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ARTICLE INFO ABSTRACT

Keywords: Limited studies on multi-omics have been conducted to comprehensively investigate the molecular mechanism
Perﬂuomf)c_tanesmf"mc acid underlying the developmental neurotoxicity of perfluorooctanesulfonic acid (PFOS). In this study, the locomotor
Ne‘;rf’toxfmy behavior of zebrafish larvae was assessed under the exposure to 0.1-20 pM PFOS based on its reported neuro-
Mu tl-omics behavioral effect. After the number of zebrafish larvae was optimized for proteomics and metabolomics studies,
Integration . . . . . . . : . "

Zebrafish three kinds of omics (i.e., transcriptomics, proteomics, and metabolomics) were carried out with zebrafish larvae

exposed to 0.1, 1, 5, and 10 pM PFOS. More importantly, a data-driven integration of multi-omics was performed
to elucidate the toxicity mechanism involved in developmental neurotoxicity. In a concentration-dependent
manner, exposure to PFOS provoked hyperactivity and hypoactivity under light and dark conditions, respec-
tively. Individual omics revealed that PFOS exposure caused perturbations in the pathways of neurological
function, oxidative stress, and energy metabolism. Integrated omics implied that there were decisive pathways
for axonal deformation, neuroinflammatory stimulation, and dysregulation of calcium ion signaling, which are
more clearly specified for neurotoxicity. Overall, our findings broaden the molecular understanding of the
developmental neurotoxicity of PFOS, for which multi-omics and integrated omics analyses are efficient for
discovering the significant molecular pathways related to developmental neurotoxicity in zebrafish.

1. Introduction

Perfluorooctanesulfonic acid (PFOS) is representative of a legacy
long-chain perfluoroalkyl and polyfluoroalkyl substances (PFAS), and
for two decades of toxicological studies, PFOS has been a potent PFAS
along with perfluorooctanoic acid. PFOS has been widely used as a
versatile protector in fabric, leather, paper, semi-conductors, and fire-
fighting foams for > 60 years (Kwon et al., 2014; Moody et al., 2002).
Recently, as newly developed PFAS alternatives became available (Lin
et al., 2017), the application of PFOS has been replaced and the toxicity
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of alternatives has gained attention. However, bio-monitoring studies
indicated that, among legacy and emerging PFAS, PFOS had the highest
concentration and greatest detection frequency in the environment and
in fish samples (Valsechhi et al., 2021; Lee et al., 2020), and exposure
concentrations in human serum were slowly reduced, in spite of re-
strictions established in the early 2000s (Olsen et al., 2017). Concerns
about environmental impacts and human health problems caused by
PFOS are still of critical importance.

The accumulating toxicological studies have revealed that PFOS
causes multiple adverse effects, such as developmental toxicity,
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hepatotoxicity, immunotoxicity, reproductive toxicity, endocrine
disruption, cardiovascular toxicity, pulmonary toxicity, and renal
toxicity (Tsuda, 2016; Zeng et al., 2019). Of particular interest is the
potential of PFOS to cause neurotoxicity (Chen et al., 2014; Johansson
et al., 2008a, 2008b), because PFOS can cross the blood-brain barrier
(BBB) and accumulate in the brain (Andersen et al., 2006; Cui et al.,
2009). In addition, exposure to PFOS during early life stages, including
prenatal exposure, was reported to cause developmental neurotoxicity
in models of murine and zebrafish. Recently, developmental neurotox-
icity observed in zebrafish larvae was suggested to be the significant
endpoint for judging PFAS toxicity, and PFOS was the most toxic to
behavioral alteration (Gaballah et al., 2020). The various mechanisms
that are reportedly involved in the neurotoxicity of PFOS were nerve cell
damage; stimulation of neuroinflammation; alteration of the neuro-
chemical transmission system; and disturbance of synaptogenesis, syn-
aptic plasticity, and the calcium ion (Ca®") channel (Zeng et al., 2019;
Yuan et al., 2018). However, limited studies on the molecular mecha-
nism for the developmental neurotoxicity of PFOS have been conducted.

In zebrafish toxicology, omics techniques, which include tran-
scriptomics, proteomics, and metabolomics, have been applied to
explore holistic molecular perturbations by various toxic chemicals.
However, single-omics-based technology is limited in providing a one-
side change in the biomolecule (i.e., mRNA, protein, and metabolite),
which impedes comprehensive understanding of toxicity mechanism
and identification of molecular initiating events and key events for
adverse outcome pathway development. To overcome these challenges,
multi-omics approaches that employ at least two or more omics data
have been suggested. Integration of multi-omics enables us to efficiently
capture multifaceted networks from gene to phenotype and understand
a train of toxic mechanisms. Attempts to consider multi-omics or inte-
grated omics have increased (Buesen et al., 2017; Canzler et al., 2020;
Wuetal., 2018; Lee et al., 2021). In the zebrafish model, transcriptomics
(Martinez et al., 2019) and metabolomics (Ortiz-Villanueva et al., 2018)
were applied to investigate developmental toxicity and endocrine
disruption upon exposure to PFOS. The integrative multi-omics analysis
would be helpful for unraveling the comprehensive molecular mecha-
nism that underlies developmental neurotoxicity caused by PFOS
treatment.

In the present study, we analyzed three kinds of omics (i.e., tran-
scriptomics, proteomics, and metabolomics) and integrated datasets that
were obtained from multi-omics by using a data-driven integration
approach to further explore the neurotoxicity mechanism of PFOS in
zebrafish. In particular, one experimental condition (i.e., the number of
larvae) was optimized for instrumental proteomics and metabolomics
analyses. With respect to the developmental neurotoxicity of PFOS, the
individual omics- and integrated omics-based pathways were compared.

2. Materials and methods
2.1. Zebrafish husbandry and exposures

Adult wild-type zebrafish (AB, Danio rerio) aged to 10-13 months
were maintained under standard husbandry conditions in a 14:10-h
light:dark cycle at 28.5 °C in a flow-through culture system (Tecni-
plast, Buguggiate, Italy). Healthy embryos were obtained from spawning
adult zebrafish. Embryos at a certain developmental stage were
collected and placed in a Petri dish filled with E2 media and cultured in
an incubator (28 °C) until toxicity evaluation. All animal procedures
were approved by the Institutional Animal Care and Use Committees at
the Seoul National University of Science and Technology.

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO,
USA). To investigate the underlying molecular mechanisms, PFOS
exposure was designed with concentrations showing the neurotoxic
impacts in previous studies (Ulhaq et al., 2013; Menger et al., 2020;
Zhang et al., 2021). The PFOS exposure concentrations were 0, 0.1, 1, 5,
10, and 20 pM, including 0.1% dimethyl sulfoxide (DMSO). At 4 h post-
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fertilization (hpf), zebrafish embryos were individually transferred to
96-well plates and exposed to 100 pL PFOS solution until 120 hpf under
light-blocking conditions. A total of 64 randomly selected larvae (16
larvae per replicate) was used in each concentration, and developmental
toxicity was evaluated by recording the mortality and malformation
under a microscope at 120 hpf. Exposure to PFOS for the locomotor
response assay and omics analysis were carried out following the same
aforementioned experimental conditions, such as 96-well plates, expo-
sure period of 4-120 hpf, 0.1% DMSO, and 100 pL volume. The overall
experimental workflow is described in detail in Fig. S1.

2.2. Locomotor response assay

A light/dark transition locomotor response assay has been utilized to
assess the developmental neurotoxicity of chemicals in zebrafish
(d’Amora and Giordani, 2018; Jin et al., 2021; Tran et al., 2021). A total
of 32 larvae per concentration was used, and the dead or malformed
larvae at 120 hpf were excluded from analysis. After acclimation in the
dark phase for 10 min, the light/dark cycle (10-min light and 10-min
dark phases) was repeated twice. The locomotor activity was analyzed
using ZebraBox® (Viewpoint, Lyon, France), and the total distance
moved was calculated under each photocycle. The detailed movement
was evaluated for three swimming speeds: freezing < 5 mm/s, cruising
= 5-20 mm/s, and bursting > 20 mm/s. Considering the results of
developmental toxicity and locomotor response, 0, 0.1, 1, 5, and 10 pM
PFOS concentrations were used for omics analysis. However, because
few proteins and metabolites that were changed at 0.1 pM PFOS were
discerned through proteomics and metabolomics, three concentrations
of 1, 5, and 10 pM were evaluated for bioinformatic analysis.

2.3. Transcriptomics analysis

2.3.1. RNA extraction and pre-processing sequencing

After exposure to PFOS, 60 randomly selected zebrafish larvae (20
larvae per replicate) from each concentration were collected in 1.5-mL
microtubes and homogenized with zinc beads using MagNa Lyzer
(Roche Diagnostics, Basel, Switzerland). The total RNA (>200 ng) was
extracted from homogenates using RNAzol® reagent (Molecular
Research Center Inc., Cincinnati, OH, USA). RNA sequencing libraries
were built using a TruSeq Stranded mRNA Sample Prep Kit (Illumina,
San Diego, CA, USA). The sequencing library was quantified with a
KAPA Library Quantification Kit and were analyzed as a paired end (2 x
100 bp) using the Illumina NovaSeq system. The library quality was
evaluated using Agilent 2100 BioAnalyzer (Agilent, Santa Clara, CA,
USA). Sequencing reads were filtered with a quality cutoff of 20 and a
minimum length of 50. The filtered reads were aligned to the Ensembl
reference genome on Danio_rerio (GCA_000002035.4). These mapping
reads were utilized to calculate the expression level of transcripts with R
tools such as RSEM v1.3.1, featureCounts v2.0.0, HTSeq-count v0.11.2,
and Cufflinks v2.2.1.

2.3.2. Differentially expressed gene analysis

Differentially expressed genes (DEGs), which are genes with statis-
tically significant differences between the control and PFOS-treated
groups, were analyzed using Rstudio v1.3 equipped with the packages
edgeR v3.28.1 and EnhancedVolcano. DEGs were determined on the
basis of the criteria of significance (p-value < 0.05) and the expression
level (absolute log2 fold change > 1.5). The enriched pathways on DEGs
were analyzed with KEGG Database, Cytoscape v3.7.2, and ClueGO
v2.5.7.

2.3.3. Validation using quantitative real-time polymerase chain reaction
(qRT-PCR)

qRT-PCR analysis was performed to verify the RNA-seq data. Specific
primers of genes related to neurotransmission were designed using NCBI
Primer-BLAST (Table S1). cDNA was synthesized with the RNA extracts
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that were used in the RNA-seq, using a High Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific, Foster City, CA, USA).
Analytical methods for qRT-PCR were described in our previous study
(Lee et al., 2019).

2.4. Proteomics analysis

2.4.1. Protein sample preparation

The appropriate number of larvae in proteomics was evaluated using
the extracts, which were obtained from 20, 50, and 100 larvae each,
with duplication. Twenty larvae were the minimum at which the num-
ber of identified proteins were steady, and thus determined as the
number of larvae for proteomics study. Protein extraction and identifi-
cation were performed equally according to the following experimental
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protocols. Sixty embryos (20 larvae per replicate) determined through
optimization were deyolked as previously described (Kimmel et al.,
1995) and were exposed to 0.1, 1, 5, and 10 pM PFOS. Deyolked em-
bryos were washed with phosphate-buffered saline and RIPA buffer
supplemented with protease inhibitors, and phosphatase inhibitors were
added. These mixed samples were homogenized through sonication and
centrifuged at 16,000 x g for 10 min at 4 °C to remove the tissue debris,
and the supernatants were collected. The protein concentration was
quantified using a BCA protein assay (Thermo Fisher Scientific, Foster
City, CA, USA), and protein extraction was ascertained through sodium
dodecyl sulfate-polyacrylamide gel electrophoresis analysis. The
extracted proteins were digested and modified to peptides. Digested
peptides of 90 pug were labeled with 4-plex TMT labeling according to
the manufacturer’s protocol (Thermo Fisher Scientific, Foster City, CA,
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Fig. 1. Alteration of locomotor behavior of zebrafish exposed to PFOS. (A) The total distance moved are depicted by a light/dark transition. The radar graphs
represent the fold change of movement in the distance, count, and duration of PFOS-treated groups compared to control in (B) the light phase and (C) dark phase.
PFOS concentrations are described with 0 pM (black), 0.1 pM (white), 1 pM (light pink), 5 pM (dark pink), 10 uM (red), and 20 uM (dark red). Significance is denoted
by *p < 0.05, **p < 0.01, and ***p < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Transcriptomic alteration. (A) Venn diagram and (B) heat map of differentially expressed genes are depicted. The number of DEGs shows in parenthesis of
up- and down-regulation at each PFOS concentration. (C) Significant gene ontology pathways in transcriptomic Clusters 1-3 are described.

USA). The processes of protein digestion and peptide fractionation are
described in detail in Method S1. The mass spectrometry proteomics
data have been deposited to the ProteomeXchange Consortium via the
PRIDE (Perez-Riverol et al., 2019) partner repository with the dataset
identifier PXD025972.

2.4.2. Quantitative proteomic and bioinformatic analyses

Peptides from each fraction were dissolved in solvent A (water in
0.1% formic acid) and analyzed on an UltiMate 3000 RSLCnano LC
system coupled with an LTQ-Orbitrap mass spectrometer (Thermo
Fisher Scientific, Foster City, CA, USA). A peptide from each fraction was
loaded via an Acclaim PepMap 100 trap C18 column (75 pm X 2 cm, 3
pm, and 100 A) and ionization was achieved using an Easy Spray HPLG
C18 column (50 cm). These columns were purchased from Thermo
Fisher Scientific Inc. (Foster City, CA, USA). The obtained MS/MS
spectra data were annotated and calculated as the ratio of report ions
using the TMT 4-plex method at MaxQaunt 1.5. All other parameters in
MaxQuant were set to default values. Differentially expressed proteins
(DEPs) are defined as proteins with the fold change ratio < 0.8 (down-
regulation) and > 1.8 (upregulation) on the basis of relative abundance
compared to the control group. The enrichment pathways were analyzed
using the list of the quantified proteins using DAVID v6.8 with a
modified Fisher’s exact test using a p-value < 0.05 and a minimum count

of two. Detailed analysis conditions (e.g., LC conditions, MS scan, and
peak annotation) are described in Method S1.

2.5. Metabolomic analysis

2.5.1. Metabolite extraction

The number of metabolites was optimized from untreated larvae of
20, 35, 50, and 100 each, with three replicates. The proper number of
larvae (i.e., 50) was determined to be the minimum at which the number
of metabolites was stable. Metabolite extraction and identification for
optimization were carried out following the experimental protocols. A
total of 150 zebrafish larvae exposed to PFOS (50 larvae per replicate)
was randomly collected and prepared for each concentration. For
metabolite extraction, 1 mL acetonitrile:isopropanol:water (3:3:2, v/v/
v) was added to the sample vial. The mixture of solvent and sample was
pulverized using a microtube pestle in a 1.5-mL Eppendorf tube. After
centrifugation at 20,200 x g for 5 min at 4 °C, the supernatant was taken
and dried using SpeedVac. The dried samples were stored at — 80 °C
until further analysis.

2.5.2. Quantitative metabolomics analysis
Before LC-MS/MS analysis, all dried samples were re-dissolved in
100 pL of 50% aqueous acetonitrile and centrifuged at 20,200 x g for 10
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min at 4 °C. The supernatant was used for LC-MS/MS analysis, which
was performed using an Agilent Infinity 1260 LC system (Agilent, Santa
Clara, CA, USA) coupled to an Agilent 6520 Q-TOF mass spectrometer
with an electrospray ionization source. A Waters ACQUITY UPLC BEH
column (2.1 x 100 mm and 1.7 pm) was used for chromatographic
separation. The multi-group analysis function of XCMS online software
was used to perform peak detection, peak alignment, and peak grouping
for raw MS files with HPLC/Q-TOF preset parameters (Gowda et al.,
2014), and metabolites were identified with a NIST17 library through
MS/MS spectra. Differentially expressed metabolites (DEMs) were
selected from the list by conducting a Kruskal-Wallis analysis in R (p-
value < 0.05). Statistical analysis and pathway annotation, including
partial least squares discriminant analysis (PLS-DA) and hierarchical
clustering heatmap analysis, were performed on the DEM list using
Metaboanalyst 5.0. Detailed information on the LC instrument condi-
tions and metabolite identification are described in Method S2.

2.6. Multi-omics integration

Three datasets on significant molecules (i.e., DEGs, DEPs, and DEMs)
were used for multi-omics analysis. Pairwise integration and association
analysis (X < Y, X < Z, and Y < Z) of three omics data were performed
using a sparse partial least squares (SPLS) regression method in xMWAS
v0.55 (Uppal et al., 2018). SPLS analysis performs simultaneous data
integration and optimal variable selection, making it suitable for data
with multitudinous features and a small sample size. XMWAS executes
network visualization to provide topological distribution of nodes and a
multilevel community detection algorithm to identify highly connected
nodes, which represent significant molecules. After community detec-
tion, the pathways of each community were analyzed using database
tools on transcripts (ClueGO v2.5.7), proteins (DAVID functional
annotation tool v6.8), and metabolites (Metaboanalyst v5.0). The top six
pathways in each cluster were determined on the basis of the — log(p-
value). The integration scheme of multi-omics data is depicted in
Fig. S1.

2.7. Statistics

Significance in the locomotor response test was analyzed using one-
way analysis of variance with Dunnett’s post-hoc test and was assessed
with the criteria of a p-value < 0.05. Statistical analysis was performed
using SigmaPlot v13 (Systat Software, San Jose, CA, USA). Significance
in the omics analysis (p-value < 0.05) was evaluated with tools that were
used for the analysis of each omics.

3. Results
3.1. Developmental, morphological, and behavioral impacts of PFOS

Developmental toxicity in zebrafish larvae was evaluated at 0.1-20
pM PFOS (Fig. S2). All concentrations showed no significance in mor-
tality, whereas a significant malformation was observed at 20 pM but
was only 17.2%. Malformed larvae exhibited pericardial and yolk sac
edema, hematoma, and axis curvature.

In the locomotor response by light/dark transitions, the total dis-
tance was altered in proportion to the PFOS concentrations, which
indicated hyperactivity and hypoactivity in light and dark conditions,
respectively (Fig. 1A). The changes of total distance moved over time
were described in Fig. S3. Exposure to 5 pM PFOS significantly
decreased swimming movement during the first dark phase and signif-
icantly increased swimming movement during the second light phase. At
10 and 20 pM PFOS, the significant changes of the behavior activity
were observed in all light conditions. Swimming behavior was examined
regarding three types of speeds (Fig. 1B). During the light cycle, all types
of movement, freezing, cruising, and bursting, were increased at the
exposure concentrations of > 5 puM; notably, the radar graph leaned
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Fig. 3. Proteomic alteration. (A) Dynamic changes in proteomics and (B)
significant pathways in proteomic clusters are exhibited. Among all clusters
shown in Fig. S6, representative clusters that were obviously changed at PFOS
10 puM are shown.

toward the bursting movement. During the dark cycle, three kinds of
movements significantly reduced at 10 and 20 uM PFOS (Fig. 1C). The
behavior at bursting, cruising, and freezing speeds was altered in pro-
portion to the increasing PFOS concentration. Excluding 20 pM con-
centration with high malformation, the omics analysis was carried out
at < 10 pM PFOS.

3.2. Alterations in the transcriptomic profile

Of the 32,520 genes that were identified, 405 genes were signifi-
cantly affected. At 1, 5, and 10 pM PFOS, the number of DEGs was
identified to be 44, 37, and 359, respectively, of which up-regulated
DEGs were 18, 14, and 247, and down-regulated DEGs were 26, 23,
and 112 (Fig. 2A and Fig. S4A). The heatmap of the gene expression
showed a rapid change at 10 pM PFOS (Fig. 2B and Fig. S4B). The Venn
diagram revealed that > 30% of DEGs at 1 and 5 pM overlapped with
DEGs at 10 pM. The detailed information on the common and specific
DEGs at all PFOS concentrations was provided in the Supplementary File
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Fig. 4. Metabolomic alteration. (A) PLS-DA, (B) PLS-DA VIP score plots, and (C) heat map of differentially expressed metabolites (DEMs) of zebrafish larvae
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represented with z-score (relatively up-regulated: red and down-regulated: blue among groups). The full name and KEGG ID of DEMs are indicated in Table S3. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

1. The expression patterns of DEGs were distinguished into three clusters
(transcriptomic Clusters 1-3 [tCluster 1-3]) (Fig. 2C). First, tCluster 1 is
a group of genes whose expression increased at 1 and 10 pM PFOS, as it
was associated with chemokine activity. tCluster 2 is a group of genes
whose expression was down-regulated obviously at 10 pM PFOS and is
involved in vitamin transmembrane transporter activity, positive regu-
lation of the nucleotide biosynthetic process, cortical granule, and heme
binding. tCluster 3 is a group of genes whose expression was up-
regulated rapidly at 10 pM PFOS and is involved in gamma-

glutamylaminecyclotransferase activity, autophagosome membrane,
ferrous iron binding, insulin-like growth factor 1 binding, sterol
biosynthetic process, and peroxidase activity mechanisms. qRT-PCR was
performed to verify the transcriptomic data, which were, consequently,
compatible with RNA-seq (Fig. S5A).

3.3. Alterations in the proteomic profile

The numbers of identified proteins were approximately 1,200 in >
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Table 1

Pathways related to differentially expressed metabolites.
Pathway p-value
Glycerophospholipid metabolism < 0.001 *
Alanine, aspartate, and glutamate metabolism < 0.001 *
Purine metabolism < 0.001 *
Tryptophan metabolism < 0.001 *
Arachidonic acid metabolism < 0.001 *
Primary bile acid biosynthesis < 0.001 *
Sulfur metabolism 0.016
Ether lipid metabolism 0.018
Arginine and proline metabolism 0.029
Amino sugar and nucleotide sugar metabolism 0.037

Asterisk (*) denotes the statistical significance.

20 larvae, and the optimized number of larvae was determined to be 20
(Table S2). We confirmed that the technical correlations of the TMT
quantitation were 0.661-0.786 (Fig. S5B). A total of 1,072 proteins was
identified, and of these, 897 proteins (83.7%) could be quantified. Out of
these proteins, the number of DEPs at 1, 5, and 10 pM was confirmed to
be 32, 58, and 53, respectively. The quantified 897 proteins were
analyzed through the volcano plot and their expression pattern was
classified into eight proteomic Clusters (pClusters) (Fig. S6). Among all
pClusters (Fig. 3), pCluster 3 showed the pattern of increasing at 1 and 5
pM and decreasing at 10 pM, which were attributed to the ribosome
pathway. In pCluster 6, the protein expression levels increased clearly at
1 pM and were involved in cardiac muscle contraction, oxidative
phosphorylation, and adrenergic signaling in cardiomyocytes. The pro-
teins in pClusters 7 and 8 tended to increase at 1 to 10 pM and were
involved in carbon metabolism, glycolysis/gluconeogenesis, and
biosynthesis of amino acids.

3.4. Alterations in the metabolomic profile

Given the results shown for the similar number of identified me-
tabolites at > 50, the appropriate number of larvae was determined to be
50 (Fig. S7). A total of 169 metabolites was identified and quantified
after merging the MS feature and metabolite identification. Finally, 26
metabolites were selected as DEMs based on statistical test (Table S3).
In the PLS-DA score plot, the metabolite profile of the PFOS-treated
group was clearly separated into the control and exposure groups. The
metabolite profiles of 1 and 5 pM PFOS overlapped each other but they
were remarkably differentiated from 10 pM PFOS (Fig. 4A). This result
indicated a large fluctuation of the metabolite profile at 10 pM PFOS. In
the PLS-DA VIP score plot, the metabolites of 1-acyl-2-oleoyl-sn-glycero-
3-phosphocholine, L-tryptophan, creatine, L-glutamine, and dipeptide
were distinctive (Fig. 4B). DEM-based hierarchical clustering analysis
revealed three groups (Fig. 4C). In proportion with the increasing PFOS
concentration, the expression level of the metabolites of metabolomic
Cluster 1 (mCluster 1) increased, whereas that of mCluster 2 decreased.
mCluster 3 included metabolites that were up-regulated at 5 pM and
down-regulated at 10 pM. mCluster 1 was mainly composed of lipids
such as glycerophosphocholine and phosphatidylcholine. mCluster 2 is
composed of metabolites associated with amino acids metabolism or bile
acid metabolism. mCluster 3 also contained lipid-related metabolites
and molecules such as oxypurinol and Ng-methyladenine. The pathways
that were analyzed by all DEMs were associated with amino acid and
lipid metabolisms, as well as purine, sulfur, amino-, and nucleotide-
sugar metabolisms (Table 1).

3.5. Multi-layered molecular alterations by PFOS exposure

The transcriptome, proteome, and metabolome data acquired from
zebrafish larvae were integrated to unravel the underlying molecular
mechanisms of PFOS-induced neurotoxicity. The topological network
between biomolecules was described (Fig. 5A) and classified into eight
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integrated clusters (iClusters 1-8). The top six pathways in each iCluster
were described in Fig. 5B. iCluster 1 (consisting of one gene and one
protein) was not examined due to insufficient biomolecules for pathway
analysis. iCluster 2 (consisting of 27 genes and 28 proteins) included
Ca?* binding-related pathways. iCluster 3 (consisting of 75 genes, nine
proteins, and four metabolites) included pathways related to producing
the resource substances of neurotransmission. iCluster4 (consisting of 16
genes and 32 proteins) was associated with Ca’-regulated muscle
contraction. iCluster 5 (consisting of 35 genes, eight proteins, and three
metabolites) included pathways of proteasome-linked actin-binding
protein and amino acid metabolisms. iCluster 6 (consisting of 123 genes,
five proteins, and seven metabolites) was associated with lipid meta-
bolism and cell proliferation and apoptosis. iCluster 7 (consisting of 12
genes, one protein, and six metabolites) contained phospholipid-
translocating ATPase activity mechanisms. iCluster 8 (consisting of
103 genes, 20 proteins, and six metabolites) was associated with lipid
and immunological metabolisms. The total pathways obtained from
integrated omics are provided in Table S4.

4. Discussion

Behavior assessment revealed that PFOS exposure induced neuro-
behavioral changes in response to light stimulation in zebrafish.
Although both hyperactivity (Gaballah et al., 2020) and hypoactivity
(Ulhaq et al., 2013) were reported at exposure concentrations of 0.2-20
uM, our observation agrees with other studies reporting that the loco-
motor behavior is affected by PFOS (Kim et al., 2020; Ulhaq et al., 2013).
The type of behavioral alteration was primarily bursting movement,
which is a high-speed swimming movement, in proportion to PFOS
concentrations. On the basis of the behavioral results, the develop-
mental neurotoxicity of PFOS was confirmed.

On a string of molecular levels, transcriptomics revealed that the
DEGs are associated with the pathways of neurological function, which
were remarkably significant at 10 pM PFOS. In tCluster 1, chemokine
ligand 8 (CXCL8), which is also known as interleukin 8, is released by
astrocytes and activated to protect the brain at the initiation of neuronal
damage (Azizi et al., 2015). CXCL8 elevation was reported in patients
with brain injury, BBB dysfunction, or dysregulation of neurotransmitter
release (Semple et al., 2010). In the vitamin transmembrane transporter
activity of tCluster 2, solute carrier family 52, member 3 (SLC52A3), an
orthologous gene of zebrafish si:ch73-196 16.5, is involved in trans-
ferring riboflavin, namely, vitamin B2. Deficiency or mutations of
SLC52A3, which is a brain-specific transporter, are linked to motor
neuron disease (Canchi et al., 2019). In the heme-binding pathway,
CYP27B1 contributes toward the vitamin D metabolism, which is
important for neural differentiation and maturation and the synthesis of
neurotransmitters such as acetylcholine and gamma aminobutyric acid
(GABA). Therefore, vitamin D deficiency can cause neurological disease
(Moretti et al., 2018). Further, PFOS exposure down-regulated the nitric
oxide (NO) synthase 2 gene, which participates in NO production in the
cytosol of glial cells. NO functions as a signaling molecule in the brain,
and dysregulation of NO signaling leads to neurodevelopmental and
neurobehavioral impairment (Tripathi et al., 2020). In the tCluster 3, the
ferrous ion-binding pathway was confirmed and contained DEG-
encoding ferritin, which is an iron storage protein. Along with ferritin,
prostaglandin-endoperoxide synthase 2, which belongs to the peroxi-
dase pathway, is involved in ferroptosis. Ferroptosis contributes to
neuronal death and is linked to various brain diseases (Yao et al., 2021).
Other DEGs are associated with various pathways of liver development,
peroxidation, oxidative stress, and cellular signaling. Importantly, PFOS
affected genes that are engaged in neurological damage-linked path-
ways. Although DEGs mostly enriched at 10 pM were first discussed,
DEGs that are associated with central nervous system disease (Dalakas
et al., 2020) and neuropeptide production (Podvin et al., 2018) were
also observed at 5 pM, such as complement component 7b and si:dkey-
26 g8.5, an orthologous zebrafish gene of cathepsin V and L, attributable
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to the neurobehavioral alteration at 5 pM.

In proteomics, as for protein factors related to neurotoxicity
following PFOS exposure, parvalbumin (PV) in pCluster 6 significantly
increased at 1 pM PFOS. PV, which is a CaZt binding protein with low-
molecular-weight, is found in y-GABA-type interneurons in the nervous
system (Ferguson and Gao, 2018) and plays a role as a regulator of
neuronal Cat signals (Lauber et al. 2018). Increased PV expression
stimulates GABAnergic neurotransmission and alleviates neurological
impairment, which suggests that 1 pM PFOS activates a defensive

reaction to neurological adverse effects. DEPs related to neurological
effects were also found in the pClusters 3, 7 and 8, showing the obvious
perturbation by 10 pM PFOS. These DEPs were associated with the
ryanodine receptor, skeletal muscle components, and Rab proteins. The
ryanodine receptor, a class of Ca?" channel, regulates Ca?" concentra-
tions in the neuromuscular junction and contributes toward the
signaling of muscles and neurons. The dysregulation of ryanodine re-
ceptors develops neurodegenerative disease (Kushnir et al., 2018). The
DEPs associated with ryanodine receptor and muscle components were



H. Lee et al.

also found at 5 pM where zebrafish behavior was significantly affected.
In addition, Rab proteins play a role in regulating the signaling of
neurotrophin receptors that are responsible for neuronal development
(Bucci et al., 2014). Proteomic alterations therefore showed that PFOS
exposure causes abnormal neurological regulation in developing
zebrafish embryos.

Metabolomics revealed multi-functional metabolic pathways, such
as energy metabolism, cellular signaling, and neurological regulation.
Arachidonic acid, which is a significant DEM, is an important precursor
to inflammation mediators, including prostaglandin and leukotriene
(Granstrom et al., 1984). Disturbance of arachidonic acid metabolism is
associated with neuroinflammation. Further, PFOS exposure decreased
tryptophan, which is a substrate produced during the synthesis of the
neurotransmitter serotonin, which plays an integrative role in behav-
ioral response. Dysregulation of tryptophan metabolism was associated
with central nervous system disease (Lovelace et al., 2017). We therefore
speculate that the significant behavior alterations were attributed to
reduction of L-tryptophan. Exposure to PFOS significantly affected
glycerophospholipid metabolism, which contains a biosynthesis of
choline. Glycerophosphocholine and phosphatidylcholine are endoge-
nous precursors of choline that is required for the production of
acetylcholine neurotransmitter. These metabolites were significantly
increased at 10 pM PFOS. The elevation of glycerophosphocholine was
found in patients with neurological disorders, e.g., Alzheimer’s disease
(Walter et al., 2004). As a metabolite of alanine, aspartate, and gluta-
mate metabolisms, L-glutamine was significantly reduced at 5 and 10
puM PFOS. L-glutamine is essential for mediating glutamatergic and
GABAergic transmissions as a precursor of glutamate and GABA neu-
rotransmitters. Inhibition of glutamine synthesis can lead to neuronal
dysfunction (Albrecht et al., 2010). In fact, L-glutamine is essential for
metabolic pathways, such as glycolysis. As a primary bile acid, taur-
ocholic acid was significantly reduced at 10 pM PFOS. Overall, metab-
olomic profiles revealed that PFOS widely disrupted the basal energy
metabolisms and nervous system.

Integrated omics analysis was performed to merge the outcomes of
individual omics and to identify molecular perturbations that are com-
mon among the three omics, which is efficient for interpreting the mo-
lecular mechanisms of PFOS neurotoxicity. The unique pathways of
integrated omics were discovered through comparison with individual
omics. In iCluster 2, dysregulation of the polyamine catabolic process
was identified. Polyamine is abundant in the brain and participates in
the maturation and plasticity of neurons via polyamination of tubulin.
Polyaminated tubulins stabilize the axonal microtubule; therefore, they
are critical for maintaining the neuronal function and structure.
Abnormal polyamine catabolism was reported to increase cerebellar
dysfunction and neuroinflammation (Zahedi et al., 2020). Therefore,
PFOS exposure might disturb the formation and development of neu-
rons. iClusters 4 and 5 included the pathways that are involved in Ca®*-
linked neuromuscular pathways, such as cardiac muscle contraction,
tropomyosin, and myosin. The muscle-related biomolecules in iCluster 4
engage in both skeletal and cardiac muscle contraction. Muscle
contraction occurs with a stimulated efflux of Ca®*, binding of Ca®* with
troponin, and attachment of the myosin head to actin (Kuo and Ehrlich
2015). These procedures were identified by integrated omics, suggesting
that PFOS influences the regulation of muscle nerves that are responsible
for motor behavior (Dubinska-Magiera et al., 2016). In addition, the
endoplasmic reticulum membrane protein, which participates in a Ca®*
signaling, was disturbed. Ca%*-dependent pathways such as the Ca?"
binding site and the MHC Class I protein complex were also identified.
Ca?* plays a crucial role as a regulator of nerve stimulation and trans-
mission (Ziindorf and Reiser, 2011). Our findings thus suggested that
PFOS can impede overall Ca®" signal-linked pathways and lead to the
impaired nervous system. In iCluster 7, phospholipid-translocating
ATPase was influenced by PFOS. ATP8A1 belonging to this pathway
was involved in synaptic strength and social behavior in mice (Kerr
et al, 2016). Leukocyte migration involved in the inflammatory
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response pathway was also found in iCluster 8. Leukocyte migration into
the central nervous system across the BBB is associated with neuro-
inflammation. PFOS was previously reported to pass through BBB into
the brain (Andersen et al., 2006) and to activate the proinflammatory
markers in rat brain (Zeng et al., 2011). Therefore, leukocyte migration
was expected to be overexpressed due to neuroinflammation induced by
PFOS.

Integrated omics provided multifaceted mechanisms by which PFOS
exerted negative effects on the formation and structure of neurons,
neuroinflammation, and regulation of Ca?* signaling-linked pathways,
which explains the observed behavioral alteration and neurotoxicity. It
is notable that the neuronal formation-associated pathway was identi-
fied only by integrated omics, and Ca?" signaling-linked pathways were
identified more from integrated omics than individual omics. Integrated
omics analysis is more effective for exploring the decisive pathways
associated with developmental neurotoxicity. The molecular pathways
found by integrated omics were comparable with the mechanisms of
PFOS-induced neurotoxicity such as oxidative stress, neuro-
inflammation, abnormalities of synaptic formation and plasticity, dys-
regulation of Ca2t homeostasis, and alteration of neurotransmitter
levels as proposed by literature review (Zeng et al. 2019). Therefore, our
study provides insights into researches using integrated omics analysis
for identifying significant toxicity mechanisms of PFOS, which can be
applied to compare relative toxicity potencies of emerging PFAS or PFOS
alternatives.
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