10.9 3.2 2.3 3.3
Uridine monophosphate Nucleotide metabolism 324.035 9.2 2.2 2.9 5.2
Uridine diphosphate Nucleotide metabolism 404.001 10.4 4.5 2.8 5.7
UDP-N-acetylglucosamine Nucleotide metabolism 607.080 9.3 2.8 2.6 3.4
Cytidine Nucleotide metabolism 243.085 6.4 0.3 0.4 0.4
Cytosine Nucleotide metabolism 111.043 6.4 0.3 0.4 0.4
Isocytosine Nucleotide metabolism 111.043 5.2 0.3 0.4 0.4
Nicotinic acid Nucleotide metabolism 123.032 2.7 3.0 2.6 2.4
Acetylarginine Arginine metabolism 216.122 9.0 5.2 4.3 2.2
Aceglutamide Glutamine metabolism 188.079 4.7 2.4 2.9 2.3
S-methylglutathione Glutathione metabolism 321.099 7.0 3.6 2.9 2.7
N-acetyl-aminoadipic acid Lysine metabolism 203.079 9.3 3.0 2.4 3.0
Aminobenzoic acid Tryptophan metabolism 137.048 9.3 3.6 3.0 3.9
Aminobutyric acid Alanine metabolism 103.064 7.8 0.4 0.3 0.3
Dihydroxyphenylacetic acid Amine metabolism 168.042 10.9 2.7 2.3 3.2
Glycine hydroxyproline dipeptide (Gly-Hyp) Dipeptide 188.080 2.4 2.6 2.4 2.2
Gly-Lys Dipeptide 203.127 6.3 0.2 0.2 0.2
Hypotaurocyamine Other 151.041 9.7 0.5 0.4 0.2
Benzoxazolone Other 135.032 3.8 0.4 0.5 0.4

Note: Core metabolite differences in response to PFOS exposure across all three dietary groups are listed (n=6–8=group). The fold difference data were obtained from volcano plot
results as determined by using MetaboAnalyst (version 5.0). Detailed metabolomic data are listed in Excel Table S5. Lys, lysine; MW, molecular weight; PFOS, perfluorooctane sulfo-
nate; Rt, retention time; UDP, uridine diphosphate.
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Figure 8. Liver transcriptome in mice exposed to PFOS and fed with diets supplemented with different fibers (n=5=group). (A) Venn diagrams depicting the distri-
bution of transcriptions in the liver of mice on cellulose (control), inulin, or pectin diet in response to PFOS exposure. (B) Analysis of statistically significant tran-
scripts identified by volcano plot. (C) Enrichment analysis of the differentially expressed genes to identify biological functions or pathways that differ between
PFOS-exposed and control mice in three dietary groups. The horizontal axis is log10 (Padj) of the significantly enriched pathway and the vertical axis is the enriched
pathway, and the number of differentially expressed genes is shown in the parentheses. Detailed transcriptomic data are listed in Excel Tables S2–S4. Note: AGE,
advanced glycation end products; Akt, protein kinase B; AMPK, adenosine monophosphate-activated protein kinase; ECM, extracellular matrix; FC, fold change;
Padj, adjusted p-value; PFOS, perfluorooctane sulfonate; PI3K, phosphatidylinositol-3-kinase; PPAR, peroxisome proliferator-activated receptor; RAGE, receptor
for advance glycation end products; TCA, tricarboxylic acid; TGF, transforming growth factor; TRP, transient receptor potential.
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reduction of apolipoprotein B, leading to the hepatic accumulation
of fatty acids and triglycerides. Another mouse study suggested
that PFOS inhibited the secretion and function of low-density lipo-
proteins, which may block the exportation of lipids from the liver
to peripheral tissues.68 Recently, Sen et al. reported that

interactions between PFOS and bile acids led to lipid-related
changes in human liver.69 In the present study, we uncovered
hepatic lipidomic, metabolomic, and transcriptional differences in
PFOS-exposed mice compared with control mice. Liver lipids of
Cer, LPC, LPE, PC, and ChE were higher after PFOS exposure
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Figure 9. Hepatic expression of anti-atherogenesis (Nqo1, Gstt3, Hmox1, and Sqstm1) and pro-atherogenesis genes (Mmp2, Ctsl, Icam1, and Vcam1) deter-
mined by transcriptomics. Bars represent means±SEMs of gene read count for 5 mice in each group. Data were compared using two-way ANOVA and
Tukey’s post hoc test for multiple comparisons, *p<0:05; **p<0:01; ***p<0:001; and ****p<0:0001. Detailed transcriptomic data are listed in Excel Tables
S2–S4. Note: ANOVA, analysis of variance; PFOS, perfluorooctane sulfonate; SEM, standard error of the mean.
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(Figure 2), which was consistent with the recently reported results
from female BALB/c mice exposed to PFOS that higher levels of
hepatic Cer, LPC, LPE, and PC were observed.70 Metabolomic
analysis revealed 23 core metabolites that were differentially
expressed after PFOS exposure across all dietary groups, with
short-chain carnitines being the major affected metabolites (Figure
S4), and this may be attributed to the activated PPAR pathway af-
ter PFOS exposure. Transcriptomics revealed that PFOS-exposed
mice had higher expression of hepatic genes enriched into path-
ways associated with lipid metabolism (Figure 6C), including
PPAR signaling, fatty acid degradation, primary bile acid synthe-
sis, and cholesterol metabolism, which contributed to the hepatic
lipid accumulation after PFOS exposure. Taken together, the pres-
ent study suggests that both PPAR and non-PPAR pathways are
involved in the effects of PFOS on liver lipid homeostasis.
Interestingly, the number of disturbed genes were lower in inulin-
and pectin-fed mice (Figure 8A,B), suggesting that lipids and
metabolites that were disturbed during PFOS exposure were res-
cued by dietary fiber diets.

Ceramides are fatty acid amide derivatives of sphingosine
and precursors of complex sphingolipids. Previous in vitro and
in vivo studies have shown that the accumulation of ceramides
can lead to the activation of signaling pathways that induce he-
patic steatosis, insulin resistance, and cardiometabolic disor-
ders,71–74 suggesting a causative role of ceramides in the
metabolic disorders. It has been reported that liver ceramide
levels were increased in BALB/c mice exposed to PFOS.70 In
the liver of NAFLD patients, the levels of hepatic ceramides
were positively associated with PFAS exposure.69 Furthermore,
PFAS-associated perturbations in the sphingolipid pathway
were observed in human and rodent serum/plasma metabo-
lomes.43,75 Our recent study in mice reported that inulin feeding
down-regulated ceramide biosynthesis in a hyperlipidemia
mouse model through reductions in neutral sphingomyelinase
expression and activity.39 In the present study, we found that
PFOS exposure resulted in higher ceramide levels in liver tissue
(Figure 3), particularly Cer 16:0, 22:0, and 24:1 species, among
which Cer 16:0 was reported as the major contributor to meta-
bolic diseases76; moreover, Cer 16:0 is more involved than

other ceramide species in liver disease onset and progression.77

Inulin- and pectin-supplemented diets protected against the ele-
vation of ceramide in mouse liver (Figure 3). In addition, the ra-
tio of Cer/SM, an indicator of sphingomyelinase activity, was
higher after PFOS exposure, and this effect was ameliorated
greatly by the inulin diet and, at a modest extent, by the pectin
diet (Figure 4). Compared with the cellulose-fed mice exposed
to PFOS, hepatic gene expression of Smpd3 was significantly
lower in inulin-fed mice (Figure 10), which was consistent with
our previous findings.39 Ceramide synthases (CerS) catalyze the
acylation of sphinganine, and the specificity of each CerS to-
ward the acyl CoA chain length used for N-acylation is high.78

CerS6 is responsible for the biosynthesis of C16-ceramide, and
CerS2 synthesizes very long acyl chain ceramides (C20–
C26).78 PFOS-exposed mice had higher CerS6 and CerS2 gene
expression (Figure 10), corresponding to the observed elevation
of Cer 16:0, 22:0, and 24:1, respectively (Figure 3). On the
other hand, the effects of PFOS on CerS6 and CerS2 were either
diminished or protected in soluble fiber-fed mice (Figure 10),
which explained the unchanged Cer 16:0 and Cer 22:0 levels in
those mice after PFOS challenge (Figure 3).

Previous studies have reported that PFOS exposure was
associated with increased cardiovascular disease risk.43,79 In
the present study, we found that pathologies associated with
fluid shear stress and atherosclerosis were higher after PFOS
exposure in control diet-fed mice but not in inulin- and pectin-
fed mice (Figure 8). In the three diets fed mice, the atheropro-
tection genes, including Nqo1, Gstt3, and Sqstm1, were more
highly expressed in response to PFOS exposure, which might
be related to PFOS-induced redox stress.80 In addition, PFOS
exposure was related to a higher expression of Mmp2, Ctsl, and
Icam1, whereas inulin and pectin diets protected against PFOS-
induced pro-atherogenesis effects as demonstrated by the unaf-
fected Mmp2, Ctsl, and Icam1 genes after PFOS exposure
(Figure 9). Two-way ANOVA suggested significant interac-
tions between diet and PFOS exposure for Hox1, Sqstm, Mmp2,
Ctsl, and Icam1, indicating that dietary fiber could modulate
PFOS-induced changes in atherosclerosis-related genes. These
results, together with the lipid and metabolite profiles, suggest

A

B

Figure 10. Hepatic expression of ceramide biosynthesis-related genes determined by transcriptomics. (A) Gene expression of Smpd3, CerS2, and CerS6 deter-
mined by transcriptomics. Bars represent means±SEMs of gene read count for 5 mice in each group. (B) Biosynthetic pathways of ceramide that were modu-
lated by PFOS exposure and dietary fibers. Data were compared using two-way ANOVA and Tukey’s post hoc test for multiple comparisons, *p<0:05;
**p<0:01; ***p<0:001; and ****p<0:0001. Detailed transcriptomic data are listed in Excel Tables S2–S4. Note: ANOVA, analysis of variance; PFOS, per-
fluorooctane sulfonate; SEM, standard error of the mean; Smpd3, sphingomyelin phosphodiesterase 3.
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that high-fiber diets could potentially decrease the cardiometa-
bolic disease risk associated with PFOS exposure.

Laboratory mice are usually fed a standardized chow diet that
typically contains 5% fiber; for example, AIN-93G and AIN-
93M contain 5% cellulose as the fiber source. Therefore, the 8%
fiber-supplemented diet used in the present study represents an
∼ 60% increase in the fiber contents compared with the standard
chow. For humans, it has been estimated that dietary fiber intake
for adults was 16–24 g/d81 and 16:2 g=d82 in European countries
and the United States, respectively. Current recommendations by
the European Food Safety Authority83 and the U.S. Institute of
Medicine84 for dietary fiber intake for adults are between
21 and 38 g per day, and it has been suggested that dietary fiber
intake should be increased by ∼ 50% compared with the current
intake.85 Therefore, the diets used in the present animal study
represent the increase in dietary fiber intake recommended for
humans. Inulin is a polyfructosan that contains linear chains of
fructosyl-groups linked by b-ð2,1Þ glycosydic bonds,86 and
pectin mainly consists of linear 1,4-D-galacturonan (homogalac-
turonan) segments.87 Considering that inulin and pectin are struc-
turally distinct and require specific carbohydrate-active enzymes
for their fermentation in the gut,88 it seems conceivable that these
fibers may differentially cater to diverse groups of bacteria, result-
ing in disparate physiological effects. Metagenomic results sug-
gested that both soluble fibers protected against PFOS-induced
changes in the microbiome community (Figure 12 and 13).
However, the effects of inulin and pectin on the cecal content
microbiome by themselves were different. LEfSe analysis

indicated that the most significant genus difference after inulin
feeding was in the higher numbers of Bifidobacterium, which is
consistent with the effects of inulin supplementation on the human
gut microbiome.89 It is well established that Bifidobacterium confer
positive health benefits to the human host, and they have been incor-
porated into many functional foods as active ingredients.90 The pri-
mary up-regulated genus induced by pectin feeding isDuncaniella,
which is particularly abundant in themouse intestinal tract, although
the function is yet to be studied.91 Significant interactions between
dietary fibers and PFOS exposure on the abundance ofDuncaniella
andMuribaculumwere observed (Figure S5), suggesting that PFOS
interacts with a dietary component in modulating the microbial
structure, and such interactions should be considered when evaluat-
ing the effects of PFOS exposure onmicrobial ecology.

Short-chain fatty acids (SCFAs) were the major end products
of dietary fiber fermentation. It was reported that acetate, propio-
nate, and butyrate were the major SCFAs derived from dietary
fibers.35 The mole percentage ratio of these three SCFAs in the
rodent cecum after inulin intervention was 63:18:19, whereas it
was 84:11:5 for pectin,92 suggesting that inulin was preferably
used by the gut microbiome to produce higher levels of propionate
and butyrate than pectin. The SCFAs are thought to be absorbed
from the intestinal mucosa into the portal vein. In inulin-fed mice
the most significantly elevated SCFA in the portal vein was propi-
onate,93 which could regulate host metabolism by down-regulating
lipogenic enzymes94 and inhibit fatty acid synthesis.95 The molec-
ular mechanisms by which dietary fiber alter the physiology of the
liver is likely through gut-localized events (i.e., microbe-microbe

A

B C

Figure 11. Cecal content microbial communities in mice exposed to PFOS and fed with diets supplemented with different fibers. Shotgun metagenomic analy-
sis of cecal contents of mice fed with different diets containing cellulose (control), inulin (I), or pectin (P), and exposed to PFOS by drinking water
(n=5=group). (A) The major bacterial phyla presented in mice cecum content samples, shown as relative abundance in each sample (Excel Table S6).
(B) Alpha-diversity index of microbial communities at the genus level. Data were analyzed by two-way ANOVA and presented as a box and whisker plot.
Detailed data of alpha-diversity index are listed in Excel Table S17. *p<0:05 (midline, median; box limits, upper and lower quartiles; whiskers, 10th and 90th
percentiles). (C) Principal coordinates analysis (PCoA) at the genus level comparing microbial beta-diversity (Bray–Curtis distance) among different groups.
Note: ANOVA, analysis of variance; PFOS, perfluorooctane sulfonate.
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and microbe-intestinal cell interactions, microbial metabolism),
coupled with metabolites that emanate from the gut microbe in
response to soluble fibers, which signal to or affect the physiology
of the host liver. Therefore, we reasoned that the beneficial liver
profile conferred by inulin and pectin during PFOS exposure,
was in part strongly associated with their ability to modulate, as
well as to be metabolized by, the microbiome community, which
is known to produce bioactive metabolites, such as SCFAs, that
could affect host metabolism. In our previous study, using stable
isotope-resolved metabolomics, we found that the fecal micro-
biome degraded inulin and produced metabolites other than
SCFAs, including amino acids, neurotransmitters, vitamin B5,
and other coenzymes.55 The interactions between the gut micro-
biome and the host mediated by these bioactive metabolites war-
rant further investigation. Our ongoing research is investigating
the in vivo metabolites of inulin by using stable isotope-labeled
metabolomics, and further analysis on portal vein blood will
identify bioactive mediators that link dietary fiber fermentation
to the regulations of host metabolism.

In our previous animal study, inulin feeding protected
against dioxin-like PCB126-induced hepatotoxicity and gut

dysbiosis in a hyperlipidemic mouse model.40 Fiber-rich food
intake has been associated with lower serum PFAS concentration
in humans.96,97 In a recent study, the relation of serum PFAS con-
centrations to intake of dietary fiber was evaluated using data from
6,482 National Health and Nutrition Examination Survey partici-
pants. Dietary fiber intake was found to be negatively associated
with serum PFAS levels; the authors suggested that fiber may
have a role in the gastrointestinal excretion of PFOA, PFOS, and
PFNA.98 The present mouse study supports this hypothesis and
found that a higher intake of soluble fiber (inulin or pectin) was
associated with lower plasma levels of PFOS compared with a
higher intake of the insoluble fiber (cellulose) in treated mice
(Figure 5). In addition, the effect was dependent on fiber type,
with inulin exerting more pronounced effects on PFOS accumu-
lation in plasma than pectin, suggesting that the low PFOS
accumulation resulting from inulin and pectin intake could par-
tially contribute to the protective effects associated with these
soluble fibers. Previous in vitro studies have demonstrated that
PFOS could be transported by apical sodium-dependent bile
acid transporter (ASBT), Na+ taurocholate cotransport polypep-
tide (NTCP), and organic anion transporting polypeptide

Figure 12. Cladograms of cecal content microbiome generated using linear discriminant analysis (LDA) effect size (LEfSe) analysis. Relative abundances of
taxa were compared between groups using LEfSe with the default p-value (a=0:05) and the LDA score of 2.0. Comparison results are presented for PFOS vs.
vehicle in each dietary group. Colors distinguish taxa differences between PFOS and vehicle treatments. (A) control diet; (B) inulin diet; and (C) pectin diet.
Note: PFOS, perfluorooctane sulfonate.
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(OATP).99,100 Molecular docking calculations have suggested
that PFOS has similar binding poses to those of taurocholic
acid, an endogenous substrate of ASBT and NTCP.15 Therefore,
PFOS could be taken up from the intestinal lumen into the
blood, resulting in reduced excretion into the feces. It was
reported that inulin treatment down-regulated the gene expres-
sions of ASBT, NTCP, and OATP in mouse liver and increased
fecal excretion of bile acids.101 Taken together, soluble fiber
could potentially reduce the reabsorption of PFOS by regulating
ASBT, NTCP, and OATP transporters, and thus increasing
PFOS excretion in the feces. Further studies are needed to
investigate fecal excretion of PFOS in mice treated with dietary
fiber-supplemented diets. Inulin is a heterogeneous collection
of fructose polymers with a degree of polymerization ranging
from 3 to 60. Pectin is a complex molecule with many structural
characteristics. Most studies, including the present one, investi-
gating the health effects of pectin and inulin have used fibers
with a combination of several structural characteristics.
Additional studies with inulin and pectin molecules with well-
defined structures are needed to determine which specific struc-
tural patterns of fibers induce the health-promoting effects
observed in the present study.

NAFLD has become a burgeoning health problem worldwide,
and it has been estimated to affect >10% of the general popula-
tion.102 Recent studies have recognized that PFAS exposure
could contribute to the progression of NAFLD under preexisting
liver disease conditions,69 and it has been associated with more
advanced disease in pediatric NAFLD patients.103 Consumption
of soluble fibers markedly ameliorated the phenotype of
NAFLD/nonalcoholic steatohepatitis in murine models.41,42

Given the substantial prevalence of liver disease in the general
population, and reports of liver toxicity with PFOS exposures,
the potential of dietary fibers to protect individuals with exa-
cerbated hepatic dysfunction as a result of PFOS exposure
warrants further investigation.

In the present study, wild-type C57BL/6 mice were used to
investigate the effects of dietary fiber on PFOS-induced toxic-
ity. We found that genes associated with PPAR signaling and
lipid metabolism pathways were enriched in PFOS-exposed
mice by using transcriptomic analysis. Previous in vitro studies
have shown that PFOS could differentially activate mouse and
human PPARa.29,30 Recently, Su et al. found that human
PPARa was not as responsive to PFOS as mouse PPARa by
comparing wild-type, Ppara-null, and PPARA-humanized
mice.104 In addition, APOE�3-Leiden:CETP mice, which have
a lipoprotein metabolism that is similar to humans, have been
used to investigate perfluorinated compound-induced effects
on lipid metabolism.68 Therefore, PPARA-humanized mice
and APOE�3-Leiden:CETP mice would be useful models for
investigating the mechanisms that mediate species differences
in PFOS exposure. In addition, recent toxicology research has
suggested that females may be more susceptible to PFAS
exposure-associated liver diseases69; therefore, future studies
are needed to investigate the sex differences in dietary fiber-
modulated PFOS toxicity.

It has been reported that the geometric mean concentration
of total PFOS in the serum of workers in a fluorochemical man-
ufacturing plant was 1,386 ng=mL105 and the median serum
concentration was 14:2 ng=mL in Chinese citizens,106 which are
higher than those reported in U.S.12 or European studies.107

Figure 13. Linear discriminant analysis (LDA) scores of differentially abundant taxa in cecal content between the PFOS- and vehicle-treated mice fed the
(A) control diet, (B) inulin diet, or (C) pectin diet using the linear discriminant analysis effect size method. Only taxa meeting an LDA significant threshold of
2 and p<0:05 are shown. The mice were fed with a diet supplemented with dietary fibers. Detailed LDA score data are listed in Excel Table S18. Note:
PFOS, perfluorooctane sulfonate.
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Therefore, the mouse plasma level of total PFOS in the present
study was ∼ 256-fold higher than observed during human occu-
pational exposures. Lower doses of PFOS exposure should be
evaluated to produce more environmental relevance, providing
valuable insight for human risk assessment when comparing
data from rodents.

In conclusion, the present study applied an integrated multi-
omics approach based on lipidomics, metabolomics, transcrip-
tomics, and metagenomics, which provided pathway enrichment
and connectivity between cecal content microbiome and liver,
underscoring their overall relevance in PFOS exposure and die-
tary interventions. Our results support the potential of enriching
diets with soluble fiber as a means to ameliorate metabolic per-
turbance of liver metabolism and the gut microbiota induced by
PFOS. The distinct effects mediated by dietary fiber studied
herein also serve to emphasize the fact that soluble fibers do
not equally modulate PFOS-induced metabolic dysfunctions. A
deeper understanding on the various aspects of soluble fibers and
the mechanism of their health beneficial effects to the micro-
biome and host may pave the way forward for the development
of personalized fiber-based interventions for individuals who are
vulnerable to environmental disease risks.
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