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ARTICLE INFO ABSTRACT
Edited by Professor Bing Yan Perfluorooctanesulfonate (PFOS) is a ubiquitous environmental pollutant associated with increasing health
concerns and environmental hazards. Toxicological analyses of PFOS exposure are hampered by large inter-
Keywords: species variations and limited studies on the mechanistic details of PFOS-induced toxicity. We investigated the
P?OS ) effects of PFOS exposure on Xenopus laevis embryos based on the reported developmental effects in zebrafish.
}éf;)_energeﬁlcs X. laevis was selected to further our understanding of interspecies variation in response to PFOS, and we built
E:nll())rg;;f)s;iscity upon previous studies by including transcriptomics and an assessment of ciliogenic effects. Midblastula-stage
Transcriptomics X. laevis embryos were exposed to PFOS using the frog embryo teratogenesis assay Xenopus (FETAX). Results

Xenopus showed teratogenic effects of PFOS in a time- and dose-dependent manner. The morphological abnormalities of
skeleton deformities, a small head, and a miscoiled gut were associated with changes in gene expression evi-
denced by whole-mount in situ hybridization and transcriptomics. The transcriptomic profile of PFOS-exposed
embryos indicated the perturbation in the expression of genes associated with cell death, and downregulation
in adenosine triphosphate (ATP) biosynthesis. Moreover, we observed the effects of PFOS exposure on cilia
development as a reduction in the number of multiciliated cells and changes in the directionality and velocity of
the cilia-driven flow. Collectively, these data broaden the molecular understanding of PFOS-induced develop-
mental effects, whereby ciliary dysfunction and disrupted ATP synthesis are implicated as the probable modes of
action of embryotoxicity. Furthermore, our findings present a new challenge to understand the links between
PFOS-induced developmental toxicity and vital biological processes.

1. Introduction most frequently detected in the environment as the end-product of the
breakdown of other PFAS (Ma et al., 2023). PFOS is found worldwide in
Perfluorooctanesulfonate (PFOS) belongs to a class of perfluoroalkyl air, soil, water, and living organisms (Gao et al., 2020; Wang et al.,

substances (PFAS) frequently used in consumer products and is also the 2020). The thermal and chemical stability of PFOS makes it highly

Abbreviations: ATP, Adenosine triphosphate; DIG, Digoxigenin; DEG, Differentially expressed genes; FETAX, Frog embryo teratogenesis assay; MBS, Modified
Barth solution; hpf, hours post fertilization; dpf, days post fertilization; NF. St., Nieuwkoop and Farber’s stage; NIH, National Institutes of Health; PANTHER, Protein
ANalysis Through Evolutionary Relationships (Software); POP, Persistent organic pollutants; PFOS, Perfluorooctanesulfonate; PFAS, Perfluoroalkyl substances; TBL,
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transcription polymerase chain reaction; qPCR, Quantitative polymerase chain reaction.

* Corresponding author.
E-mail address: leeh@knu.ac.kr (H.-S. Lee).
1 These authors contributed equally.

https://doi.org/10.1016/j.ecoenv.2023.115820
Received 25 August 2023; Received in revised form 7 December 2023; Accepted 9 December 2023

Available online 15 December 2023
0147-6513/© 2023 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:leeh@knu.ac.kr
www.sciencedirect.com/science/journal/01476513
https://www.elsevier.com/locate/ecoenv
https://doi.org/10.1016/j.ecoenv.2023.115820
https://doi.org/10.1016/j.ecoenv.2023.115820
https://doi.org/10.1016/j.ecoenv.2023.115820
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecoenv.2023.115820&domain=pdf
http://creativecommons.org/licenses/by/4.0/

T. Ismail et al.

bioaccumulative and persistent in the environment (Buck et al., 2011).
PFOS was the first PFAS to be included in Annex B of the Stockholm
Convention on Persistent Organic Pollutants (POPs) (Ahrens and
Bundschuh, 2014; Martinez et al., 2019). Relatively high PFOS levels
have been detected in wastewaters, sludges, and wastewater treatment
plants, along with exposed aquatic organisms, indicating its high bio-
accumulation potential (Sant et al., 2021b; Yu et al., 2009; Zareitalabad
et al., 2013). Studies investigating PFOS exposure and bioaccumulation
in humans revealed that PFOS and related PFAS ranged from 1 to 10
pg/L in blood serum, while concentrations ranged from 10 to 1000 pg/L
in highly exposed populations (Armitage et al., 2009; Cao et al., 2018;
Inoue et al., 2004). Another study demonstrated that PFOS has a half-life
of > 5 years in human serum (Olsen et al., 2007). The detection of PFOS
in mammals and aquatic organisms has raised concerns about the po-
tential effects of PFOS exposure (Posner, 2012; Zareitalabad et al.,
2013), and toxicological analyses have demonstrated adverse effects of
PFOS and related PFAS on growth, development, fertility, immunity,
lipid metabolism, the thyroid system, and carcinogenesis (Arrieta-Cortes
et al., 2017; Chen et al., 2014; Huang et al., 2010; Martinez et al., 2019;
Wang et al., 2023; Xu et al., 2022).

Despite extensive studies on PFOS toxicity, the underlying mecha-
nisms are still poorly understood (Martinez et al., 2019). In vivo and in
vitro models face challenges in elucidating the mechanisms by which
PFOS exposure affects biological processes and in assessing human
health risks (Zeng et al., 2019). Animal experiments have been con-
ducted to inform the evaluation of health risks of PFOS exposure for
humans (Krupa et al., 2022; Razak et al., 2023; Sun et al., 2023; Wan
et al., 2021; Xu et al., 2022). However, toxicological studies on a wider
range of model organisms are required to better understand interspecies
variation in response to PFOS exposure (Zeng et al., 2019). Furthermore,
the integration of various omics techniques in PFOS studies is required
to elucidate the mechanisms of toxicity, since the non-metabolic effects
of embryotoxicity and the underlying mode of action of PFOS-induced
developmental toxicity are poorly understood.

Xenopus laevis (African clawed frog) is an excellent model organism
for the study of the molecular basis of human disease and development
because of its genetic similarity with humans (Hellsten et al., 2010;
Khokha, 2012). Compared with other model organisms, X. laevis has
been estimated to share more than 79% of identified human disease
genes (Nenni et al., 2019; Tandon et al., 2017). Moreover, the avail-
ability of X. laevis eggs throughout the year, transparent eggs, and their
external development make them an ideal choice for animal model
experiments.

Cilia are membrane-bound organelles found in vertebrate cells that
play important roles in cell signal transduction and cell fate determi-
nation (Nachury and Mick, 2019; Sreekumar and Norris, 2019). Cilio-
genesis defects can lead to disruption of cell division and are associated
with the malfunctioning of neurons and impaired cardiovascular
development (Pala et al., 2018; Wallingford, 2006). Ciliary abnormal-
ities in Kupffer’s vesicles resulted in pericardial and yolk sac edema, a
bent body axis, and hydrocephalus during embryonic development of
the zebrafish (Kramer-Zucker et al., 2005). Furthermore, a previous
study reported that exposure to 100 pM PFOS induced an 11% increase
in the frequency of ciliary beats by elevating calcium concentrations in
the trachea of mice (Matsubara et al., 2007). Another study identified
ciliary dysfunction as a probable mode of action for chemical-induced
developmental toxicity (Huang et al., 2021). Therefore, we hypothe-
sized that developmental abnormalities induced by PFOS during X. laevis
embryogenesis could involve changes in cilia.

In the present study, we investigated the embryotoxic potential of
PFOS on X. laevis using a combination of morphometric and tran-
scriptomic analyses. Ciliary responses to PFOS exposure were studied in
developing embryos cell death and adenosine triphosphate (ATP) ana-
lyses were performed to contribute to the safety and risk assessment of
PFOS as a ubiquitous POP.
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2. Materials and methods
2.1. Chemicals and reagents

PFOS (> 98% purity) and CaSO4-2 H,0O were purchased from Sigma-
Aldrich (St. Louis, MO, USA). NaCl and NaHCO3 were purchased from
Amresco (Solon, OH, USA). KCl, CaCl,, and MgSO4 were purchased from
Junsei (Tokyo, Japan). The PFOS stock solution (0.1 mM) was prepared
in dimethyl sulfoxide and serially diluted with the frog embryo terato-
genesis assay Xenopus (FETAX) solution to working concentrations. All
chemicals and reagents were of analytical grade.

2.2. Maintenance of X. laevis, embryo collection and FETAX

Mature X. laevis were obtained from the Korean Xenopus Resource
Center for Research and maintained in containers under a 12 hr. light:
dark cycle at 18 + 2 °C. Animals were fed with a semi-synthetic diet
thrice weekly. For embryo collection, female X. laevis were induced to
ovulate by injecting human chorionic gonadotropins in the dorsal lymph
sac. The next morning, females were transferred to tanks containing 1 x
high salt solution to lay their eggs. The eggs were collected in 60 mm
petri dishes and washed with 0.1 x modified barth solution (MBS). Male
X. laevis were placed in benzocaine for 5-15 min and dissected to isolate
their testis. The isolated testes were stored in 1 x MBS at 4 °C. The eggs
were fertilized with a sperm suspension solution derived from the iso-
lated testes. After successful fertilization, the jelly coat of the embryos
was removed by swirling in 2% L-cysteine and washing with 0.5 x MBS.
Live, healthy embryos were identified and selected for exposure studies
following observation under a dissecting microscope.

The embryotoxicity assays were performed in compliance with the
standard guide for FETAX with slight modifications (Mouche et al.,
2011). Normally cleaved midblastula-stage (Nieuwkoop and Farber’s
stage 8.5 [NF St. 8.5]) embryos were randomly collected and placed in
six-well plates. The embryos were exposed to one of five PFOS concen-
trations (25, 50, 75, 100, and 125 pM) to calculate the median lethal
concentration (LCsp) and median effective concentration (ECsg) of PFOS
for X. laevis. The embryos grown in the standard FETAX solution alone
served as control embryos. The eggs were obtained from three different
females. Assays were performed in triplicate per female containing 25
embryos per assay. The plates containing six treatment groups (each
plate contained one replicate for each of the six treatments) were
incubated at 23 + 2 °C for 96 hr. After 96 hr., all surviving embryos in
each treatment group were counted and fixed in MEMFA (4% para-
formaldehyde, 0.1 M MOPS [pH 7.4], 1 mM MgSOy4, and 2 mM EGTA) to
observe malformations under a dissecting microscope (Ismail et al.,
2023).

2.3. Alcian blue staining

X. laevis embryos were harvested after 15 days, fixed in MEMFA for 2
hr. at room temperature, and washed with 50% ethanol. The embryos
were stained using Alcian blue solution (0.05% Alcian blue 8GX, Sigma-
Aldrich, in 10 mM MgCl,/80% ethanol) for 3 days at room temperature.
The embryos were washed in 10 mM MgCl,/80% ethanol and bleached
in 1% H30, and 5% formamide/0.5% SSC for 4 hr. The embryos were
incubated in 0.1 x trypsin and washed in methanol (Klymkowsky and
Hanken, 1991).

2.4. Ciliogenesis analysis
To investigate the effects of PFOS on ciliogenesis during X. laevis
embryogenesis, the cilia-driven flow and the number of multiciliated

cells (MCCs) were quantified as described below.

a) The cilia-driven flow was quantified using embryos at the tailbud
stage (NF St. 23). The embryos were anesthetized using 0.05 x
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benzocaine in 0.5 x MBS. Fluorescently labeled polystyrene beads
with a diameter of 10 pm (Molecular Probes, Eugene, OR, USA) were
dropped on top of the embryos, and the bead flow was recorded by
observing the embryos under a fluorescence microscope. The ve-
locity of fluorescent beads was measured using Fluorescent Bead-
Measurement Tracker 6.0.

b) Embryos at the tailbud stage (NF St. 23) were stained immuno-
fluorescently according to previously described standards (Dollar
et al., 2005), For this, anti-acetylated tubulin (1:1000;
Sigma-Aldrich) was used as the primary antibody, followed by in-
cubation with a fluorescein isothiocyanate-conjugated anti-mouse
(1:2000; Invitrogen, Carlsbad, CA, USA) as the secondary antibody.
Fluorescently labeled embryos were observed under a confocal mi-
croscope and the number of MCCs was counted and the appearance
of MCCs characterized using GraphPad Prism version 8.0 (GraphPad
Software, San Diego, CA, USA).

2.5. Gene expression analysis

Gene expression analysis was performed using whole-mount in situ
hybridization (WISH), reverse transcription polymerase chain reaction
(RT-PCR), quantitative polymerase chain reaction (qPCR), and tran-
scriptomics, as described below. The organ specific transcripts i.e., nkx
2-5, ldlrap1, darmin, sox3, and pax6 for WISH, RT-PCR, and qPCR were
selected because of their association with chemical induced toxicity
during X.laevis embryonic development (Ismail, 2019; Ismail, 2023).

a) For WISH analysis, X. laevis embryos were fixed at the tailbud stage
(NF St. 32) in MEMFA overnight at 4 °C and dehydrated before
storage in 100% methanol at —20 °C. Antisense digoxigenin (DIG)-
labeled probes were synthesized by linearizing the DNA templates
using appropriate restriction enzymes. SP6 or T7 RNA polymerases
(Ambion, Austin, TX, USA) were used to synthesize the RNA probes
containing DIG. DIG-labeled probes were detected using an alkaline
phosphatase-labeled anti-DIG antibody (1:1000; Roche, Basel,
Switzerland) and nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl
phosphate.

For PCR analysis, total RNA from X. laevis embryos was extracted

using an Isol-RNA lysis reagent (5 Prime GmbH, Hilden, Germany).

cDNA was synthesized by the PrimeScript™ First-Strand cDNA

Synthesis Kit (Takara, Kusatsu, Japan). PCR was performed using

customized primers (Table S1) for RT-PCR, the resulting products

were separated on 1% agarose gels, and images were captured using

a gel analyzer (Wise Capture I-1000; Daihan Scientific, Wonju, South

Korea).

c) qPCR was performed using the AccuPower® 2X GreenStar™ qPCR
MasterMix (Bioneer, K6253) on a CFX Connect Real-Time PCR
Detection System (Bio-Rad). The odc gene was used for normaliza-
tion (Ismail et al., 2023). The primer sequences are given in Table S2.

d) For transcriptomics analysis, the RNA sequencing library was pre-
pared by extracting total RNA from each sample using polyA
enrichment according to the manufacturer’s instructions (Illumina,
San Diego, CA, USA). cDNA sequence reads of X. laevis were mapped
from the Genome Project Consortium using bwa (version 0.7.15) to
estimate mRNA abundance. edgeR (version 3.20.7) was used to
analyze differentially expressed genes (DEGs) in R. Genes with a fold
change of greater than four and a false discovery rate of < 0.01 in
exact tests were considered to show significantly different expression
between the PFOS-exposed and control embryos. Overrepresentation
of biological processes among the DEGs was identified using Fisher’s
exact tests on the PANTHER (Protein ANalysis THrough Evolu-
tionary Relationships) platform (released 20171205) with human
orthologous genes based on best hits using the basic local alignment
search tool program search. Raw data for RNA sequencing are
available at the National Center for Biotechnology Information Gene
Expression Omnibus database.

b

~

Ecotoxicology and Environmental Safety 269 (2024) 115820

2.6. Terminal deoxynucleotidyl transferase-mediated dUTP nick-end
labeling (TUNEL) staining and ATP quantification

PFOS-exposed and control X. laevis embryos were fixed for 24 hr. in
MEMFA at 4 °C and bleached using a bleaching solution (3% H30,, 5%
formamide, and 5 x standard saline citrate). After washing with
phosphate-buffered saline, the embryos were processed for TUNEL
staining, as described previously (Kim et al., 2018).

For ATP quantification, PFOS-exposed and control X. laevis embryos
were lysed in a lysis buffer (1 M Tris-HCI, 1 M dithiothreitol, glycerol,
Triton X-100, and distilled water). The supernatant was collected after
centrifugation at 4 °C, and the Bradford assay was performed using a
Bio-Rad reagent to measure the amount of protein. The levels of ATP
were measured in samples from the PFOS-exposed and control embryos,
containing equal amounts of protein, using the ENLITEN® ATP Assay
System (Promega, Madison, WI, USA).

2.7. Statistical analysis

Lethality percentages were calculated by dividing the number of
dead embryos by the total number of embryos at the beginning of the
assay. The percentage of malformations was obtained by dividing the
number of malformed larvae by the total number of surviving larvae at
the end of the assay. Nonlinear regression analysis was performed to
estimate the LCso and ECsq values.

Data from WISH and RT-PCR were analyzed using ImageJ software
(NIH; http://imagej.nih.gov). Results are presented as the mean =+ SE (n
= 3 biological replicates, with 25 embryos per replicate for each sam-
ple). Differences between groups were analyzed using one-way analysis
of variance followed by Dunnett’s post-hoc tests for multiple compari-
sons (Comparison of different concentration of PFOS and control). An
unpaired t-test was used to compare the PFOS-exposed and control
groups. P < 0.05 was considered the threshold for significance.

3. Results and Discussion

3.1. PFOS exposure resulted in mortality, growth retardation, and
phenotypic abnormalities during embryogenesis

Midblastula-stage X. laevis embryos were exposed to a range of PFOS
concentrations for 96 hr. to investigate the lethal and teratogenic effects
of PFOS. The embryos exhibited dose- and time-dependent toxicity
(Fig. S1A). No significant occurrence of lethality or malformations was
observed at lower PFOS concentrations, but a higher frequency of
lethality and malformations was observed at higher PFOS concentra-
tions in a time-dependent manner resulting in a teratogenic index of
1.62 (Fig. S1B). The toxicity response of X.laevis embryos to PFOS was
consistent with previous studies conducted in other aquatic species
(Huang et al., 2010; Krupa et al., 2022; Razak et al., 2023). The con-
centrations of PFOS used in this study were higher than the environ-
mentally relevant concentration of PFOS in drinking water, though these
higher concentrations may be relevant for industrial wastewater runoff
and were selected based on previous studies in the zebrafish (Sant et al.,
2021b; Sant et al., 2017b; Zheng et al., 2012b). Studying the effects of
higher concentrations of PFOS is relevant since there are diverse routes
for PFOS exposure, and PFOS has the potential to bioaccumulate in the
environment (Monnot et al., 2023). Moreover, higher concentrations of
PFOS are legally used for some purposes (Martinez et al., 2019).

The embryos that survived the 96-hr. exposure experiment were
analyzed to determine the morphometric endpoints of skeleton
appearance, total body length (TBL), body axis appearance, and gut
coiling. Significantly shorter body length was observed in the embryos
exposed to PFOS compared with the control embryos (Fig. 1A). The
embryos exposed to the highest concentration of PFOS (125 pM)
exhibited a significantly shorter body length (5787 um) than control
embryos (8290 um; Fig. 1B). The embryos exposed to 50 —~100 uM PFOS


http://imagej.nih.gov

T. Ismail et al.

Ecotoxicology and Environmental Safety 269 (2024) 115820

Lateral view

Dorsal view

B — 10000 -
£
2
% 8000 I ns. .
sa I I *I* Hkk Fkkk
S 6000 - I I
-
3 4000 -
o
o
S 2000 -
O
k]
NE BN BN BN BN B =
Control 25 50 75 100 125
Concentration (uM)

(o4 = Length reduction Kinked skeleton

g Miscoiled gut Edema

£ Bent Axis G

£ 85.89

] 96.78

81.78

S“ o I l9476

ga 14108 i) 87.67 [

< »46.92‘ | 65.62 o 958

8 12287 ¢ l4578] 61.2

K s J 4258 97.89 |
25 50 75 100 125

Concentration(uM)

Fig. 1. Phenotypic abnormalities induced by perfluorooctanesulfonate (PFOS) exposure from O to 96 hr. post fertilization (hpf). A. PFOS exposure from 0 to 96 hpf
induced phenotypic abnormalities including length reduction, kinked skeleton, edema, miscoiled gut, and a deformed axis in X.laevis embryos compared with control
embryos. B. PFOS exposure resulted in growth retardation by significantly affecting the total body length (TBL) of developing embryos. The graph shows the dose-
dependent response of the TBL of embryos to PFOS exposure (* P < 0.05; ** P < 0.01; *** P < 0.001; ns. = not significant; ANOVA followed by Dunnett’s test). C.
Graphical representation of malformed phenotypes caused by PFOS exposure indicated a concentration-dependent response in exposed embryos. Values are

expressed as the mean + SE.

showed an average body length of approximately 6000 pm, which was
also significantly shorter than the control embryos (Fig. 1B). TBL anal-
ysis showed that PFOS affected embryonic growth even at the low PFOS
concentrations of 25 and 50 puM. Length reduction is an important
toxicological endpoint indicating the toxicity potential of chemicals
(Ismail et al., 2019). The length reduction phenomenon observed in
developing X. laevis embryos is consistent with previous reports of a
shorter body length in zebrafish exposed to PFOS (Mahapatra et al.,
2023; Sant et al., 2017b; Shi et al., 2008).

The skeletal phenotypic analysis indicated that PFOS exposure
resulted in a kinked skeleton and deformed axis in the PFOS-exposed
embryos compared with the control embryos in a dose-dependent
manner (Fig. 1A and C). Gut-coiling analysis was another endpoint
used to assess the toxic effects of PFOS on organ development, showing
that exposure to high PFOS concentrations led to fewer coils and a flat
gut while the control embryos displayed a properly coiled gut (Fig. 1A
and C). The malformed gut of PFOS-exposed embryos exhibited a dose-
dependent relationship, clearly indicating the ingestion of PFOS by
developing embryos since the embryos exposed to high concentrations
of PFOS exhibited an inflated gut while a normally coiled gut was
observed in the control embryos. The embryos of X. laevis start to open
their mouth at NF St. 40 (corresponding to approximately 66 hr. post
fertilization [hpf] at 23 °C; Hoke and Ankley, 2005), and the present
exposure experiment ended at 96 hpf (NF St. 46). This indicates that
embryos could have ingested PFOS for 36-40 hr. of the 96-hr. exposure
period. However, analysis of the PFOS-exposed embryos indicated that
the intestine was the only organ showing phenotypic abnormalities. In
addition to changes in body length and gut coiling, PFOS exposure also
resulted in edema in exposed embryos in a dose-dependent manner
while the control embryos were morphologically normal (Fig. 1A and C).
These morphometric endpoints clearly indicated the teratogenic po-
tential of PFOS during early embryonic life, consistent with previous

studies (Shi et al., 2008; Zheng et al., 2012a) and increasing our
knowledge of PFOS-induced developmental defects.

3.2. PFOS exposure resulted in craniofacial defects and a deformed axis
at the later stages of embryonic development

X. laevis embryonic growth and morphology were assessed at 15 days
post fertilization (dpf) following developmental PFOS exposure from
0 to 96 hpf. The embryos were observed at a later stage of development
to investigate whether PFOS-exposed embryos were able to recover
normal growth and development following early exposure to PFOS.
However, the developmental PFOS exposure induced considerable axis
deformations in the exposed embryos compared with the control em-
bryos (Fig. S2A). Approximately 80% of the PFOS-exposed embryos
showed axis deformities compared with the control embryos at 15 dpf
(Fig. S2B).

In addition to axis deformations, more than 85% of the PFOS-
exposed embryos developed smaller heads compared with the control
embryos (Fig. S2C and D). Alcian blue cartilage staining was conducted
to further observe the anomalies in the cephalic region in PFOS-exposed
embryos. The microscopic analysis of the control embryos showed the
organization of cranial neural crest cells into branchial arches (Fig. S2C).
Moreover, the infrarostral, Meckel's, and palatoquadrate cartilages,
constituting the lower and upper jaw, as well as the ceratohyal cartilages
and gill basket were all evident in the stained control embryos
(Fig. S2C). The most pronounced effects observed after PFOS exposure
included small and poorly differentiated infrarostral cartilage as well as
changes in the morphology of the Meckel’s and palatoquadrate carti-
lages. Furthermore, the ceratohyal cartilage seemed to be less devel-
oped, and the branchial arches exhibited irregular outlines (Fig. S2C).
However, no death was observed during the later stages of embryonic
development. The morphological abnormalities observed in the PFOS-
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exposed embryos support the bioaccumulation potential of PFOS in
developing X. laevis embryos since it is the most plausible explanation
for the accumulation of PFOS in developing embryos in sufficient
amounts to incur physiological abnormalities without fatalities (Chris-
tou et al., 2021; Dong et al., 2021; Haimbaugh et al., 2022). Another
possible explanation for malformations at later stages of embryogenesis
in the PFOS-exposed embryos is an irreversible effect of PFOS on the
genetic makeup of developing embryos that cannot be reversed even
after exposure to PFOS is terminated. However, further studies are
required to pinpoint the causes of abnormalities observed at the later
stages of embryogenesis in the PFOS-exposed embryos.

3.3. PFOS exposure induced morphological effects in time-specific
developmental windows

The PFOS-exposed embryos were observed in three developmental
windows, distinct from the observed developmental period of conven-
tional FETAX exposure (NF St. 8.5-46). In the first embryonic devel-
opmental window (NF St. 8-20; associated with gastrulation and
neurulation), PFOS exposure did not induce any notable phenotypic
abnormalities, and the survival rate of exposed embryos was unaffected
(Fig. S3A and B). During the second developmental window (NF St.
20-32; early tailbud stage of development and initiation of primary
organogenesis), the embryos exhibited sensitivity to PFOS by showing
significant lethality and occurrence of malformed phenotypes compared
with the control embryos and compared with the conventional FETAX
exposure (Fig. S3A and B).

In contrast to the first two developmental windows, considerably
higher percentages of malformations and mortality were observed in the
PFOS-exposed embryos during the third developmental window
(development of primary organs; Fig. S3A and B). More than 80% of the
malformed embryos and > 90% of mortality were observed in this

Control PFOS

>
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developmental window (Fig. S3A and B). The X. laevis embryos were
more sensitive to PFOS exposure during the tailbud stage of develop-
ment. The increased occurrence of lethality and malformations during
the second and third developmental windows demonstrated that the
absorption of PFOS during these windows was considerably higher than
during the first developmental window. The enhanced sensitivity of
embryos during the third developmental window could be caused by the
increased ingestion ability of embryos during this phase as X. laevis
embryos start to open the mouth during NF St. 40. However, further
investigations are required to elucidate the mechanisms underlying the
increased sensitivity of X. laevis embryos to PFOS during the second and
third developmental windows.

3.4. PFOS exposure perturbed the expression of organ-specific transcripts

Targeted gene expression was observed using organ-specific probes
in X. laevis embryos during NF St. 32. The homeodomain transcription
factor associated with heart development (nkx2-5) was upregulated in
the PFOS-exposed embryos compared with the control embryos, indi-
cating PFOS toxicity in cardiac development (Fig. 2A and Fig. S4A-C).
Transcriptomics revealed that the expression of the heart-associated
genes, urotensin 2 (uts2) and DNA damage inducible transcript 4 like
(ddit4l), was perturbed, supporting the findings of the WISH, RT-PCR,
and qPCR analyses (Fig. 2B and Fig. S4A-C). The cardiac toxicity
observed is consistent with previous studies reporting the cardiotoxic
effects of PFOS in adult rats (Wen et al., 2023; Xu et al., 2022). While
these studies investigated the PFOS toxic effects during adulthood in
rats, our study confirms the effects of PFOS during embryonic devel-
opment in X. laevis.

The liver is the major detoxifying organ, and PFOS exposure has been
shown to induce liver toxicity in several species (Guo et al., 2019;
Hagenaars et al., 2008; Liang et al., 2019). Our findings are consistent
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Fig. 2. Perfluorooctanesulfonate (PFOS) exposure perturbed the expression of organ-specific genes in X. laevis embryos. A. WISH analysis showed that PFOS induced
the upregulation of nkx2-5 (heart-specific), pax6 (eye and brain-specific), and sox3 (neural-related) compared with the control embryos, as indicated by red arrows.
In contrast, Idlrap1 (liver-specific) expression was reduced in PFOS-exposed embryos, and darmin (intestine-specific) remained unaffected after PFOS exposure, as
indicated by red arrows. B. Transcriptomics analysis indicated changes in the expression of genes associated with heart, gut, liver, heart, and neural development.
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with previous evidence of the liver toxicity effects of PFOS, showing the
downregulation of expression of the low-density lipoprotein receptor
adaptor protein 1 gene (ldlrap1), which has a role in liver development,
in the PFOS-exposed embryos (Fig. 2A and Fig. S4). Our transcriptomic
analysis also indicated altered expression of genes associated with the
urea cycle and liver (ornithine transcarbamylase (otc), arginosuccinate
synthase 1 (ass1), arginase 1 (argl), solute carrier family 14 member 2
(slc14a2), and fatty acid binding protein 2 (fabp2); Fig. 2D). This altered
expression of liver-associated genes is also consistent with the previ-
ously reported data from zebrafish embryos (Sant et al., 2021a). The
perturbation of liver-associated genes induced by PFOS exposure will
help to inform potential PFOS toxicity responses in other species.

We also analyzed the expression of the metallopeptidase gene spe-
cific to gut development (darmin). The WISH, RT-PCR, and qPCR ana-
lyses showed that the expression of darmin was not affected by PFOS
exposure (Fig. 2 and Fig. S4A-C), but transcriptomics indicated changes
in the expression of other genes associated with the digestive system and
gut development (C-X-C motif chemokine ligand 8 (cxcl8), amylase
alpha 2a (amy2a), and phospholipase A2 group 1B (pla2g1b); Fig. 2D).
The contradictory findings of the WISH, PCR, and transcriptomic ana-
lyses, in relation to the expression of gut-specific markers, could be
because of the different functions of the genes concerned. For example,
darmin is associated with endoderm development, and expression is
restricted to the midgut during the later stages of development (Pera
et al., 2003), while the genes showing altered expression are associated
with epithelial cells of the intestine and are involved in digestion (Han
et al., 2021; Hui, 2019; Neary and Batterham, 2009). Thus, our tran-
scriptomics results demonstrated that PFOS exposure altered the
expression of genes associated with gut functions, but it did not alter the
expression of genes associated with gut development, and the miscoiling
of gut (Fig. 1A) observed in the PFOS-exposed embryos is of an
anatomical nature.

The WISH, RT-PCR, and qPCR analyses showed the upregulated
expression of the HMG-box transcription factor specific for neural
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development (sox3) and the paired box transcription factor (pax6) spe-
cific for eye and brain development in PFOS-exposed embryos (Fig. 2A
and Fig. S4A-C). Transcriptomic analysis supported the findings of WISH
and PCR analyses, indicating the perturbation in the expression of genes
associated with neural development (Compliment C5a receptor 1
(c5ar1), ring finger protein 112(rnf112), forkheadbox D3 (foxd3), and
olfactomedin 4 (olfm4); Fig. 2B). These results provide further support
for, and expand our knowledge of, the neurotoxic effects of PFOS as
previously shown in zebrafish and mice (Mahapatra et al., 2023; Mar-
tinez et al., 2019; Ninomiya et al., 2022).

3.5. PFOS exposure modulated cilia formation and cilia-driven fluid flow
during embryogenesis

The important role of cilia during embryonic development is well-
understood (Sreekumar and Norris, 2019), and thus it is pertinent to
investigate the effects of chemicals on ciliogenesis. The observed mal-
formed axis development during later stages of embryogenesis
(Fig. S2A) led us to speculate the involvement of cilia in PFOS-induced
embryonic effects. Furthermore, the previously reported ciliary effects
of PFOS exposure in the trachea of mice (Matsubara et al., 2007) and
developing zebrafish embryos (Huang et al., 2021) led us to investigate
the effects of PFOS exposure on ciliogenesis in X. laevis embryos. The
PFOS-exposed embryos exhibited modulation of MCCs formation
(Fig. 3A and B). The number of MCCs was significantly reduced after
PFOS exposure in X. laevis embryos compared with the control embryos.
PFOS exposure affected MCC formation and morphological appearance
(Fig. 3).

Along with MCCs, the cilia-generated flow plays an essential role in
fluid movements and can act as long-range directional signals (Marshall
and Kintner, 2008). The cilia-driven flow is crucial in determining the
left-right pattern of the body axis during embryonic development
(Marshall and Kintner, 2008). Thus, the effects of PFOS exposure on the
cilia-driven flow were investigated using fluorescent microbeads. The
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Fig. 3. Effects of perfluorooctanesulfonate (PFOS) exposure on ciliogenesis during X. laevis embryogenesis. A. PFOS exposure resulted in fewer MCCs compared with
the control embryos. Representative figures are shown at 200 x and 1000 x resolution. B. Graphical representation of the effects of PFOS exposure on the number of
MCCs showing a significant reduction of MCCs compared with the control embryos (* P < 0.05; Unpaired t-test / Mann Whitney s test). C. Analysis of fluorescent
bead flow driven by cilia revealed that PFOS exposure resulted in a restricted bead flow. The beads tended to flow slowly, without directional motion, compared with

the bead flow observed in the control embryos, which showed continuous flow from the anterior end to the posterior end (**

“ P < 0.0001; Unpaired t-test / Mann

Whitney ’s test). D. PFOS exposure downregulated the expression of genes associated with cilia formation.
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observed movement of beads was altered in the PFOS-exposed embryos,
evidenced by a change in the velocity and a backward bead flow
compared with the control embryos (Fig. 3C; Movie S1).

Supplementary material related to this article can be found online at
d0i:10.1016/j.ecoenv.2023.115820.

Additionally, the transcriptomic analysis indicated a perturbation in
the expression of genes associated with actin remodeling and actin
accumulation allograft inflammatory factor 1 like (aif1l;Yasuda-Yama-
hara et al., 2018), myosin 1 F (myo1f; Barger et al., 2019), and guanylate
binding protein 1 (gbpl; Ostler et al, 2014); Fig. 3D) in the
PFOS-exposed embryos. This suggests that the cilia are the first structure
to be affected by PFOS exposure, which subsequently leads to other
malformations. However, further studies are required to reveal the
mechanisms underlying PFOS toxicity during embryogenesis.

3.6. PFOS exposure disrupts biosynthetic and signaling pathways during
embryogenesis

High-throughput transcriptomics revealed that 635 of 26,224
expressed genes were differentially expressed between the PFOS-
exposed embryos compared with the control embryos (Fig. 4A).
Among these 635 DEGs, 345 genes were upregulated in the PFOS-
exposed embryos compared with the control embryos, evidenced by a
z-score greater than 2.5, and 290 transcripts were downregulated,
shown by negative z-scores (Fig. 4B). Further analysis of the DEGs using
PANTHER indicated that PFOS exposure affected various biologically
significant pathways, including arginine biosynthesis, plasminogen
activating cascade, ornithine degradation, and interleukin signaling
(Fig. 4C). Along with these pathways, PFOS exposure downregulated
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ATP synthesis, JAK/STAT signaling, and the p53 pathway (Fig. 4D).

The observed PFOS-induced skeletal deformities were also associ-
ated with changes in gene expression, as evidenced by altered expression
of genes associated with skeletal development (chondroadherin (chad)
and paired box 1 (paxl); Fig. 4E). Transcriptomics also revealed a
change in the expression of genes associated with eye development
(matrix metallopeptidase 1 (mmp1), olfactomedin 4 (olfm4), collagen
type VIII alpha 2 chain (col8a2), and rhodopsin (rho); Fig. 4E). These
results are in agreement with the skeletal deformities and alterations in
eye development observed in zebrafish embryos after PFOS exposure
(Hagenaars et al., 2014; Martinez et al., 2019).

Additionally, the transcriptomics analysis supported previously
published data (Liu et al., 2018; Sant et al., 2021c; Sant et al., 2017a)
indicating that PFOS exposure affected pancreas development since
many genes associated with pancreas development and function
(carboxyl ester lipase (cel), carboxypeptidase B1 (cpb1), serine protease
2 (prss2), chymotrypsin like elastase 1 (celal); Fig. 4F) were differen-
tially expressed in the PFOS-exposed embryos compared with the con-
trol embryos. Thus, these results confirm similar effects of PFOS
exposure across species, with limited observed interspecific variation,
and increase our knowledge of the effects of PFOS on organisms.

Transcriptomic analysis indicated the upregulation of genes associ-
ated with cell death and inhibition of cell proliferation (receptor inter-
acting serine/threonine kinase 3 (ripk3), mitogen activated protein
kinase kinase 8 (map3k8), tumor necrosis factor receptor superfamily
member 12a (tnfrsf12a), TIMP metallopeptidase inhibitor 1(timp1), TNF
alpha induced protein 2 (tnfaip2), cholesterol 25-hydroxylase (ch25h),
stanniocalcin 1 (stc1), dual oxidase maturation factor 1 (duoxal), TSR2
ribosome maturation factor (tsr2), and acyl CoA synthetase long chain
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Fig. 4. Perfluorooctanesulfonate (PFOS) exposure resulted in differentially expressed genes (DEGs) in X. laevis embryos as analyzed by transcriptomics. A. A total of
26,224 transcripts were expressed in PFOS-exposed embryos. PFOS exposure resulted in 635 DEGs in embryos, among which 345 transcripts were upregulated and
290 transcripts were downregulated. B. Graphical representation of log two-fold-change values expressed versus z-score of the expressed transcripts in PFOS-exposed
embryos. Upregulated transcripts showed log two-fold-change values of > 2, whereas downregulated transcripts showed log two-fold-change values of < 2 or — 2. C.
PFOS exposure resulted in the upregulation of several biosynthesis and signaling pathways, such as arginine biosynthesis, ornithine degradation, interleukin,
chemokine signaling, plasminogen activating, and epidermal growth factor receptor signaling. D. PFOS resulted in the downregulation of several pathways, including
ATP synthesis, oxidative stress response, JAK-STAT signaling, and interferon signaling. E. PFOS exposure altered the expression of genes associated with skeleton and
eye development as indicated by their log two-fold-change values. F. PFOS exposure resulted in the upregulation of genes associated with pancreas development.
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Fig. 5. Perfluorooctanesulfonate (PFOS) exposure increased cell death and reduced relative ATP levels during Xenopus laevis embryogenesis. A. PFOS treatment
resulted in the upregulation of genes associated with cell death and downregulated the genes associated with cell survival and cell proliferation. B. PFOS-exposed
embryos were processed with a TUNEL assay, and an increased number of TUNEL-positive cells (blue dots) were observed in PFOS-exposed embryos. C. Statistical
analysis showed a significant number of TUNEL-positive cells in PFOS-exposed embryos compared with control embryos (*** P < 0.001; Unpaired t-test / Mann
Whitney’s Test). D. ATP levels were measured in PFOS-exposed embryos and expressed as luminescence (counts per second; cps). The graph shows a significant
reduction in luminescence after PFOS exposure compared with the control, indicating a reduction in ATP levels (*** P < 0.001; Unpaired t-test / Mann Whit-

ney’s Test).

family member 4 (acsl4); Fig. 5A) following PFOS exposure. Addition-
ally, genes associated with cell proliferation and survival, including
mucin 2 (muc2), peptidyl arginine deiminase 2 (padi2), apoptosis asso-
ciated tyrosine kinase (aatk), upregulator of cell proliferation (urgcp),
CD 74 molecule (cd74), and signal transducer and activator of tran-
scription 1 (statl), were downregulated in the PFOS-exposed embryos
(Fig. 5A). The TUNEL assay results confirmed the findings of tran-
scriptomic analyses since more dead cells were observed in the PFOS-
exposed embryos compared with the control embryos (Fig. 5B and C).
Most of the dead cells were observed in the eyes, neck, and anterior gut
regions of the PFOS-exposed embryos. These results are consistent with
the apoptotic effects of PFOS exposure observed in porcine embryos
(Leclercq et al., 2022).

The highest fold enrichment observed when comparing the PFOS-
exposed and control embryos was linked to the downregulation of the
ATP synthesis pathway following PFOS exposure. Thus, we speculated
the involvement of bioenergetics in PFOS-induced toxicity, and the
findings of the transcriptomics analysis were confirmed by measure-
ments of the relative ATP levels in the PFOS-exposed embryos using an
ATP bioluminescence assay. The assay results showed lower ATP levels
in the embryos after PFOS exposure compared with the control group
(Fig. 5D). Further investigations are required to link PFOS-induced
morphometric changes with reduced ATP levels and the effects of
PFOS on mitochondrial functions. These findings are consistent with the
observed mitochondrial dysfunction in mouse oocytes after PFOS
exposure (Jiao et al., 2021).

Collectively, the gene expression profiles, confirmation of cell death
by TUNEL assay, and measurement of ATP levels clearly showed that
PFOS exposure affected the embryonic development of X. laevis by dis-
rupting multiple pathways essential for embryogenesis. Furthermore,

this study increases our knowledge of the effects of PFOS exposure
during development, and the findings are consistent with the observed
PFOS-induced developmental effects in other model organisms
including the zebrafish, mouse, and daphnia.

4. Conclusions

This study suggested a complex mechanism of PFOS toxicity
involving ATP synthesis and ciliogenesis, consistent with the previously
reported effects of PFOS exposure in other model organisms. Impor-
tantly, our findings expand knowledge of PFOS exposure to a different
model organism and suggest there is limited variation in PFOS-induced
effects between species. This study confirmed that a common trigger
could elicit downregulated responses in different model organisms.
More detailed studies are required to understand the toxic effects of
PFOS exposure in other organisms and recommend minimum acceptable
levels for PFOS in the environment to deliver adequate protection of the
environment and its inhabitants from the toxic effects of PFOS.
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