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Abstract

Poly- and perfluoroalkyl substance use in commercial products and industrial applications has resulted in widespread and
persistent environmental contamination. Terrestrial and aquatic vertebrates accumulate poly- and perfluoroalkyl sub-
stances in liver tissue, potentially inducing hepatotoxicity. The present study investigated tissue-level and molecular
effects in the livers of male zebrafish (Danio rerio) exposed for two generations to perfluorooctanesulfonic acid (PFOS).
Histopathology and transcriptomic expression analysis (RNA sequencing) were performed for males exposed to PFOS at a
control concentration (0 ug/L) and five nominal concentrations (0.1, 0.6, 3.2, 20, and 100 ug/L) through 180 days postfertili-
zation in the parental (P) and first filial (F1) generations. Histopathological analysis indicated that the highest PFOS expo-
sure (100 ug/L, nominal) caused significantly increased incidences of lipid-type hepatocellular vacuolation in P and F1 gen-
erations relative to controls with more prevalent and extensive effects in the F1 generation. The RNA sequencing analysis
identified an increased number of transcripts significantly affected in PFOS exposures relative to controls in the F1 gener-
ation (955) versus the P generation (103), where both generations had most effects at the highest PFOS exposure (100 ug/
L). Histopathological observations of disrupted lipid phenotypes in liver corresponded with transcriptomic identification
of significantly enriched metabolic pathways underlying lipid metabolism, including cholesterol biosynthesis and the per-
oxisome proliferator-activated receptor (PPAR) pathway in both generations. To integrate these observations, an adverse
outcome pathway was developed linking the molecular initiating event of a representative chemical stressor (PFOS) bind-
ing PPAR isoforms, binding-initiated interference of PPAR nuclear signaling to disrupted lipid metabolism, lipid accumula-
tion in liver, and ultimately the liver steatosis adverse outcome.

Keywords zebrafish, perfluorooctanesulfonic acid, transcriptomics, adverse outcome pathway, histopathology

development, growth, reproduction, hepatic function, immune
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Introduction

Poly- and perfluoroalkyl substances (PFAS) are a large group of
fluorinated compounds that have a variety of commercial and
industrial applications, ranging from firefighting foams to non-
stick coatings (Annunziato et al., 2020; DeWitt et al., 2019; Gliige
et al., 2020). Exposure to PFAS can have negative effects on

and other vertebrates (Agency for Toxic Substances and Disease
Registry, 2021; Ankley et al., 2021; Bell et al., 2021; Boyd et al,,
2022; Fragki et al., 2021; Ho et al., 2022; J. W. Lee et al., 2020;
Sunderland et al., 2019). In particular, research has identified
the liver to be a target organ for perfluorooctanesulfonic acid
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(PFOS) accumulation causing hepatoxicity via liver steatosis
(Beale et al., 2022; Chang et al., 2014; Costello et al., 2022;
Ducatman & Fenton, 2022; J. W. Lee et al., 2020; P. Wang
etal., 2022).

Gene expression studies conducted in zebrafish and other ver-
tebrates have shown that PFOS alters transcriptional activity in
the livers where lipid metabolism is one of the key pathways
commonly affected (Ankley et al., 2021; Beale et al., 2022; J.
Chen et al., 2014; Christou et al., 2020; Davidsen et al., 2022; G.
Dong et al., 2021; Haimbaugh et al., 2022; Jacobsen et al., 2018;
H. Lee et al,, 2021; Martinez et al., 2019; Mylroie et al., 2021;
Rodriguez-Jorquera et al, 2019; Q. Wang et al, 2022).
Specifically, exposure to PFAS such as PFOS, perfluorooctanoic
acid, perfluorohexanesulfonic acid, 6:2-fluorotelomersulfonic
acid, among others, has been demonstrated to affect transcrip-
tional expression within the peroxisome proliferator-activated
receptor (PPAR) pathway, which is key for maintaining lipid ho-
meostasis in the liver in multiple vertebrate species (Beale et al.,
2022; J. Chen et al., 2014; Christou et al., 2020; Davidsen et al.,
2022; G. Dong et al., 2021; Gust et al., 2019; Haimbaugh
et al., 2022; Jacobsen et al., 2018; H. Lee et al., 2021; Martinez
et al., 2019; Mylroie et al., 2021; Rodriguez-Jorquera et al., 2019;
P. Wang et al,, 2022; Q. Wang et al., 2022). In a comprehensive
review of omics studies investigating PFAS effects on mammals,
fish, reptiles, and amphibians, Beale et al. (2022) identified con-
served impacts on PPARa and PPARy nuclear receptor pathways
and associated effects on lipid metabolism-related genes, pro-
teins, and metabolites. Focusing on zebrafish, PFOS and other
PFAS exposures have been shown to cause perturbations of
transcriptional expression in PPARy and PPARpS/S genes in addi-
tion to various PPAR-associated transcription factors and cofac-
tors (Mylroie et al., 2021; Rodriguez-Jorquera et al., 2019; Q.
Wang et al., 2022). Correspondingly, the PFAS exposures af-
fected transcriptional expression within the overall PPAR nu-
clear signaling gene network, altering downstream expression
of genes involved in lipid metabolism (Haimbaugh et al., 2022;
Martinez et al., 2019; Mylroie et al., 2021; Q. Wang et al., 2022)
and lipid transport (Christou et al., 2020; Mylroie et al., 2021).
Consequences of these responses to PFAS exposures in zebra-
fish include increased incidences of hepatocellular vacuolation
(Q. Wang et al., 2022).

Given the key role of the PPAR isoforms (PPARa, PPARy,
PPARS/6) in lipid homeostasis in the liver, perturbations in re-
ceptor activation/repression, gene transcription, and/or the sig-
naling cascade can disrupt proper lipid homeostasis in the liver,
resulting in adverse outcomes (AOs) including hepatic steatosis
(Y. Wang et al., 2020). Hepatic steatosis is part of the progression
of nonalcoholic fatty liver disease (NAFLD), which can result in
inflammation and liver injury and ultimately nonalcoholic stea-
tohepatitis (Kudaravalli & John, 2023).

As part of a multigenerational exposure investigating the bio-
accumulation and effects of PFOS on zebrafish survival, growth,
and reproduction (Gust et al., 2024, 2025), liver tissues were col-
lected from zebrafish from the parental (P) and first filial (F1)
generations and used in the present study to evaluate hepatox-
icity via histopathology and RNA sequencing analysis of male
zebrafish liver tissues. In the multigenerational study, males bio-
accumulated significantly more PFOS than females in the P and
F1 generations (Gust et al., 2025) and were more sensitive to

PFOS-induced impacts on growth (Gust et al., 2024). In addition,
gross observations of livers from adult P and F1 male fish in the
highest concentration showed notable discoloration and possi-
ble indication of fatty livers, which were not observed in female
or control livers. Therefore, the present histopathology and
global transcriptomic expression investigation focused on male
livers from the P and F1 generations. The results were integrated
with other relevant results from the published literature to gen-
erate a draft AO pathway (AOP) linking the molecular initiating
event (MIE) of chemical binding (e.g., PFOS) to PPAR, which eli-
cited sequential key events (KEs) of disrupted PPAR nuclear sig-
naling, impaired transcriptional expression for genes involved in
lipid metabolism, lipid accumulation in liver, and the AO of
liver steatosis.

Methods

Exposure design

Detailed methods for the multigenerational zebrafish exposure
are available in the study of Gust et al. (2024). A brief description
of the exposure design and methodology is provided here.
Zebrafish were exposed continuously to five nominal concentra-
tions of PFOS (0.1, 0.6, 3.2, 20, 100 pug/L) or control (0 pg/L) with
five replicates per treatment across three consecutive genera-
tions (P, F1, F2). The PFOS concentrations at the low end of
the exposure range approach environmentally relevant con-
centrations while the high end targets potentially affective con-
centrations in zebrafish. Heptadecafluorooctanesulfonic acid
potassium salt from Sigma-Aldrich (CAS No. 2795-39-3, >98%
purity, Product No. 77282, Lot No. BCCC4690) was used for all
PFOS exposures, and all exposure solutions were prepared in
Purofine” PFA694 (Purolite LLC) filtered reverse osmosis water.
For the P generation, zebrafish embryos were generated from
wild type AB strain adult zebrafish (Zebrafish International
Resource Center), which were bred in a single mass spawning
event in an iSpawn (Tecniplast) breeding chamber with a ~2:1
male:female ratio. Embryos were collected and washed (Z. M.
Varga & Murray, 2016), and the exposures started at ~7 hr post-
fertilization and lasted 180 days. Zebrafish were exposed under
static conditions from Day 0 to 5, under static renewal condi-
tions from Day 6 to 30 (80% water exchange twice daily), and un-
der flow-through conditions with a three-times daily volume
exchange rate from Day 30 to 180 (2.8 L of exposure solution per
replicate tank). Approximately 50 zebrafish embryos were ex-
posed through 111days postfertilization (dpf); after which, the
number of individuals was reduced in each treatment replicate
to 30 fish, 15 males and 15 females where possible, to achieve
even sex ratios in each replicate for breeding trials. Zebrafish
were fed L-type rotifers (Reed Mariculture) and GEMMA Micro 75
(Skretting USA) three times daily for the first 30 days, followed
by only GEMMA Micro feed two times daily for the duration of
the exposure (GEMMA Micro 75: Days 30-50, Micro 150: Days 50-
111, Micro 500: Days 111-180). To generate the F1 generation,
all males and females from each replicate in the P generation
were bred at 180 dpf in 1.7-L slope breeding tanks (Tecniplast),
with breeding events mating only fish within each treatment
replicate to ensure the statistical requirement of independence
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through the entire exposure. After breeding, the F1 embryos
were collected and washed, and approximately 50 fertilized em-
bryos were exposed to the PFOS concentration to which their
parents were exposed through 180 dpf following the methods
previously described for the P generation.

Tissue collection

At the termination of the P and F1 generations (each at 180 dpf),
zebrafish were euthanized by an overdose of buffered 4-g/L tri-
caine methanesulfonate (MS-222, CAS No. 886-86-2, Product No.
A5040; Sigma-Aldrich). After weight and length of the fish were
recorded, the livers were removed from a subset of the male fish
and either flash-frozen in liquid nitrogen in 1.5-ml tubes for sub-
sequent RNA extraction and transcriptomic analyses or pre-
served in ~8-ml Dietrich’s fixative (Kent et al., 2012) in 20-ml
scintillation vials for subsequent histopathology.

Histotechnology and histopathology

Two liver samples per replicate per treatment (n=10 per treat-
ment) for male liver tissues from the P and F1 generations (con-
trol, 20-ug/L, and 100-pg/L treatments) were prepared for
histopathological analysis according to standard procedures
(Carson & Hladik, 1997). Briefly, tissues were processed to paraf-
fin infiltration by an automated instrument and embedded into
paraffin, then the tissue blocks were cut on a rotary microtome.
Two glass slides were prepared for each sample, containing a
ribbon of three to five sections with a 50-um step between
slides. Tissue thickness was 5 ym. Slides were stained with he-
matoxylin and eosin and then covered with glass by synthetic
mounting media. Low-quality slides were removed from the
analysis, resulting in a minimum of eight samples per treatment
group for the histopathological evaluation (Table 1).

Liver tissues were assessed for potential treatment- and
nonexposure-related lesions based on histopathology best prac-
tice guidelines (Crissman et al., 2004). Tissue examinations were
not conducted blind; however, evaluation of tissues with knowl-
edge of the treatment conditions is an accepted practice under
the guidance used for histopathological analyses in this study
(Crissman et al., 2004). Diagnostic criteria and severity scoring
methodology were obtained from the U.S. Environmental
Protection Agency’s Endocrine Disruptor Screening Program
and the Organisation for Economic Co-operation and
Development’s histopathology guidance document (Johnson
et al., 2009; Office of Chemical Safety and Pollution Prevention,
2015) and are detailed in the accompanying online supplemen-
tary material. Histopathology scores were analyzed for
statistical significance against control responses using the Rao-
Scott-adjusted Cochran-Armitage test for trends by slices
(Green et al., 2014). Differences between control and treatment
responses were considered significant at p < 0.05.

RNA extraction, RNA sequencing, and
data analysis
For the transcriptomic analysis, four of the five total replicate

exposures for each experimental condition, which included the
control and 0.6-, 3.2-, 20-, and 100-ug/L PFOS exposures, were

Table 1 Incidences and severity of selected findings in male liver
tissues from the P and F1 generations.

Generation P F1
PFOS, pg/L 0 24 101 0 16 75
Number examined 8 8 9 8 9 10
Hepatocellular vacuolization: 4 0 6 0 1 9
Lipid type
Grade 1: Minimal 3 1 1
Grade 2: Mild 1 4** 4rr*
Grade 3: Moderate 1 4%
Grade 4: Extensive 1
Hepatocellular vacuolization: 8 8 9 8 9 10
Glycogen
Grade 1: Noneto minimal 4 5 5 1 4*
Grade 2: Moderate 4 3 4 4 5
Grade 3: Extensive 4 3 1

Note. Histopathology scores were analyzed for statistical significance against
control responses using the Rao-Scott-adjusted Cochran-Armitage test for
trends by slices (Green et al., 2014), and differences from control values were
considered significant as indicated. Severity grading is detailed in the online
supplementary materials. P = parental; F1=first filial generation;
PFOS = perfluorooctanesulfonic acid.

*p <0.05.

** p <0.01.

*** b < 0.001.

randomly chosen for RNA sequencing analysis for the P and F1
generations. Ultimately, male zebrafish livers from four replicates
for each of the five experimental conditions were analyzed for the
P and F1 generations. RNA was extracted from liver tissues via the
Qiagen RNeasy® Mini Kit per the manufacturer’s protocol.
Following extraction, RNA quantity was determined by a
NanoDrop™ 2000 Spectrophotometer (Thermo Fisher Scientific),
and RNA quality was assessed by an Agilent 2200 TapeStation
System, with all extractions having an RNA integrity number >8.0.

For sequencing, 100 ng of total RNA was used per sample to
prepare libraries with the TruSeq Stranded mRNA Library
Preparation Kit with TruSeq RNA Single Indexes, per the manu-
facturer’s instructions (lllumina), where each sample was desig-
nated with a unique identifier. The mRNA libraries obtained
were assessed with the 4200 TapeStation System (Agilent
Technologies), purified with SPRIselect beads (Beckman
Coulter), and quantified with the Qubit™ 3.0 Fluorometer.
Libraries were normalized and pooled, with 10 per pool. The
pools were sequenced over four sequencing runs on a NextSeq
500 System (lllumina) at 1 x 150 cycles, single read, via the
NextSeq 500/550 High Output Kit Version 2 following the manu-
facturer’s instructions. Sequencing reads have been submitted
to the National Center for Biotechnology Information (NCBI)
BioProject database (PRINA1299447; https://www.ncbi.nlm.nih.
gov/bioproject).

Following sequencing, reads were separated for each treat-
ment and checked for quality using FastQC 0.11.9 (Andrews,
2017) and then cleaned in Trimmomatic 0.39 (Bolger et al., 2014)
per the following variables: ILLUMINACLIP:TrueSeq3-PE2.
fa:2:30:10 SLIDINGWINDOW:4:20 MINLEN:36. Reads were
mapped with counts generated for NCBI (GCF_000002035.6) and
Ensembl (GRCz11) zebrafish genome assemblies (Harrison et al.,
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2024; Pruitt et al., 2014) via STAR 2.7.10b (Dobin et al., 2013).
Both assemblies were indexed for STAR to process by STAR’s
-runmode genomeGenerate with sjdbOverhang set to 35. Genes
were filtered by the following conditions: total abundance >50,
percent coeffecient of variation >0.5, and 50% of samples with
an abundance >5. Once all preprocessing was complete,
DESeq2 (Love et al., 2014) was used to test for differential ex-
pression (DE) and log, fold change within and across treatments
when compared with the control according to two methodolo-
gies: the Wald test and likelihood ratio test (LRT). The Wald tests
were used for generation X treatment comparisons to the ap-
propriate control (e.g., 100-ug/L F1 vs. F1 control), and the LRT
was used for generation across treatment to appropriate control
(e.g., all F1 PFOS vs. F1 control) and for both generations to con-
trols. The raw p value calculated by these methodologies was
then adjusted by the Benjamini-Hochberg multiple-test correc-
tion method, which controls the false discovery rate to calculate
an adjusted p value. A transcript was considered to have signifi-
cant DE with an adjusted p < 0.05 relative to the control. For a
more conservative analysis, the transcripts with significant DE in
both assemblies (NCBI and Ensembl) were compared for the
Wald test, and a list of common DE transcripts from both assem-
blies was generated for each generation X treatment compari-
son and across the generations. Furthermore, LRT does not give
a reliable measure of transcript fold change direction, only sig-
nificance and magnitude of change; as such, a list of DE tran-
scripts found in common between the LRT analysis and the
complete list of unique DE transcripts by Wald test for each as-
sembly was generated to determine transcripts found in com-
mon between the two analysis procedures and provide accurate
fold change direction for those transcripts. For all generation X
treatment comparisons, the gene counts were based on the
transcripts with DE in the NCBI and Ensembl databases.

The DE tables were used with the DAVID bioinformatics system
(D. W. Huang et al., 2009; Sherman et al., 2022) to perform path-
way enrichment analysis via the Wald- and LRT-generated gene
databases and conducted with 3 pathway databases: Kyoto
Encyclopedia of Genes and Genomes (KEGG), WikiPathways, and
Reactome (Agrawal et al., 2024; Kanehisa, 2019; Kanehisa et al.,
2023; Kanehisa & Goto, 2000; Milacic et al., 2024). The cutoff for
significant enrichment was a p value <0.05 with a +2 > fold en-
richment score for pathway enrichment analysis generated from
the Wald and LRT test gene expression databases. Additionally,
significant DE transcripts (adjusted p < 0.05 with *1 log, > fold
change) based on Wald and LRT analysis were mapped to homol-
ogous human genes using Ensembl (Harrison et al., 2024), and
pathway enrichment analysis was conducted in Qiagen Ingenuity
Pathway Analysis (IPA") software (https://digitalinsights.qiagen.
com/IPA; Kramer et al., 2014). Pathways were considered signifi-
cant if they had a p value <0.05, and a z score was calculated
(IPA; Kramer et al., 2014) for each significant pathway to calculate
the likelihood that the pathway was activated (z score >2) or
inhibited (z score <-2) or that no conclusion could be drawn
(z score=0).

AOP development

A draft AOP was developed using the guidelines in the AOP
Developer’s Handbook 2.6 (Villeneuve et al., 2023) incorporating

empirical evidence derived from the present study and other
studies from our laboratory (Albers et al., 2024; Mylroie et al.,
2021), as well as a comprehensive literature review of peer-
reviewed publications related to PPAR, PFAS, liver steatosis, and
lipid metabolism identified through Web of Science™ and
Google Scholar searches. In vivo, in vitro, and in silico studies in-
volving aquatic and terrestrial vertebrates were used as evi-
dence for the development of the AOP. Dose-response
relationships were not quantitatively established during the de-
velopment of this AOP.

Results

The measured cumulative PFOS concentrations from the 180-
day exposures were 0.72, 3.4, 24, and 101 pg/L in the P genera-
tion and 0.48, 2.5, 16, and 75 pg/L in the F1 generation, where
details on sample size and variance are presented in online sup-
plementary material Table S1. For the purposes of the Results
and Discussion sections, we prioritized using the measured PFOS
concentrations when describing effects for a treatment in an in-
dividual generation, but we use nominal concentrations when
generalizing PFOS exposures across generations where mea-
sured concentrations differ slightly for the same PFOS treat-
ment. In the Results and Discussion sections, use of measured
concentrations is indicated by “mea.” for measured after the
PFOS treatment value, and use of nominal concentrations is in-
dicated by “nom.” for nominal after the PFOS treatment value.

Histopathology

An increase in the number and severity of lipid-type hepatocel-
lular vacuolation was observed in the P generation males ex-
posed to PFOS (6/9 samples) at 101 pg/L (mea.) as compared
with the control males (4/8 samples), with significant effects
(p < 0.01) at the mild grade (4/9 samples) versus the control (1/8
samples; Table 1). More prevalent and pronounced histopatho-
logical effects were observed in the F1 generation males ex-
posed to PFOS at 75ug/L (mea.), where lipid-type vacuolation
(9/10 samples) was significant at mild (p < 0.001) to moderate
(p<0.01) grades (8/10) as compared with the control (0/8;
Table 1, Figure 1, online supplementary material Figure S1).
Furthermore, an associated significant co-occurrence (p < 0.05)
of decreased hepatocellular glycogen vacuolation was observed
in the 75-ug/L PFOS (mea.) exposure relative to controls in the
F1 generation. There were no significant observations of lipid-
style hepatocellular vacuolation relative to the controls in the
20-ug/L PFOS (nom.) treatment from either the P (24 ug/L mea.)
or F1 (16 ug/L mea.) generation.

Transcriptomic expression analysis

Two-dimensional principal component analysis (PCA) showed
that the two principal components accounted for only ~50% of
the variation. A minor degree of cluster separation was driven
by the generation, while the PFOS exposure treatment showed
no cluster separation except in the 100-ug/L (nom.) treatment,
which displayed partial cluster separation (online supplemen-
tary material Figure S2). The PFOS exposures caused an in-
creased number of differentially expressed transcripts (DETs) in
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Figure 1. Liver histopathology in male zebrafish from the first filial (F1) generation. (A) Control zebrafish liver tissues from the F1 generation.

(B) Higher magnification of panel A. No lipid vacuolation was observed, but regions of glycogen vacuolation can be visualized within hepatocytes
(arrows). Glycogen vacuolation appears angular and irregularly shaped, with lightly stained flocculent contents. (C) Liver from an F1 generation male,
75 pg/L (measured). Grade 4 hepatocellular vacuolation, lipid type. (D) Higher magnification of panel C. The intracellular lipid vacuoles appear round
and clear and can distort the cell and compress nuclei (arrow). In hepatocytes containing lipid vacuoles, the glycogen vacuolation was greatly

reduced. Hematoxylin and eosin stain. Bar: 100 um (A, C); 25um (B, D).

the F1 generation versus the P generation across all unique DET
accessions identified by the Wald test (adjusted p <0.05, +1
log, > fold change) for all accessions matching in the Ensembl
and NCBI databases (Table 2). When comparing all unique DETs
from each treatment having common accessions in the Ensembl
and NCBI databases from the Wald test and LRT analysis (ad-
justed p < 0.05, £1 log, > fold change), we were able to identify
DETs found in common between zebrafish generations, which
are provided in Figure 2 and Figure 3. The Ensembl and NCBI
identities from DETs revealed in the LRT analysis and the Wald
test were compared, and a list of DETs (adjusted p < 0.05, +1
log, > fold change) found in common was generated for each
generation (online supplementary material Table S2).
Comparison of DET identities between Ensembl and NCBI anno-
tations identified greater commonality within generations ver-
sus that between the P and F1 generations, where only eight
DETs were found in common (Figure 2 and Figure 3). For the
common genes, the directional expression, based on Wald test
values, matched for six of the eight transcripts (Figure 3). In the

combined DET list (significant DE, adjusted p < 0.05, +1 log, > -
fold change, in LRT and Wald test in both assembly databases),
a significant DE of 68 transcripts (34 increased and 34 de-
creased) was observed relative to controls for the P generation,
while 417 had significant DE (18 increased and 399 decreased)
relative to controls in the F1 generation. Finally, when the P and
F1 generations were combined and examined for effects of
PFOS exposure by LRT analysis only, 320 transcripts had signifi-
cant DE (adjusted p<0.05, *1 log,>fold change) relative
to controls.

When comparisons were performed for generation X treat-
ment with the respective controls, Wald tests (adjusted p < 0.05,
+1 log, > fold change) identified that livers from fish exposed to
PFOS at 75pg/L (mea.) from the F1 generation had the highest
number of significant DETs (946) relative to controls (for a sum-
mary of all generation X treatment comparisons, see Table 2).
For the P generation, the 0.72-ug/L (mea.) treatment had the
greatest number of DETSs, with a total of 64 transcripts being dif-
ferentially expressed. Interestingly, the livers from fish exposed
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Table 2 Differentially expressed transcripts (DETs) in P and F1
generations by treatment combination versus controls for genes in
common between National Center for Biotechnology Information and
Ensembl assemblies, including the number of unique DETs overall for
each generation.

Genes
Generation:
PFOS treatment, ug/L ® Total Increased Decreased
P
0.72 64 25 39
3.4 7 4 3
24 22 11 11
101 24 18 6
All® 103 50 53
F1
0.48 8 3 5
2.5 6 2 4
16 8 5 3
75 946 182 764
All® 955 188 767

Note. Comparisons are based on (adjusted p < 0.05, +1 log, > fold change)
the Wald test. P =parental; F1 =first filial generation;

PFOS = perfluorooctanesulfonic acid.

?Mean cumulative measured PFOS concentrations (Gust et al., 2024).

PAll refers to all unique DETSs for entire generations. Each generation x
treatment comparison was compared with all others for a given generation,
and all DETs for that generation were compiled into one list with duplicates
counted only once.

to PFOS at 101 ug/L (mea.) in the P generation had only 24 DETs
as compared with controls. Complete Wald test results for signif-
icant DE transcripts are available in online supplementary mate-
rial Tables S3 and S4, and full DE analysis statistics for all genes
across all comparisons for Wald test and LRT analysis are pre-
sented in online supplementary material Tables S5 and Sé6.

Pathway enrichment analysis

The DAVID-based pathway enrichment analysis of significant
DETs resulting from all PFOS exposures relative to controls for
the combined P and F1 generations identified significant enrich-
ment (p <0.05, fold enrichment >2) of 8 KEGG, 27 Reactome,
and 2 WikiPathway pathways (online supplementary material
Table S7). When enrichment was investigated separately for
each generation, PFOS exposure in the F1 generation resulted in
significant enrichment (p < 0.05, fold enrichment >2) of 5 KEGG,
54 Reactome, and 2 WikiPathway pathways as compared with
the control, while only 1 KEGG, 1 Reactome, and 0 WikiPathway
pathways were enriched (p <0.05, fold enrichment >2) in re-
sponse to PFOS in the P generation as compared with the con-
trol. Investigation of pathway enrichment by PFOS dose as
compared with the control identified few significantly enriched
pathways (p < 0.05, fold enrichment >2) in PFOS exposure doses
<100pg/L (nom.) and primarily within the F1 generation. The
five most enriched pathways for each treatment comparison
(where applicable) are summarized in Table 3. For the complete
list of significantly enriched pathways (p < 0.05, fold enrichment
>2), see online supplementary material Table S7.

NCBI F1 ENSEMBL P

ENSEMBL F1

NCBI P

Figure 2. Venn diagram showing the number of differentially expressed
transcripts in the parental (P) and first filial (F1) generations across all
treatment concentrations by each mapped assembly (National Center
for Biotechnology Information [NCBI] and Ensembl; adjusted p < 0.05, +
1 log, > fold change). Area where the circles overlap shows the number
of gene IDs that were differentially expressed in common between the
two generations and/or between the two mapping assemblies. Created
with Venny Tool (Oliveros, 2007).

The IPA-based pathway enrichment analysis using human
homologs to zebrafish DETs identified 114 unique, significantly
enriched canonical pathways (p <0.05) in the PFOS-exposed
zebrafish across both generations and treatments as compared
with controls (online supplementary material Table S8). Similar
to the DAVID pathway analyses, the F1 generation had a greater
number of significantly enriched pathways (p <0.05) relative to
the P generation with the majority in response to the highest
PFOS exposure (100 ug/L nom.). The five most enriched path-
ways for each treatment comparison (where applicable) are
summarized in Table 4. For the complete list of significantly
enriched pathways, see online supplementary material Table
S8. Finally, as part of the IPA, the top toxicity pathways were
identified from comparisons across each generation and within
each generation by treatment. There was significant overrepre-
sentation of toxicity pathways across and within each genera-
tion at p<0.05 (Table 5) with multiple ones associated with
liver toxicity or lipid metabolism. The top five toxicity results for
the across-generation comparisons and the 100-ug/L (nom.)
generation X treatment comparisons (where applicable) are
presented in Table 5, and full results for all generation X treat-
ment comparisons are available in online supplementary mate-
rial Table S9.

Draft AOP

Using results from the present study with observations from
peer-reviewed literature, we developed the AOP titled
“Xenobiotic binding to peroxisome proliferator-activated recep-
tors (PPARs) causes dysregulation of lipid metabolism leading to
liver steatosis,” which was submitted to AOP-Wiki (Society for
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Transcript Expression

Ensembl ID Gene ID Gene Name P F1
Log;FC (= SE)
ENSDARG00000092233 vtgl vitellogenin 1 -9.16 (= 1.60) -8.46 (x1.77)
ENSDARGO00000055809 vtg2 vitellogenin 2 -9.39 (£ 1.67) -9.26 (£ 2.00)
ENSDARG00000016448 vtg3 vitellogenin 3 -8.67 (= 1.60) -8.04 (+x1.71)
ENSDARG00000099824 nots nothespin -7.58 (£ 1.36) -5.36 (+1.38)
ENSDARGO00000089461 cizlp ~ Caknlainteracting 5y g 4 38) 5 56 (2 0.66)
zinc finger protein 1b
ENSDARG00000061885 satb2 SATB homeobox 2 -4.77 (£1.22) 3.13 (£0.76)
ENSDARGO00000035438 myhc4 myosin heavy chain 4 = -5.39 (= 1.48) 5.31 (+ 1.81)
ENSDARG00000015862 rplSb ribosomal protein L5b | 9.13 (£1.82) 7.71 (+ 1.89)

Figure 3. Common differentially expressed transcripts (adjusted p < 0.05, +1 log, > fold change [Log,FC]) between parental and first filial
generations for all perfluorooctanesulfonic acid treatments as compared with controls in the Wald test and likelihood ratio test analysis for all
common accessions found between the Ensembl and National Center for Biotechnology Information assemblies. Red, increased expression; green,
decreased expression. Log,FC based on values derived from Wald test analyses. P = parental; F1 =first filial generation.

Advancement of AOPs, 2023; AOP 529). The AOP represents the
plausible concept for mechanistic toxicity of a chemical contam-
inant (here represented by PFOS) binding the PPAR isoforms,
which disrupts PPAR signaling and thus lipid metabolism, result-
ing in lipid accumulation in the liver leading to the AO of liver
steatosis (Figure 7).

Discussion
Histopathology

Histopathology for livers collected from male zebrafish exposed
to PFOS at 0, 20, and 100 pg/L (nom.) through 180 dpf in the P
and F1 generations identified significantly increased incidences
and severity of lipid-style hepatocellular vacuolation in the 100-
pg/L (nom.) exposure relative to controls (Table 1). Evidence of
lipid accumulation in male livers was also observed in previous
studies investigating PFOS exposure in zebrafish (Cheng et al.,
2016; Y. Cui et al., 2017; Du et al., 2009; J. Huang, Liu, et al,,
2022; Keiter et al., 2012; Q. Wang et al., 2022). Furthermore, he-
patic lipid accumulation has been reported in rats, mice, and
frogs exposed to PFOS (L. Cui et al., 2009; Davidsen et al., 2022;
Huck et al., 2018; Lin et al., 2022; Rosen et al., 2010; Salter et al.,
2021; L. Zhang et al., 2016). In the present study, livers from the
F1 generation male zebrafish exposed to the highest PFOS expo-
sure concentration (75ug/L mea.) exhibited a greater number
and severity of lipid-style hepatocellular vacuolation incidences,
which suggests the potential growing severity of hepatic
impacts in continuous PFOS exposures throughout two genera-
tions. Moreover, the livers of the F1 generation male zebrafish
exposed to PFOS at 75 pg/L (mea.) displayed decreased glycogen
vacuolation as compared with the controls, suggesting poten-
tially decreased incorporation of readily available cellular

energy substrates into glycogen, which may have contributed to
observations of reduced body weights in response to the 100-
pg/L (nom.) PFOS exposures (Gust et al., 2024). An increase in
lipid accumulation in livers with a simultaneous decrease in gly-
cogen following PFOS exposure has been observed in other ver-
tebrate species including mice (L. Wang et al., 2014). Overall,
these results confirm previous findings linking PFOS exposure to
lipid accumulation in livers and suggest that continuous expo-
sure across generations may result in increased severity of lipid
accumulation in the liver.

Transcriptomics and pathway analyses

Transcriptomic analysis of liver tissue collected from zebrafish
exposed to PFOS through 180 dpf across two generations exhib-
ited significant DETs and significant enrichment of multiple
functional pathways, primarily in response to the highest PFOS
exposure concentration (100 ug/L nom.), increasing from the P
generation to the F1 (Table 2, Figure 2). The correspondence of
more pronounced effects of PFOS for the histopathological
responses and transcriptional effects in zebrafish liver tissue in
the F1 generation versus the P generation suggests the potential
for compounding effects of continuous PFOS exposure across
generations. For the P generation, it should be noted that the
lowest exposure concentration (0.72 ug/L mea.) had the greatest
number of DETs, and all treatment concentrations in the P gen-
eration had relatively low numbers of DETs (<100) as compared
with the controls. Aside from the greatly increased number of
significantly affected transcripts at the 75-ug/L (mea.) PFOS ex-
posure in the F1 generation, no clear dose-response relation-
ships were observed between the lower PFOS exposure
concentrations and the number of significantly affected
transcripts.

920z AInF 60 U0 1san6 Aq G81698/€ 1| BeBA/U0IB/E60 "0 |/10P/aIoIHE-80UBADE/O}8/WO0"dNO"0jWBPEE//:SANY WO} PAPEOjUMOQ



8 Environmental Toxicology and Chemistry, 2026, Vol. 00, No. 00

Table 3 Significantly enriched pathway terms following Kyoto Encyclopedia of Genes and Genomes (KEGG), Reactome, and WikiPathways

pathway analysis.

Comparison: Term p value Fold enrichment
KEGG
P +F1: All PFOS concentrations
dre00100: Steroid biosynthesis 2.4E-04 15.74
dre04110: Cell cycle 1.5E-03 3.65
dre04914: Progesterone-mediated oocyte maturation 5.2E-03 4.33
dre04114: Oocyte meiosis 5.7E-03 3.67
dre04814: Motor proteins 2.9E-02 2.45
F1: All PFOS concentrations
dre00100: Steroid biosynthesis 3.4E-08 16.05
dre04110: Cell cycle 5.7E-08 4.81
dre04914: Progesterone-mediated oocyte maturation 7.4E-07 5.25
dre04114: Oocyte meiosis 1.1E-04 3.64
dre00900: Terpenoid backbone biosynthesis 2.0E-03 8.92
P: All PFOS concentrations
dre04068: FoxO signaling pathway 1.5E-02 3.06
F1: 100-ug/L PFOS
dre04110: Cell cycle 1.0E-13 5.61
dre04914: Progesterone-mediated oocyte maturation 2.2E-08 5.08
dre04114: Oocyte meiosis 2.2E-06 3.77
dre04120: Ubiquitin mediated proteolysis 8.8E-04 2.79
dre04218: Cellular senescence 1.5E-02 2.10
P: 0.6-ug/L PFOS 2.9E-02 10.61
dre04137: Mitophagy-animal
Reactome
P +F1: All PFOS concentrations
R-DRE-69620: Cell cycle checkpoints 2.04E-04 3.86
R-DRE-141424: Amplification of signal from the kinetochores 5.82E-04 6.56
R-DRE-141444: Amplification of signal from unattached kinetochores via a MAD2 inhibitory signal ~ 5.82E-04 6.56
R-DRE-5617833: Cilium assembly 9.57E-04 4.97
R-DRE-9648025: EML4 and NUDC in mitotic spindle formation 1.31E-03 5.63
F1: All PFOS concentrations
R-DRE-5617833: Cilium assembly 4.70E-13 6.96
R-DRE-1852241: Organelle biogenesis and maintenance 2.22E-11 5.81
R-DRE-1640170: Cell cycle 1.06E-10 2.98
R-DRE-69278: Cell cycle, mitotic 9.47E-10 3.07
R-DRE-68877: Mitotic prometaphase 7.71E-08 4.64
P: all PFOS concentrations
R-DRE-1266738: Developmental biology 0.02177 2.80
F1: 100-ug/L PFOS
R-DRE-1640170: Cell cycle 8.40E-21 3.47
R-DRE-69278: Cell cycle, mitotic 9.70E-19 3.57
R-DRE-5617833: Cilium assembly 1.10E-14 6.17
R-DRE-1852241: Organelle biogenesis and maintenance 1.31E-12 5.15
R-DRE-68886: M phase 2.56E-12 3.33
P: 100-ug/L PFOS
R-DRE-597592: Posttranslational protein modification 0.028811 3.39
WikiPathways
P +F1: All PFOS concentrations
WP1387: Cholesterol biosynthesis 1.77E-06 24.50
WP1393: Cell cycle 2.63E-04 5.63
F1: All PFOS concentrations
WP1387: Cholesterol biosynthesis 8.82E-13 23.29
WP1393: Cell cycle 9.62E-07 5.11
F1: 100-ug/L PFOS
WP1393: Cell cycle 6.83E-12 6.68
WP451: DNA replication 0.001371 5.35

Note. Top 5 terms shown for each. Cutoff for significant enrichment was p < 0.05, fold enrichment >2. PFOS treatment values for individual generation x
treatment comparisons represent the nominal PFOS concentration values. P = parental; F1=first filial generation; PFOS = perfluorooctanesulfonic acid.
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Table 4 Ingenuity Pathway Analysis canonical pathway analysis results.

Comparison: Ingenuity canoni- p value zscore
cal pathway
P +F1: All PFOS concentrations
Kinetochore metaphase signal- 2.00E-07  1.897
ing pathway
Cholesterol biosynthesis | 4.79E-07 -2.236
Cholesterol biosynthesis Il (via 24,25- 4.79E-07 -2.236
dihydrolanosterol)
Cholesterol biosynthesis Ill (via 4.79E-07 -2.236
desmosterol)
Superpathway of cholesterol 1.58E-06  -2.449
biosynthesis
F1: All PFOS concentrations
Kinetochore metaphase signal- 2.51E-11  2.183
ing pathway
Mitotic roles of polo-like kinase 6.46E-09  1.897
Noradrenaline and adrenaline 5.89E-07  2.828
degradation
Ethanol degradation Il 4.90E-06  2.646
Serotonin degradation 5.89E-04  2.646
P: All PFOS concentrations
Pyrimidine ribonucleotides 1.62E-03 —
interconversion
Pyrimidine ribonucleotides de novo 2.04E-03 —
biosynthesis
Pyrimidine deoxyribonucleotides de 9.12E-03 —
novo biosynthesis |
Spermine biosynthesis 1.26E-02 —
Spermidine biosynthesis | 1.26E-02 —
F1: 100-ug/L PFOS
Kinetochore metaphase signal- 3.16E-17 -2.746
ing pathway
Mitotic roles of polo-like kinase 1.48E-09 -2.496
Dermatan sulfate biosynthesis 2.88E-06  1.897
(late stages)
DNA damage-induced 14-3-3¢ signaling ~ 7.08E-06 0
Dermatan sulfate biosynthesis 3.72E-05  1.897
P: 100-ug/L PFOS
Iron homeostasis signaling pathway 6.92E-03 —
Bile acid biosynthesis, neutral pathway  1.23E-02 —
Hepatic cholestasis 1.32E-02 —
DNA double-strand break repair by non-  1.32E-02 —
homologous end joining
Granzyme B signaling 1.51E-02 —

Note. Table shows the five most enriched pathways for each treatment
comparison (where applicable). Pathways were considered significant if

p < 0.05, and the z score represents the likelihood that the pathway was
activated (z score >2) or inhibited (z score <-2), no conclusion could be
drawn (z score =0), or there was no definable pattern (—). PFOS treatment
values for individual generation X treatment comparisons represent the
nominal PFOS concentration values. PFOS = perfluorooctanesulfonic acid;
P =parental; F1=first filial generation.

Transcriptional expression of vitellogenin-

related genes

Comparison of gene transcripts significantly altered by the PFOS
exposure revealed few transcripts affected in common between

the P and F1 generations, although expression for these
genes was largely similar between the generations (Figure 3).
One gene family affected similarly among generations was vitel-
logenin (vtg), where transcriptional expression for three gene
identities (vtgl, vtg2, vtg3) was decreased in the P and F1 gener-
ations. Vitellogenins are mainly produced in the liver of male
and female zebrafish with much greater innate production oc-
curring in female fish, where vitellogenins are precursors for es-
sential nutritional components of egg yolks in fish and all other
oviparous and ovoviviparous species (Yilmaz et al., 2019).
Estrogen or estrogenic compound exposure can induce in-
creased vitellogenin production in male fish; thus, it has become
a popular biomarker for determining if exposure to a contami-
nant has potential estrogenic effects (Denslow et al., 1999). The
decreased expression of three vitellogenin transcripts in the liv-
ers of male zebrafish exposed to PFOS suggests repression of
what is already baseline vitellogenin production in the male fish
due to PFOS exposure. These results agree with observations in
whole-body vitellogenin analysis conducted in male fish from
the P and F1 generations of this exposure, as reported by Gust
et al. (2024), which showed no significant vitellogenin produc-
tion in any treatment or generation. In contrast to these results,
Du et al. (2009) noted increased vitellogenin transcript expres-
sion in the livers of juvenile and adult zebrafish exposed to
PFOS, and Keiter et al. (2012) observed significant production of
vitellogenin in the first and second generations of zebrafish
males chronically exposed PFOS, although results from each
study were nonmonotonic with PFOS dose and sporadic through
the exposure duration. Keiter et al. (2012) hypothesized that a
lack of significant vitellogenin production in males observed af-
ter exposure to higher concentrations of PFOS (300 ug/L) could
be due to a decrease in liver fitness attributed to PFOS exposure,
which could ultimately inhibit vitellogenin production by the
liver itself; in a similar finding, Du et al. (2009) saw no significant
difference in vitellogenin transcript expression in zebrafish after
70 days of exposure to 250-ug/L PFOS. Therefore, the decrease
in vitellogenin transcript expression seen in the present study
may be a result of reduced liver fitness resulting from continu-
ous PFOS exposure, as evidenced by significantly increased inci-
dences of lipid-style hepatocellular vacuolation in P and F1
generations exposed to the highest PFOS concentration (101
and 75 pg/L mea., respectively). However, the reduced transcrip-
tional expression of vitellogenin could also be due to its role in
other nonreproductive biological functions, such as innate im-
mune response and response to oxidative stress (C. Sun &
Zhang, 2015). Ultimately, more focused investigations would be
needed to determine the relationship among PFOS exposure,
decreased baseline vitellogenin in males, and any adverse bio-
logical responses.

Enrichment of PPAR nuclear signaling pathways

Perfluorooctanesulfonic acid exposures caused significant en-
richment of the PPAR pathway (Table 3, Figure 4), the associated
nuclear receptors retinoid X receptor/pregnane X receptor (RXR/
PXR), and the coordinated lysosomal expression and regulation
(CLEAR) signaling pathway (Table 4, Figure 4). Peroxisome prolif-
erator-activated receptors are a family of nuclear receptors in
vertebrates that bind lipids as signaling molecules, resulting in a
cascade of transcriptional regulatory events that maintain
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Table 5 Ingenuity Pathway Analysis top toxicity list results.

Comparison: Ingenuity toxicity lists p value
P +F1: All PFOS concentrations
Cholesterol biosynthesis 3.89E-08
Cytochrome P450 panel—substrate is a xenobiotic (human) 8.32E-05
Cytochrome P450 panel—substrate is a xenobiotic (rat) 6.17E-04
PXR/RXR activation 1.66E-03
Increases liver hyperplasia/hyperproliferation 1.95E-03
F1: All PFOS concentrations
Fatty acid metabolism 8.91E-04
Cytochrome P450 panel—substrate is a xenobiotic (human) 9.55E-04
Cytochrome P450 panel—substrate is a xenobiotic (rat) 3.89E-03
Increases liver hyperplasia/hyperproliferation 3.89E-03
Cell cycle: G2/M DNA damage checkpoint regulation 9.33E-03
P: All PFOS concentrations
Cardiac fibrosis 4.68E-03
CAR/RXR activation 1.45E-02
Fatty acid metabolism 2.40E-02
Genes upregulated in response to chronic renal failure (rat) 2.51E-02
Cytochrome P450 panel—substrate is a vitamin (human) 3.72E-02
F1: 100-ug/L PFOS
Cell cycle: G2/M DNA damage checkpoint regulation 1.15E-04
LPS/IL-1 mediated inhibition of RXR function 5.50E-03
Cell cycle: G1/S checkpoint regulation 1.35E-02
Positive acute phase response proteins 2.57TE-02
Genes downregulated in response to chronic renal failure (rat) 2.69E-02
P: 100-ug/L PFOS
Genes upregulated in response to chronic renal failure (rat) 3.80E-03
Long-term renal injury pro-oxidative response panel (rat) 1.23E-02
Hepatic cholestasis 1.32E-02
Cytochrome P450 panel—substrate is a sterol (human) 1.32E-02
Cytochrome P450 panel—substrate is a sterol (mouse) 1.32E-02

Note. Table shows the five most enriched pathways for each treatment comparison (where applicable). Pathways were considered significant if p < 0.05. PFOS
treatment values for individual generation X treatment comparisons represent the nominal PFOS concentration values. P = parental; F1 =first filial generation;

PFOS = perfluorooctanesulfonic acid.

energy homeostasis (Grygiel-Gorniak, 2014). Specifically, PPARa
is integral in regulating fatty acid catabolism and energy produc-
tion through p-oxidation; PPARy regulates fatty acid synthesis
and storage; and PPARS/S plays a key role in glucose homeosta-
sis and p-oxidation (Grygiel-Gorniak, 2014; Gust et al., 2019;
Lamas Bervejillo & Ferreira, 2019; T. Varga et al., 2011). Despite
their more discrete roles, the crosstalk among all PPAR isoforms
is essential to maintaining energy homeostasis; therefore, any
impacts on the PPAR signaling network can have deleterious
outcomes for the organism.

Transcripts having significantly altered expression in the
PPAR signaling and associated pathways in the P and F1 genera-
tions included apolipoprotein A-la (apoala), fatty acid-binding
protein 7a (fabp7a), transcription factor EB (tfeb), cytochrome
P450 family 8 subfamily B member 1 (cyp8bl), and PPARy-re-
lated coactivator 1 (pprcl), among others. In the F1 generation,
apoala was overexpressed in PFOS-exposed livers when com-
pared with the control, and this phenomenon of overexpression
of the apoala gene has been observed in other studies where
zebrafish have been exposed to PFOS (Tse et al., 2016). Increased
APOAI1A protein can be used as a diagnostic marker for liver

fibrosis resulting from chronic liver inflammation in NAFLD and
other liver diseases (Gumilas et al., 2022); thus, the overexpres-
sion of the apoala transcript may be a result of the more severe
lipid-style hepatocellular vacuolization observed in the livers in F1
males exposed to PFOS causing chronic liver inflammation. In
contrast, fabp7a expression was significantly decreased in the liv-
ers of PFOS-exposed F1 males as compared with the control. A
decrease in fatty acid-binding proteins (FABPs) over time as the
result of low-dose PFOS exposure has been observed in zebrafish,
with Khazaee et al. (2020) noting an initial increase in liver FABPs
followed by a significant decrease by Day 30 in zebrafish exposed
to 100-ug/L PFOS. The primary function of FABPs is to bind their
ligand (fatty acids) and facilitate the transfer to various intracellu-
lar compartments for storage or signal transduction initiated by
receptors such as PPAR (Xu et al., 2022). However, FABPs may
have other roles, such as the regulation of macrophages including
Kupffer cells, which are found in the liver (Nguyen-Lefebvre &
Horuzsko, 2015). Kupffer cells are involved in the progression of
NAFLD where their activation can result in increased liver inflam-
mation, which can result in liver injury. Specifically, investigations
in mice have shown that FABP7 may play a role in regulation of
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KEGG Pathway dre03320:PPAR signaling pathway
LRT
Gene ID Gene Name P Fl P+F1
ENSDARG00000104495  Phospholipid transfer protein (pltp) * *
ENSDARG00000012076 ~ Apolipoprotein A-Ia (apoala) * *
ENSDARG00000007697  Fatty acid binding protein 7 a (fabp7a) & *
ENSDARGO00000093313  Ubiquitin B (ubb) x
ENSDARG00000103025  3-hydroxy-3-methylglutaryl-CoA synthase 1 (hmgcsl1) * il
IPA Canonical Pathways PXR/RXR Activation
LRT
Zebrafish Gene ID Gene Name Molecule ID| P F1 P F1 P+F1
ENSDARG00000070021 cytochrome P450 family 3 subfamily A member 4 CYP3A4 L
ENSDARG00000069018 cytochrome P450 family 7 subfamily A member 1 CYP7A1 *
ENSDARG00000009477 protein kinase cAMP-dependent type II regulatory subunit alpha PRKAR2A &
ENSDARG00000103800 protein kinase cAMP-dependent type I regulatory subunit beta ~PRKARI1B -5.36 *
ENSDARG00000033662 stearoyl-CoA desaturase SCD *
IPA Canonical Pathways Hepatic Cholestasis
LRT
Zebrafish Gene ID Gene Name Molecule ID| P Fl P Fl P+F1
ENSDARG00000097559 cytochrome P450 family 8 subfamily B member 1 CYP8BI o
ENSDARG00000090337 PPARG related coactivator 1 PPRCI &
IPA Canonical Pathways CLEAR Signaling Pathway
LRT
Zebrafish Gene ID Gene Name Molecule ID| P F1 P F1 P+F1
ENSDARG00000011027  fibroblast growth factor receptor 1 FGFR1 o %
ENSDARG00000002285 mucolipin TRP cation channel 1 MCOLNI1 -2.05 =
ENSDARG00000040072  serine carboxypeptidase 1 SCPEP1 &
ENSDARG00000010794  transcription factor EB TFEB -4.29) & S
tyrosine 3-monooxygenase/tryptophan 5-monooxygenase
ENSDARG00000067626 activation protein gamma YWHAG o

Figure 4. Transcripts and fold change from selected peroxisome proliferator-activated receptor (PPAR)-related pathways. Green cell indicates
downregulation and red cell upregulation as compared with the control for at least one generation X treatment comparison based on the Wald test
(adjusted p < 0.05, 1 log, > fold change). Yellow box with an asterisk (*) indicates a transcript that was differentially expressed (adjusted p < 0.05) as
compared with the control in each likelihood ratio test (LRT) comparison for each generation (P, F1) and across generations (P + F1). Additional
tables with fold change information can be found in online supplementary material Table S8. P =parental; F1=first filial generation; RXR/

RXR =retinoid X receptor/pregnane X receptor; CLEAR = coordinated lysosomal expression and regulation; KEGG = Kyoto Encyclopedia of Genes and

Genomes; IPA = Ingenuity Pathway Analysis.

Kupffer cell activity in response to damaged hepatocytes
(Miyazaki et al., 2014). Therefore, the dysregulation of fabp7a ob-
served in the male zebrafish livers after PFOS exposure may be a
result of ongoing hepatocyte damage due to PFOS-induced lipid
accumulation in the liver.

In the P generation, tfeb, which plays a key role in the regula-
tion of lysosome function, autophagy, and lipid metabolism,
had significantly decreased expression as compared with the
controls in male zebrafish livers (Figure 4). Transcription factor
EB (TFEB) plays a role in the regulation of PPARy-related coacti-
vator la and PPAR-a (Yan, 2022). Decreased expression of tfeb
has been observed in mice suffering from alcohol-induced liver
disease with associated liver injury and steatosis, and overex-
pression of tfeb has been shown to improve the prognosis of
NAFLD in mice, such as a reduction in lipid accumulation in
the liver (Chao et al,, 2018; Gong et al., 2022; Yan, 2022).
Furthermore, mucolipin transient receptor potential cation
channel 1a (mcolnla), which is regulated by TFEB and necessary
for lysosome trafficking and storage, had decreased expression.
Dysregulation of mclonla has been shown to reduce lipophagy

in HepG2 cells; thus, decreased expression of mcolnla may
be indicative of a reduction in lipid droplet autophagy, which is
important for maintaining lipid homeostasis (S. Zhang
etal., 2022).

In the P generation, pprcl and cyp8b1 showed increased ex-
pression relative to the control, and expression of both genes
has been shown to increase in response to PFOS exposure in
previous studies involving zebrafish and mice (Mylroie et al,,
2021; R. Zhang et al., 2024). In addition, pprcl is part of the
PPARy coactivator 1 family, which is integral for the proper regu-
lation of numerous cellular functions, including fatty acid me-
tabolism and oxidative phosphorylation; along with cyp8b1 and
cyp7bl, it helps to regulate bile acid synthesis, which is critical
in cholesterol homeostasis and the regulation of lipid metabo-
lism (J. Liu et al., 2022). The overexpression of these genes is fur-
ther evidence of dysregulation of the PPAR and associated
pathways and highlights an overall trend of transcriptional dis-
ruption of PPAR-mediated lipid metabolism pathways, which
can result in lipid accumulation and associated damage
in livers.
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WikiPathways

WP1387~Cholesterol biosynthesis

Gene ID

Gene Name

ENSDARG00000079946
ENSDARG00000061274
ENSDARG00000099336
ENSDARG00000055876
ENSDARG00000101062
ENSDARG00000004130
ENSDARG00000044642
ENSDARG00000040890
ENSDARG00000103226
ENSDARG00000019976
ENSDARG00000103025

Squalene epoxidase a (sqlea)

Lanosterol synthase (Iss)

Mevalonate (diphospho) decarboxylase a (mvda)
Methylsterol monooxygenase 1 (msmol)
Farnesyl-diphosphate farnesyltransferase 1 (fdftl)
Mevalonate kinase (mvk)

Sterol-C5-desaturase (sc5d)

Farnesyl diphosphate synthase (fdps)
7-dehydrocholesterol reductase (dhcr7)
Isopentenyl-diphosphate delta isomerase 1 (idil)
3-hydroxy-3-methylglutaryl-CoA synthase 1 (hmgcsl)

IPA Canonical Pathways

Triacylglycerol Biosynthesis

F1

LRT

P

P+F1

***********E

Zebrafish Gene ID Gene Name

LRT
Molecule ID| P F1 P F1 P+F1

ENSDARG00000019897  glycerol-3-phosphate acyltransferase 4
ENSDARG00000011506 lysophosphatidylcholine acyltransferase 1
ENSDARG00000035028 lysophosphatidylcholine acyltransferase 4

ENSDARGO00000042551 membrane bound O-acyltransferase domain containing 2

ENSDARGO00000102963 _sirtuin 6

GPAT4 -1.46
LPCATI1 -3.15
LPCAT4 -3.43)
MBOAT?2 -2.89 * *
SIRT6 -1.53

IPA Top Toxicity List _ Fatty Acid Metabolism

Zebrafish Gene ID Gene Name

LRT
Molecule ID| P F1 P F1 P+F1

ENSDARG00000087262 alcohol dehydrogenase 5 (class III), chi polypeptide
ENSDARG00000037873 cytochrome P450 family 3 subfamily A member 7
ENSDARG00000003854 acyl-CoA synthetase long chain family member 1

ENSDARG00000076780 acyl-CoA dehydrogenase short/branched chain
ENSDARG00000043587 steroid 5 alpha-reductase 2

ADHS *
CYP3A7 o
ACSL1 *
ACADSB -8.07 *
SRD5A2 ¥

Figure 5. Transcripts and fold change from selected lipid metabolism pathways. Green cell indicates downregulation and red cell upregulation as
compared with the control for at least one generation X treatment comparison based on the Wald test (adjusted p < 0.05, +1 log, > fold change).
Yellow box with an asterisk (*) indicates a transcript that was differentially expressed (adjusted p < 0.05) as compared with the control in each
likelihood ratio test (LRT) comparison for each generation (P, F1) and across generations (P + F1). Additional tables with fold change information can
be found in the online supplemental material Table S8. P = parental; F1=first filial generation; IPA = Ingenuity Pathway Analysis.

Enrichment of lipid metabolism pathways

As described earlier, the PPAR pathway is essential for regulat-
ing energy metabolism and lipid homeostasis; thus, transcrip-
tional dysregulation of the PPAR and associated pathways can
result in disruption of lipid metabolism and homeostasis
(Grygiel-Gorniak, 2014). Corresponding with evidence of tran-
scriptional disruption of PPAR and associated pathways, func-
tional pathways involved in lipid metabolism were significantly
enriched in the DAVID pathway and IPA results in response to
PFOS exposures in the individual generations (P, F1) and when
both generations were combined (P +F1; Tables 3-5, Figure 5).
For example, cholesterol biosynthesis pathways were enriched
in the Reactome and WikiPathways databases for F1 generation
and the combined generations, and steroid biosynthesis was
the most enriched KEGG pathway across all comparisons
(Table 3, Figure 5, online supplementary material Table S7).
Cholesterol biosynthesis pathways were also enriched in the IPA
investigation for F1 generation and when both generations were
examined together (Table 4). Additionally, the triacylglycerol
biosynthesis pathway was significantly enriched in the F1 gener-
ation and specifically at the highest PFOS exposure in the F1
generation (Figure 5, online supplementary material Table S8),

and the fatty acid metabolism pathway was significantly
enriched in the P and F1 generations (Table 5, Figure 5), all in-
dicative of potential impacts of PFOS on lipid metabolism.
Finally, pathways involved in bile acid biosynthesis and hepatic
cholestasis were significantly enriched in the 101-ug/L PFOS
(mea.) treatment in the P generation (Table 4, Figure 4). These
results are consistent with previous studies that demonstrated
PFOS-induced perturbations in lipid metabolism pathways rang-
ing across multiple vertebrate species (Beale et al., 2022; J.
Chen et al., 2014; Christou et al., 2020; Davidsen et al., 2022; G.
Dong et al., 2021; Haimbaugh et al., 2022; Jacobsen et al., 2018;
H. Lee et al., 2021; Martinez et al., 2019; Mylroie et al., 2021;
Rodriguez-Jorquera et al., 2019; Q. Wang et al., 2022).

Although the fatty acid metabolism toxicity pathway was
enriched in the P and F1 generations in LRT analyses, the direc-
tion of fold change was able to be assessed for only one gene in
the P generation, acyl-CoA dehydrogenase short/branched chain
(acadsb; Figure 5). Acyl-CoA dehydrogenase short/branched
chain (acadsb) plays an important role in mitochondrial $-oxida-
tion and triglyceride (TG) metabolism (Jiang et al., 2021), and a
reduction in acadsb expression could represent a decrease in
mitochondrial p-oxidation and overall fatty acid metabolism
(Ghosh et al., 2016). A reduction in mitochondrial f-oxidation
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and subsequent lipid accumulation in the liver has been associ-
ated with PFOS exposure in previous studies (Ling et al., 2023;
Wan et al., 2012). For the F1 generation, a transcript with homol-
ogy to the cytochrome P450 family 3 subfamily A (cyp3c3) was
significantly affected by PFOS exposure. Poly- and perfluoroalkyl
substances have been shown to interact directly with CYP3A
family molecules, and analysis of human and mouse CYP3A tran-
scripts showed a decrease in expression by animals and cells
displaying NAFLD (Woolsey et al., 2015).

For the triacylglycerol biosynthesis pathway, the majority of
effects on transcriptional expression occurred in the F1 genera-
tion, with the transcripts for the genes gpat4, Ipcatl, lpcat4,
mboat2b, and sirt6 all significantly decreased as compared with
the control (Figure 5). Previous studies in zebrafish have shown
that PFOS exposure results in a decrease of TG in the serum and
an increase of TG in the liver (Cheng et al., 2016; Y. Cui et al.,
2017), and similar increases in TG levels have been observed in
livers of mice and chicken embryos (Geng et al., 2019; Huck
et al,, 2018; Marques et al., 2020). Therefore, with increased inci-
dences of lipid-style hepatocellular vacuolization observed in F1
livers in the present study, concomitant increases in gene ex-
pression for TG-related genes were expected; however, the op-
posite was observed in transcriptomic analysis of F1 liver tissue.
This phenomenon has been observed before in a study in
Atlantic salmon (Salmo salar), where decreases in triacylglycer-
ide synthesis-associated gene expression was seen in salmon
livers with higher fat content, potentially exerting negative feed-
back on triacylglyceride biosynthesis (Horn et al., 2025). Thus,
the reduced expression in genes of the triacylglycerol biosynthe-
sis pathway in the present study may also be a result of a similar
negative feedback mechanism in the F1 livers.

Cholesterol biosynthesis pathways were overrepresented,
where numerous genes within the pathway had significantly af-
fected expression based on LRT analyses (Tables 3-5, Figure 5).
However, the direction of fold change was unable to be assessed
due to the genes not demonstrating significant DE in any gener-
ation X treatment comparison. Nevertheless, perturbances in
cholesterol biosynthesis gene expression and total cholesterol
(TC) accumulation have been observed in zebrafish and human
cell cultures exposed to PFOS (Behr et al., 2020; Cheng et al.,
2016; Y. Cui et al., 2017; Louisse et al., 2020; Y. Wang et al., 2020).
Louisse et al. (2020), using human HepRG liver cells, observed
significantly decreased gene transcript expression in many of
the same gene homologues affected in the present study, in-
cluding dhcr7, ebp, fdftl, hmgcsl, Iss, scd5, and msmol (Figure 5,
online supplementary material Table S10). It has been hypothe-
sized that since PFOS structurally resembles an unsaturated
fatty acid, it may suppress sterol regulatory element-binding
proteins in the same manner that the natural ligands do and
thus decrease cholesterol biosynthesis pathways (Louisse et al.,
2020). Yet, since we cannot conclusively determine the direction
of transcriptional disruption observed in the cholesterol biosyn-
thesis pathways in our study, we can only conclude that, like
other studies, PFOS exposure results in dysregulation of choles-
terol metabolism in zebrafish livers.

Finally, as mentioned previously, genes involved in the bile
acid synthesis pathway (pprcI and cyp8b1) had significantly in-
creased transcriptional expression in the livers of P generation
zebrafish in response to PFOS exposure, and PFAS have been

shown to perturb bile acid metabolism in in vitro and in vivo
studies (Behr et al., 2020; Vujic et al., 2024). Bile acids are regula-
tors of lipid metabolism (J. Liu et al., 2022), and mice fed food
supplemented with cholic acid (a bile acid) showed perturba-
tions in gene expression in the TG and cholesterol biosynthesis/
homeostasis pathways, as well as differences in TG and TC accu-
mulation in mouse livers (Watanabe et al., 2004). Although sirt6
did not have the same decreased expression in the P generation
as in the F1, it plays an important role in bile acid synthesis, and
knockout of the sirt6 gene in mice has been shown to exacerbate
bile acid-related injuries in the liver (X. C. Dong, 2023). Overall,
these results highlight that PFOS exposure disrupts transcrip-
tional expression of genes from multiple pathways involved in
the delicate regulation of lipid metabolism.

Enrichment of cell cycle pathways and FoxO
signaling pathways

Although we have highlighted discrete pathway types and genes
thus far in the discussion (PPAR and related pathways, lipid me-
tabolism, and cell cycle pathways), many of these pathways and
cellular process controls are interconnected; thus, disruption of
the genes in one pathway can have effects on multiple areas of
cellular metabolism and regulation (Figure 6, online supplemen-
tary material Table S10). In the online supplemental materials,
we provide discussion points about observations where PFOS
exposure initiated changes in transcriptional expression in
zebrafish liver tissues resulting in the significant enrichment of
cell cycle pathways and FoxO (forkhead box O) signaling path-
ways. In that discussion, we provide multiple inferences where
these pathways likely have functional impacts connected to
perturbed PPAR signaling and lipid metabolism, which may
have implications related to cellular proliferation as well
as apoptosis.

AOP development

In the present study, we have demonstrated that prolonged
PFOS exposures can potentially disrupt the PPAR nuclear signal-
ing pathway (Figure 4), affect transcriptional expression of genes
involved in lipid metabolism (Tables 3-5, Figure 5, online sup-
plementary material Table S10), and induce lipid-style hepato-
cellular vacuolation (Table 1). Ultimately, these observations
with parallel observations from the literature suggest mechanis-
tic linkages connecting PFOS exposure through various KEs that
can ultimately lead to liver steatosis. Here we have utilized our
results and observations gathered from existing literature to de-
velop a formalized AOP outlining how a prototypical xenobiotic
stressor (PFOS) binding to PPAR can serve as the MIE for a cas-
cade of KEs involving interference with lipid metabolic pro-
cesses that ultimately lead to the AO of liver steatosis (Figure 7)
with three of the KEs shared with other AOPs related to steato-
sis. We present a brief outline of the developed AOP and sup-
porting information. The full AOP entry and more detailed
information for each KE can be found on the AOP-Wiki site
(Society for Advancement of AOPs, 2023) under AOP 529.

Evidence of PFOS/PPAR binding as the MIE

The MIE for this AOP is the binding of a chemical to the PPAR nu-
clear receptor isoforms. Certain PFAS have structural similarities
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KEGG Pathway dre04115:p53 signaling pathway
LRT
Gene ID Gene Name P F1 P F1 P+F1
ENSDARG00000026577  Cyclin dependent kinase 2 (cdk2) -3.1
ENSDARG00000075641 ~ STEAP family member 3, metalloreductase (steap3) | 228 *
ENSDARG00000009273  Protein phosphatase, Mg2+/Mn2+ dependent, 1Da (ppmlda) -2.57 X
ENSDARGO00000070012  Sestrin 2 (sesn2) -2.29] &
ENSDARG00000079625  ATR serine/threonine kinase (ATR) -1.88
ENSDARG00000036180  Cyclin B2 (ccnb2) -6.51 ® %
ENSDARG00000091926  Caspase 22, apoptosis-related cysteine peptidase (casp22)
ENSDARG00000051923  Cyclin B (ccnbl) -6.83 ¥ X
KEGG Pathway dre04068:FoxO signaling pathway
LRT
Gene ID Gene Name P F1 P F1 P+F1
ENSDARG00000074851  Sphingosine-1-phosphate receptor 4 (slpr4) - o
ENSDARGO00000013522  Phosphoenolpyruvate carboxykinase 1 (pckl) =
ENSDARG00000016623  Si:ch211-195b13.1 *
ENSDARG00000042667  Kruppel like factor 2a (klf2a) | 2.44 *
ENSDARG00000029018  Cyclin dependent kinase inhibitor 1Ba (cdknlba) * -
ENSDARG00000010789  Homer scaffold protein 3b (homer3b) *
ENSDARG00000042904  Forkhead box 03b (foxo3b) F- *
ENSDARG00000063370  Serum/glucocorticoid regulated kinase 2a (sgk2a) =
Reactome R-DRE-69620~Cell Cycle Checkpoints
LRT
Gene ID Gene Name P Fl P Fl1 P+F1
ENSDARG00000074730  Protein kinase, membrane associated tyrosine/threonine 1 (pkmytl) o
ENSDARG00000010792  Cell division cycle 25B (cdc25b) -3.3 * *
ENSDARG00000078825 BUBI mitotic checkpoint serine/threonine kinase Ba (bublba) -4.07 = &
ENSDARG00000077029 BUBI mitotic checkpoint serine/threonine kinase (bubl) -4.49] > <
ENSDARG00000102674  Cytoskeleton associated protein 5 (ckap5) -1.75 & &
ENSDARG00000045951  K(lysine) acetyltransferase 5b (kat5b) *
ENSDARG00000093313  Ubiquitin B (ubb) | 733 *
ENSDARG00000043137  Cell division cycle associated 8 (cdca8) -4.5 * x
ENSDARGO00000063385  Centromere protein E (cenpe) -4.58 * *
ENSDARG00000033852  Mitotic arrest deficient 1 like 1 (madl11l) -1.54 X &
ENSDARG00000100741  Cell division cycle 20 homolog (cdc20) -6.25 * *
ENSDARG00000040559 RADI1 homolog (radl) -2.76 * =

Figure 6. Transcripts and fold change from selected cell cycle pathways. Green cell indicates downregulation and red cell upregulation as compared
with the control for at least one generation X treatment comparison based on the Wald test (adjusted p < 0.05, +1 log, > fold change). Yellow box
with an asterisk (*) indicates a transcript that was differentially expressed (adjusted p < 0.05) as compared with the control in each likelihood ratio
test (LRT) comparison for each generation (P, F1) and across generations (P + F1). Additional tables with fold change information can be found in
online supplementary material Table S8. P =parental; F1=first filial generation; FoxO =forkhead box O; KEGG = Kyoto Encyclopedia of Genes

and Genomes.

to fatty acids, including those with a hydrophilic head group
connected to a long linear carbon chain, although the carbons
are saturated with fluorine instead of hydrogen. These chemical
structures have binding affinity for lipid-binding sites that affect
PPAR signaling proteins. Binding analyses and molecular dock-
ing models have shown that PFOS and other PFAS can bind to
this ligand-binding site of PPARs in the agonist and antagonistic
confirmations of the PPARs (Almeida et al., 2021; Garoche et al.,
2021; J. Huang, Wang, et al, 2022; Khazaee et al., 2021;
Kowalska et al., 2023; Li et al., 2018; P. Wang et al., 2022; Q.
Wang et al.,, 2022; Yi et al., 2019). Beyond binding assays, activity
assays in in vitro mammalian cell assays have demonstrated ac-
tivation of PPAR signaling by PFOS (Behr et al., 2020; Evans
et al,, 2022; X. Sun et al., 2023; Takacs & Abbott, 2007; Vanden
Heuvel et al., 2006; Wolf et al., 2008), and omics studies across
multiple vertebrate species have identified PPAR receptors as

key molecular targets of PFAS (Beale et al., 2022). Furthermore,
PPARa has been demonstrated to have a high degree of conser-
vation among vertebrate species, including mammals, birds,
reptiles, amphibians, and fish (Gust et al., 2020), which indicates
that the MIE is likely to be conserved among vertebrate species
as an overall phylogenetic group.

Disruption of PPAR nuclear signaling (KE1)

The MIE induces KE1 where PPAR nuclear signaling is disrupted.
Perfluorooctanesulfonic acid binding to PPAR isoforms has been
demonstrated to induce KE1 and have direct effects on the tran-
scriptional expression of the PPAR isoforms, including PPARa
and PPARy in vertebrates (Beale et al,, 2022; J. W. Lee et al.,
2020). In vitro and in vivo investigations across various terres-
trial and aquatic vertebrate species have shown increased or de-
creased PPAR transcriptional expression depending on species
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Figure 7. Graphical representation of AOP 529: “Xenobiotic binding to peroxisome proliferator-activated receptors (PPARs) causes dysregulation of
lipid metabolism leading to liver steatosis.” AOP = adverse outcome pathway; PFOS = perfluorooctanesulfonic acid; MIE = molecular initiating event;
KE =key event; TG =triglyceride; TC = total cholesterol; AO = adverse outcome.

(Arukwe & Mortensen, 2011; Christou et al., 2020; Das et al.,
2017; Huck et al., 2018; S. Liu et al., 2019; Mylroie et al., 2021;
Olivares-Rubio & Vega-Lopez, 2016; Sant et al., 2021; P. Wang
et al., 2022). Finally, studies in zebrafish have indicated that
modulation of PPAR isoform signaling by PPAR agonist and an-
tagonist resulted in increased lipid accumulation, similar to that
seen as a result of PFOS and other PFAS exposures (Venezia
et al., 2021). Given the sum of these observations, it is reason-
able to hypothesize that PFAS such as PFOS can directly interact
with PPARs through receptor binding and thus affect the down-
stream transcriptional signaling cascade.

Dysregulation of transcriptional expression within
the PPAR signaling network (KE2)

Evidence of the overall dysregulation of transcriptional expres-
sion within the PPAR signaling network (KE2) has been observed
in global and pathway-centered gene expression analyses in em-
bryo and adult zebrafish exposures to PFOS performed in the
present study (Figure 4) and our previous research (Mylroie
et al.,, 2021). Pathway and Gene Ontology enrichment analyses
from other studies have also identified transcriptional expres-
sion underlying lipid metabolism, lipid transport, fatty acid deg-
radation, PPAR signaling, and lipid homeostasis pathways
affected by PFOS and other PFAS exposures (Beale et al., 2022;
J. Chen et al., 2014; Christou et al., 2020; Davidsen et al., 2022;
G. Dong et al., 2021; Haimbaugh et al., 2022; Jacobsen et al.,
2018; H. Lee et al., 2021; Martinez et al., 2019; Rodriguez-
Jorquera et al., 2019; P. Wang et al., 2022). In the present study,
pprcl and tfeb, which interact with PPARa, were differentially
expressed in liver tissue in response to PFOS exposure.

In addition to observations of dysregulation in transcriptional
expression of the PPAR receptors, there is ample evidence that
PFOS exposure results in transcriptional expression changes in
downstream genes involved in the specific process of fatty acid
metabolism, lipid storage, and lipid transport. For example, in the
present study (Figure 4 and Figure 5, see online supplemental ma-
terial Table S4) and our previous research (Mylroie et al., 2021),

dysregulation of genes related to f-oxidation such as, cyp8bl,
acsll acoxl, cptlab, acadsb, and acadm was observed, similar
to in vivo and in vitro studies of vertebrate species including
rats, mice, chicken, and zebrafish (Cheng et al., 2016; Dale et al.,
2022; Davidsen et al., 2022; Geng et al., 2019; Rosen et al., 2010;
Tu et al, 2019; Wan et al., 2012; P. Wang et al., 2022; Vi
et al., 2019).

Disruption of transcriptional expression for genes involved in
lipid storage, lipogenesis, and lipid transport has been observed
across multiple studies (Y. Cui et al., 2017; Huck et al., 2018; S.
Liu et al., 2019; Louisse et al., 2020; Martinez et al., 2019; Tse
et al., 2016; P. Wang et al., 2022; Yi et al., 2019). For example, dis-
ruption in expression of genes such as acacb, apoa, apoa2, and
apoe and the perilipin (Plin) family of genes—which are critical
in the storage of lipids, the formation and degradation of lipid
droplets, and the regulation of lipid synthesis—has been ob-
served in mice, zebrafish, and fathead minnows after exposure
to PFOS (Huck et al., 2018; S. Liu et al., 2019; Louisse et al., 2020;
Rodriguez-Jorquera et al., 2019; Tse et al., 2016; P. Wang et al,,
2022; Yi et al., 2019; Figure 4). Correspondingly, disruption of
apoala gene expression was observed in the present study.
Changes in the expression of these genes has been associated
with a shift to accumulation of lipid in hepatocytes and with in-
creased risk of liver steatosis (Carr & Ahima, 2016; Karavia
etal.,, 2012).

Finally, previous work has demonstrated that PFOS exposure
can result in transcriptional changes to lipid transport genes in
terrestrial vertebrates and fish (Cheng et al., 2016; Christou
et al., 2020; Y. Cui et al., 2017; Davidsen et al., 2022; Martinez
et al., 2019; Mylroie et al., 2021; Rodriguez-Jorquera et al., 2019;
Sant et al., 2021; Tse et al., 2016; P. Wang et al., 2022). Studies in
mice (Huck et al., 2018; S. Liu et al., 2019), rats (Davidsen et al.,
2022), and human cells (Wan et al.,, 2012) exposed to PFOS
showed increased expression in CD36, which is responsible for
transport of lipids in liver cells, and such increases in expression
have been linked to increased TG levels in the liver (Jia et al.,,
2023). Altered transcriptional expression of fabp isoforms, which
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are responsible for the transport of fatty acids as substrates for
p-oxidation and lipogenesis, was observed in the present study
(Figure 4) and in other studies involving mammals and fish ex-
posed to PFOS (Jacobsen et al., 2018; Mylroie et al., 2021; Rosen
et al., 2010; Sant et al., 2021; P. Wang et al., 2022). Furthermore,
Ipl, which enables TG transport, was dysregulated in studies in
human cells (Wan et al., 2012), mice (S. Liu et al., 2019), and
zebrafish (Cheng et al., 2016; Tse et al, 2016) following
PFOS exposure.

Overall, the results from these transcriptional studies show
that PFOS exposure caused various disruptions of gene tran-
script expression within the PPAR nuclear signaling network, in-
cluding genes involved in fundamental processes that control
lipid homeostasis and lipid profiles in liver tissue. Furthermore,
evidence for these KEs spans multiple vertebrate species sug-
gesting conservation of responses throughout vertebrates as a
phylogenetic group.

Decreased lipid p-oxidation (KE3)

The KE3, decreased lipid g-oxidation, results from the cascade
of KE relationships where impacts on KE1 and KE2 ultimately
control lipid p-oxidation (Cherkaoui-Malki et al., 2012). For ex-
ample, decreased lipid p-oxidation has been observed in PPARa
knockouts in mice, causing lipid accumulation in the liver
(Badman et al., 2007, Hashimoto et al., 2000; Reddy, 2001),
whereas stimulation of PPAR«a increases lipid g-oxidation (Tahri-
Joutey et al., 2021). Additionally, PPARS/S regulates lipid p-oxi-
dation as demonstrated by Roberts et al. (2011) in a study in live
mice and mouse adipocytes where a PPARS/S agonist
(GW610742) was shown to increase fatty acid f-oxidation. In re-
sponse to PFOS exposure, Wan et al. (2012) demonstrated that
lipid B-oxidation rates were decreased in livers of exposed mice.
Exposure to the PFAS perfluorodecanoic acid was also shown to
directly reduce lipid g-oxidation in zebrafish embryos (Widhalm
et al.,, 2025). Overall, these results indicate that exposure to
PFAS, specifically PFOS, can decreased lipid g-oxidation via dis-
ruption of PPAR signaling.

Disrupted lipid storage in the liver (KE4)

Impacts on PPAR signaling have been observed to lead to KE4,
disrupted lipid storage (Dixon et al., 2021). The overexpression
of PPARy in mice promotes lipid storage in the liver and thus
exacerbates hepatic steatosis (Patsouris et al., 2006; Yu et al.,
2003). Conversely, PPARa knockout in mice caused increased
lipid deposition in the liver (Patsouris et al., 2006). Y. X. Wang
et al. (2003) demonstrated that PPARS/S-deficient mice had in-
creased obesity that, while potentially not a function of im-
proper lipid storage, underpins the importance of all PPAR
isoforms in proper lipid homeostasis. Moreover, PPARy agonists
can induce increased cd36 expression (Miao et al., 2022), and in-
creased expression of the fatty acid transport protein CD36 in
mice resulted in increased levels of TG in the liver (Koonen
et al., 2007). In contrast, genetic deletion of CD36 protein (cd36)
in mice resulted in lower fatty acid content in livers (Wilson
etal., 2016).

Fatty acid-binding proteins deliver fatty acids or other ligands
to PPARs, which can then result in the increased expression of
gene expression of target FABP genes, suggesting a feedback
loop between FABP and PPAR isoforms (Goto et al., 2013;

Hotamisligil & Bernlohr, 2015; Morgan et al., 2010). Knockout of
the liver FABP in mice resulted in reduced levels of fatty acids in
the liver and a reduced uptake of some fatty acids (Newberry
et al,, 2003). In contrast, induced expression of liver FABP in
mouse liver cells resulted in increased TG and TC levels (A. Chen
et al., 2013). Peroxisome proliferator-activated receptors also
influence the expression of perilipins, which are integral in lipid
droplet formation and the storage of TG (Arimura et al., 2004;
Takahashi et al., 2013). For example, in perilipin 2 (plin2) null
mice, TG levels were reduced in the liver as compared with con-
trols (Tsai et al., 2017), and plin5 null mice showed reductions of
TG levels in hepatocytes as compared with wild type mice
(Mass-Sanchez et al., 2024). Finally, in exposures based on intes-
tinal organoid models, W. Zhang et al. (2024) found that PFOS
exposure stimulated uptake of a fatty acid analogue and in-
creased expression of genes involved in fatty acid transport and
lipid droplet synthesis. In response to PFOS exposure in mice,
Pfohl et al. (2020) observed increased expression of Ppara and
Ppary with increased expression of genes and proteins involved
in fatty acid transport and storage, which are regulated by PPAR
activity. These expression alterations corresponded with
decreases in serum TG and TC, suggesting potential alterations
in lipid storage and transport. Overall, these lines of evidence
provide plausible connection of KE2 and KE3 to lipid storage
processes, where PFAS exposures affect these upstream pro-
cesses ultimately causing KE4, disrupted lipid storage.

Accumulation of fatty acid in livers (KE5)

Decreased lipid p-oxidation (KE3) and subsequent impacts on
lipid storage (KE4) can lead to KE5, the accumulation of fatty
acids in liver tissue. An investigation of Ppara-null mice demon-
strated increased fatty acid accumulation during fasting and un-
der normal dietary conditions where these mice were not able
to properly catabolize fatty acids even during a bioenergetic def-
icit (Montagner et al., 2016). Mice exposed to a PFAS mixture
similarly showed increased accumulation of fatty acids and
changed fatty acid profiles relative to controls, likely initiated
via interference with PPAR signaling (Khan et al, 2023).
Zebrafish exposed to PFOS also had increased accumulation of
fatty acids and changes in fatty acid ratios (Sant et al., 2021).

Accumulation of TG and TC in livers (KE6)

Disruption of proper PPAR signaling can result in an increase in
fatty acids in the liver (KE5). In mammals and fish, an excess of
fatty acid accumulation in the liver, through excess food uptake
or disruption of normal lipid metabolism, results in the liver
storing these excesses as lipid droplets made of TG and choles-
terol resulting in KE6, the accumulation of TG and TCs in liver
(Alves-Bezerra & Cohen, 2017; Ge et al., 2023; Xie et al., 2002). A
review by Y. Wang et al. (2020) explains how increased PPARy ex-
pression can alter triacylglycerol levels by increasing expression
of genes related to lipid uptake, TG storage, and lipid droplet
formation. Investigations across a range of vertebrate species
identified that PFOS exposures generally decreased TG and TC
in blood/serum (Cheng et al., 2016; Y. Cui et al., 2017; Ho et al,,
2022), whereas each was increased in liver tissues and cells
(Geng et al., 2019; Huck et al., 2018; Louisse et al., 2020; Liu
et al., 2019; Wan et al., 2012; P. Wang et al., 2022). This observa-
tion suggests that PFOS exposure causes dysregulation of
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systemic lipid homeostasis weighted toward deposition of TC
and TG in liver tissues.

Liver steatosis AO

The contribution of fatty acid accumulation (KE5) in addition to
TG and TC accumulation (KE6) in liver tissues plausibly contrib-
utes to lipid-induced hepatocellular vacuolation, as observed in
various vertebrate species exposed to PFOS and other PFAS
(Beale et al., 2022; J. W. Lee et al., 2020). Furthermore, there is
significant evidence in the literature demonstrating that repres-
sion, overexpression, or complete knockout of the various PPAR
isoforms can lead to disruptions in lipid metabolism and the AO
of liver steatosis. In an extensive review, Y. Wang et al. (2020)
presented evidence of how differential repression or activation
of the various PPAR isoforms can affect metabolic regulation in
mice livers and could lead to lipid accumulation and steatosis in
the liver. The present study demonstrated increased incidences
of lipid-style hepatocellular vacuolation in the livers of adult
zebrafish exposed continuously to PFOS over two 180-day gen-
erations (Table 1, Figure 1). Numerous other studies in zebrafish
have shown that increased lipid accumulation and/or hepatocel-
lular vacuolation occurs in the developing liver of PFOS-exposed
zebrafish beginning at the embryo/larval stage (Sant et al., 2021;
Tse et al., 2016; Yi et al., 2019), and other studies report similar
outcomes at differing concentrations of PFOS exposure (Cheng
et al,, 2016; Y. Cui et al,, 2017; Du et al., 2009; J. Huang, Liu,
et al.,, 2022; Keiter et al., 2012; P. Wang et al., 2022). Mammalian
studies demonstrated PFOS exposures causing lipid accumula-
tion, lipid-style hepatocellular vacuolation, and/or liver steatosis
(L. Cui et al., 2009; Davidsen et al., 2022; Huck et al., 2018; Rosen
et al., 2010; Salter et al., 2021; L. Zhang et al., 2016). Overall,
PPAR represents a critical regulator of the processes leading to
the AO of liver steatosis, and the lines of evidence provided
within the present body of work demonstrate a logical pathway
by which the prototypical stressor, PFOS, binding to PPAR is the
MIE for a progression of KEs describing the nuclear signaling,
gene expression, metabolic processes, and tissue responses ulti-
mately leading to the AO of liver steatosis.

Note on zebrafish sex

While this study focused on male zebrafish, we ultimately expect
similar mechanistic effects in female zebrafish exposed to PFOS
based on evidence from the literature and commonalities in me-
tabolism between sexes. Gust et al. (2025) and other studies
have shown that male zebrafish bioaccumulate more PFOS than
females in equivalent exposures; therefore, male zebrafish likely
manifest effects at lower PFOS exposure concentrations than
females, although the effects in liver tissue are expected to be-
come similar when tissue concentrations are equivalent.

Conclusions

Results presented herein from liver tissues collected from the
first two generations (P and F1) of a three-generation continu-
ous exposure of zebrafish to PFOS provided a unique opportu-
nity to understand the potential multigenerational hepatoxicity
of PFOS. Transcriptional effects on PPAR signaling and lipid met-
abolic pathways provide mechanistic insights into observations

of lipid-style hepatocellular vacuolation occurring in male zebra-
fish exposed at the highest PFOS exposed concentration
(100 pg/L, nom.). Of particular note, the scale of effects on the
transcriptional responses and the severity of lipid-style hepato-
cellular vacuolation were greater in the second generation (F1)
relative to the first (P). This observation indicates that multige-
nerational exposures to PFOS may result in more severe impacts
in organisms spanning two generations. Finally, these results
helped complement and inform the development of the AOP
that provides plausible linkage of a prototypical stressor such as
PFOS binding to PPAR representing an MIE and a progression
of sequential KEs, ultimately culminating with the AO of
liver steatosis.
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