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Abstract: Known for their high stability and surfactant properties, per- and polyfluoroalkyl substances (PFAS) have been
widely used in a range of manufactured products. Despite being largely phased out due to concerns regarding their
persistence, bioaccumulation, and toxicity, legacy PFAS such as perfluorooctanesulfonic acid (PFOS) and perfluorooctanoic
acid continue to persist at high levels in the environment, posing risks to aquatic organisms. We used high-resolution magic
angle spinning nuclear magnetic resonance spectroscopy in intact zebrafish (Danio rerio) embryos to investigate the met-
abolic pathways altered by PFOS both before and after hatching (i.e., 24 and 72 h post fertilization [hpf], respectively).
Assessment of embryotoxicity found embryo lethality in the parts-per-million range with no significant difference in mortality
between the 24- and 72-hpf exposure groups. Metabolic profiling revealed mostly consistent changes between the two
exposure groups, with altered metabolites generally associated with oxidative stress, lipid metabolism, energy production,
and mitochondrial function, as well as specific targeting of the liver and central nervous system as key systems. These
metabolic changes were further supported by analyses of tissue-specific production of reactive oxygen species, as well as
nontargeted mass spectrometric lipid profiling. Our findings suggest that PFOS-induced metabolic changes in zebrafish
embryos may be mediated through previously described interactions with regulatory and transcription factors leading to
disruption of mitochondrial function and energy metabolism. The present study proposes a systems-level model of PFOS
toxicity in early life stages of zebrafish, and also identifies potential biomarkers of effect and exposure for improved
environmental biomonitoring. Environ Toxicol Chem 2024;00:1-19. © 2024 SETAC
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INTRODUCTION compounds are chemically stable, concerns about their envi-
ronmental persistence, as well as their bioaccumulation and
toxic potential, have led to some of the so-called legacy PFAS
including perfluorooctanesulfonic acid (PFOS), and its carbox-
ylic acid analog, perfluorooctanoic acid (PFOA), being largely
phased out (Wang et al., 2009). However, owing to their dec-
ades of use, and inherently high stability, these legacy PFAS
persist at some of the highest levels in the environment.

Of the legacy PFAS, PFOS remains one of the most fre-
quently detected in the environment, particularly in aquatic

Per- and polyfluoroalkyl substances (PFAS) are a group of
fluorinated compounds that have been used for an array of
industrial applications since the 1950s. The unique stability
of PFAS, due to the high electronegativity of fluorine, as well
as their surfactant properties, have led to their incorporation
into numerous manufactured products such as fabric pro-
tectors, food packaging, and fire-fighting foams. Because PFAS
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PFOS is typically found at concentrations in surface water
<0.1nug L7 (ie., parts-per-billion [ppb]), and most often in the
parts-per-trillion (ppt) range, although concentrations of up to
0.6 ppb have been detected in rivers downstream of fluo-
rochemical manufacturing facilities. Despite typically low con-
centrations found in the aquatic environment, however, PFOS
has been shown to bioaccumulate in fish, with reported con-
centrations over 8000-fold higher than in surface water (Sinclair
et al., 2006). For example, PFOS was detected at 7760 ppb wet
weight in the liver of plaice (Pleuronectes platessa; Hoff
et al., 2003), and at 9031 ppb wet weight for wild Gibel carp
(Carassius auratus gibelio) in Belgium (Hoff et al., 2005). In
addition to adult fish, PFOS has been detected in fish eggs
(145-381 ppb) from lake whitefish (Coregonus clupeaformis) in
the United States (Kannan et al., 2005), as well as eggs from
adult fish exposed in laboratory settings, specifically sug-
gesting that PFOS can be parentally transferred to offspring
(Ankley et al., 2005).

Alongside studies of apparent bioaccumulation, numerous
toxicological studies utilizing fish have also connected PFOS
exposure to toxicity and an array of adverse effects including
altered reproductive function, developmental deformities, en-
docrine disruption, and hepatotoxicity (Hagenaars et al., 2008;
Kang et al., 2019; Shi et al., 2008, 2009). With relevance to
aquatic biota, a number of studies have investigated the tox-
icity of PFOS (and many other PFAS) in the zebrafish (Danio
rerio), as an established laboratory model, and more specifi-
cally, early life (i.e., embryonic, larval) stages of this species
(Huang et al., 2010; Krupa et al., 2022; Mylroie et al., 2021; Shi
et al., 2008). These studies have indeed identified a range of
potential toxicological endpoints, and notably, the zebrafish
embryo model in particular has enabled studies that elucidate
the role of developmental stage, and associated stage-
dependent mechanisms and targets. With respect to the latter
issue, a recent study (Vogs et al., 2019) has specifically pointed,
for example, to a possible role of the protective chorion of
zebrafish embryos with regard to the toxicity of PFOS, and
suggested a biphasic two-compartment toxicokinetic model
whereby the chorion represents a significant barrier to PFOS
prior to embryo hatching. The mechanism(s) of how these toxic
effects are connected, however, remains unclear in part due to
the limited scope of studies that typically focus on only one, or
small subset of, specific biological target(s).

To gain a more detailed understanding of toxicity, and as-
sociated adverse health impacts, systems-level approaches
(particularly omics,e.g., transcriptomics, proteomics, metab-
olomics) have most recently been employed to enable a more
holistic interpretation of biochemical perturbations caused by
exposure to PFAS including PFOS (Dorts et al., 2011; Lee
et al., 2021; Martinez et al., 2019; Ortiz-Villanueva et al., 2018).
Among these omics approaches, the targeted and nontargeted
analysis of metabolic perturbations, or metabolomics, has
shown considerable promise, through the use of sophisticated
analytical platforms such as high-resolution mass spectrometry
(e.g., Orbitrap, quadrupole time-of-flight [QToF]), typically
coupled to analytical separation by, in particular, liquid chro-
matography (i.e., LC-mass spectrometry [MS]) and nuclear

magnetic resonance (NMR) spectroscopy including, in partic-
ular, magic angle spinning (MAS) NMR. Because metabolites
are the downstream products of transcription and translation,
as well as post-translational modifications, metabolomics
can provide a direct view of the current cellular state of the
system after toxic exposure. These analytical techniques when
combined with animal models including fish species such as the
zebrafish, which is a well-established laboratory model, have
emerged as a powerful approach to study the toxicological
pathways of a wide range of environmental toxicants including
PFAS (Gebreab et al., 2020; Ortiz-Villanueva et al., 2018).

To assess the toxicological effects of PFOS, and sub-
sequently its environmental health and ecotoxicological im-
pacts, the present study specifically utilized high-resolution
magic angle spin (HRMAS) NMR-based metabolic profiling,
alongside nontargeted LC-MS analysis of lipids, of intact ze-
brafish embryos to allow a holistic picture of the biological
pathways affected by PFOS exposure during this critical and
sensitive developmental stage of teleost fish as both relevant
ecological receptors, and potential models of vertebrate tox-
icity. Numerous previous studies utilizing HRMAS NMR cou-
pled to the zebrafish embryo model have, in fact, shown that
this approach is capable of highly reproducible quantitation of
the concentrations of a range of major metabolites, which, in
turn, has enabled development of integrated models for a
wide range of environmental toxicants (Annunziato et al.,
2022, 2023; Bashirova et al., 2023; Berry et al., 2016; Eeza
etal., 2022; Gebreab et al., 2020; Roy et al., 2017; Zuberi et al.,
2019). Whereas HRMAS NMR allows reproducible quantitation
of major metabolites, it does not, however, provide access to
the full breadth of potentially relevant metabolites; a more
comprehensive analysis of metabolites is, on the other hand,
potentially accessible by techniques such as LC-MS. One ex-
ample, in this regard, is the application of LC-MS-based
methods for profiling both specific lipids and/or lipid classes
(i.e., lipidomics). In one relevant, previous lipidomics study, for
example, glycerophospholipids were specifically found to be
altered, and in turn, linked to alterations in absorption of the
yolk sack, in PFOS-exposed zebrafish embryos (Ortiz-Villanueva
et al., 2018). Alongside HRMAS NMR, therefore, metabolite
profiling was supplemented in the present study with high-
resolution MS, specifically, state-of-the-art trapped ion mobility
(TIMS) QToF tandem MS (MS/MS)-based lipidomics. Together
this approach enabled the identification and characterization of
a wide range of relevant cellular and metabolic pathways al-
tered by PFOS exposure, and accordingly, an integrated
systems-level model of PFOS toxicity is proposed.

METHODS
Chemicals and reagents

Perfluorooctane sulfonic acid, as the potassium salt (>98%
purity; CAS 2795-39-3), and all other chemicals (i.e., deuterated
phosphate buffer and reference standard for NMR), were pur-
chased from Sigma-Aldrich, unless otherwise specified. Working
solutions of PFOS for exposure of zebrafish, as part of the tox-
icological and metabolomics assessments, were prepared by
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dissolution in dimethyl sulfoxide (DMSQ), and subsequent dilu-
tion into embryo medium (Brand et al., 2002) with a final con-
centration of DMSO, in all cases, <0.001%. Furthermore,
although previous studies have suggested that some PFAS can
be unstable in DMSO, degradation was only observed over
several hours to days (Zhang et al., 2021), so we only used DMSO
briefly to facilitate dissolution, and did not store the PFOS in the
solvent for more than 1h, and typically for 30 min or less.

Fish rearing and breeding

To assess PFOS toxicity, embryos of zebrafish (Danio rerio)
from the PSA line were acquired from the University of Miami
Rosenstiel School of Marine and Atmospheric Science. The
zebrafish were reared and bred using established methods
(Gebreab et al., 2020; Weiss-Errico et al., 2017). The collected
eggs were washed with system water and placed in Petri dishes
with approximately 30 mL of E3 medium (Brand et al., 2002)
and approximately 120 eggs/plate. Prior to 24- or 72-h post
fertilization (hpf) exposures, embryos were kept in an incubator
(14:10-h light:dark, 28 °C) and examined daily to remove any
dead or moribund embryos. For 24-hpf exposures, embryos
were transferred to test plates just prior to exposure. For 72-hpf
exposures, unhatched embryos were transferred to wells of test
plates 24 h prior to this exposure time (at ~48 hpf); embryos do
not hatch, under the rearing conditions used, until 72 hpf, and
transfer of unhatched 48-hpf embryos was done both to facil-
itate transfer by pipet, and to eliminate any potential damage
that might occur during the when transfer of hatched and free-
swimming embryos. Rearing and breeding was conducted
based on protocols approved by the University of Miami's In-
stitutional Animal Care and Use Committee (20-006 LF), and
performed by trained personnel.

To conduct NMR metabolomic studies, embryos of zebra-
fish (OBI/WIK line) were procured from the UFZ Helmholtz
Centre for Environmental Research. Adult zebrafish were raised
in recirculating aquarium systems using established techniques
(van Amerongen et al., 2014). Breeding involved placing three
adult males and four females in breeding tanks with mesh egg
traps (Ehret) the night before collection. The next morning,
approximately 120 embryos were added to each Petri dish
containing 40mL of fresh embryo medium (International
Organization for Standardization [ISO], 2007), and kept in an
incubator with a light cycle of 14:10-h light:dark at 28 °C. Dead
or malformed embryos were removed daily before fresh em-
bryo medium was added. All experimental procedures adhered
to German animal protection standards and were approved by
the Government of Saxony, Landesdirektion Leipzig, Germany
(Aktenzeichen 75-9185.64).

Assessment of embryotoxicity of PFOS

To determine acute toxicity and establish exposure con-
centrations for HRMAS NMR experiments, the lethality to ze-
brafish embryos (PSA line) was evaluated across a range of
PFOS concentrations, and over two different exposure time

periods (to assess, in part, differences in sensitivity not only at
different stages of development, but also at different exposure
durations). Exposures and toxicity assessments utilized pre-
viously established protocols (Berry et al., 2007; Gebreab
et al., 2020; Weiss-Errico et al., 2017). Prior to the assays, a
range of effective exposure concentrations (i.e., 10, 25, 50,
75,100, 125, 150, and 175ppm PFOS) was established in
preliminary studies, and exposures were performed in triplicate
(n=23) using polypropylene 24-well plates (Evergreen Scien-
tific), with each well containing five embryos (n=5) in 1.5 mL of
E3 medium. Exposure times of 24 and 72 hpf were chosen to
specifically correspond, respectively, to developmental stages
at which either the chorion is present (i.e., unhatched at 24 hpf),
or embryos have fully hatched and the chorion is not present
(i.e., 72hpf). In both cases, embryotoxicity was assessed at
96 hpf, following either 72 or 24 h of static exposure to PFOS
(without replenishment) for 24- and 72-hpf exposures times,
respectively. Embryo lethality was assessed by observing ces-
sation of movement, and the absence/presence of a heartbeat,
using a dissecting light microscope. Median lethal concen-
trations (LC50s) were calculated using Probit analysis in SPSS
(Ver. 26.0; IBM). All toxicity assays were conducted at Florida
International University (FIU), under protocols approved by the
FIU Animal Care and Use Committee (IACUC-19-085-AMO01).

Visualization of ROS in zebrafish embryos

The generation of reactive oxygen species (ROS) to assess the
role of oxidative stress in PFOS toxicity was observed in intact
zebrafish embryos through the fluorescence of intracellularly
oxidized 2',7'-dichlorofluorescein. This was done following ex-
posure of 72-hpf zebrafish embryos (OBIWIK line) to 10 ppm
PFOS for 24 h, alongside untreated controls of embryo medium
with or without added DMSO, as previously described (Annun-
ziato et al., 2022). At 96 hpf, embryos were treated with 1 mM of
the nonfluorescent cell-permeative probe chloromethyl-2',7'-
dihydrodichlorofluorescein diacetate (CM-H2DCFA,; Invitrogen
no. LSC6827), dissolved in 4% DMSO, to a final concentration of
10 uM. Incubation was done for a total of 60 min, and excess CM-
H2DCFA in the medium was removed through three washes.
Embryos were then placed on a borosilicate glass coverslip slide
in a solution containing the anesthetic ethyl 3-aminobenzoate
methanesulfonate (1 mg mL™"). After a 3-min delay for immobi-
lization, images were taken using an inverted laser-scanning
confocal microscope (Leica DMI8/TL LED; Leica Microsystems),
with an excitation wavelength of 485nm and emission wave-
length of 530 nm. A Leica HC PL Apo CS2 (5x/0.15 Dry) objective
and the Leica Application Suite X (LAS X) software package, Ver.
3.1.5, were used for image acquisition.

Exposure of embryo and sample preparation
for HRMAS NMR

Previously established protocols (Annunziato et al., 2022)
were used to expose approximately 120 zebrafish embryos
(OBI/WIK line) to 10 ppm PFOS in replicates (n=6) at both 72
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and 24 hpf—alongside negative controls of embryos at the
same developmental stages exposed to 0.001% DMSO only—
for subsequent HRMAS NMR analysis. Static exposures (with
replenishment of PFOS) were conducted in 100-mm poly-
styrene Petri dishes containing 25mL of embryo medium
(ISO, 2007) for either 72h (24-96 hpf), or 24 h (72-96 hpf).
During exposure, all dead or moribund embryos were removed
to avoid any effects of mortality or moribundity on observed
metabolic profiles; in accordance with prior assessment of
toxicity, mortality at the 10-ppm exposure concentrations was
<2% for both exposure times. After exposures (at 96 hpf), ex-
cess PFOS and media were removed by washing the embryos
with Milli-Q water, and 100 embryos were collected, snap-
frozen, and stored at —80 °C until analysis. The exposures were
conducted in accordance with German animal protection
standards approved by the Government of Saxony (Aktenzei-
chen 75-9185.64), and guidelines of the European Union,
Directive 2010/63/EU, which permit the use of embryonic and
early larval stages of fish. Prior to NMR analysis, 100 embryos
were transferred to a 4-mm zirconium oxide rotor (Bruker
BioSpin). To serve as a chemical shift reference, 10pL of
deuterated phosphate buffer (100mM, pH 7.0) containing
0.1% (w/v) 3-trimethylsilyl-2,2,3,3-tetradeuteropropionic acid
(TSP) was added.

HRMAS NMR and data analysis

All NMR experiments were performed using a Bruker DMX
600-MHz NMR magnet with a proton resonance frequency of
600 MHz, and a 4-mm HRMAS dual "H/'3C inverse probe with a
magic angle gradient, and spinning rate of 6 kHz. The experi-
ments were carried out at a temperature of 277K using a
Bruker BVT3000 control unit, and the acquisition and proc-
essing of data were performed in Bruker TOPSPIN Ver. 4.0.6
software. A zgpr pulse sequence with water suppression was
applied for one-dimensional '"H HRMAS NMR spectra. Each
one-dimensional spectrum was obtained using a spectral width
of approximately 12,000 Hz, domain data points of 4k, a
number of averages of 128 with zero dummy scans, an ac-
quisition time of 170ms, and relaxation delay of 2s. The
spectra were processed by an exponential window function
with a line broadening of 1Hz, and zero-filled before Fourier
transformation.

The resulting NMR spectra were manually phased and au-
tomatically baseline-corrected using TOPSPIN, and metabo-
lites were quantified using Chenomx NMR Suite 8.2. The
600-MHz library from Chenomx was utilized, which uses the
concentration of a known reference signal (in this case, TSP) to
determine the concentration of individual compounds. The
concentrations of metabolites were subsequently normalized
to total creatine (tCr), that is, creatine and creatine phosphate.
Statistical analysis of NMR quantification was done using
Metaboanalyst, with differences in individual metabolites
evaluated using a t test with a p value <0.05 considered sig-
nificant. Two-dimensional principal component analysis scores

plots with visualized 95% confidence regions were constructed
using Metaboanalyst software.

LC-MS lipidomics

To perform lipidomic analyses, approximately 100 zebrafish
embryos (PSA line at 72 hpf) were exposed for 24 h to 10 ppm
PFOS, as described for HRMAS NMR analyses. To extract
lipids, 100 embryos were homogenized in 1 mL of a mixture of
methanol and water (1:1, v/v) along with 10 uL of labeled in-
ternal standard (EquiSplash Lipidomix; Avanti Polar Lipids). A
subsequent addition of chloroform (1 mL) was made to the
sample, which was then sonicated for 15 min; the sample was
then centrifuged at 4500 rom for 20 min, and the chloroform
layer was collected, and dried under nitrogen gas. The sample
was then reconstituted with a 50/50 acetonitrile/water mixture
prior to analysis.

Chromatographic separation was performed using an LC-20
CE ultrafast liquid chromatograph (Shimadzu) with a Accucore
C30 column (Thermo Fisher Scientific). The mobile phase
consisted of solvent A (30% acetonitrile [ACN]; 40% water; 30%
isopropy! alcohol [IPA]) and solvent B (10% ACN; 5% water;
85% IPA) under the following conditions: sample injection at
0% B and hold for 1 min; from 1 to 5.6 min increase to 55% B,
and hold until 6.4 min; increase to 65% B at 6.4 min, and hold
until 24 min; increase to 88% B at 24 min, and hold until
40.8 min; increase to 95% B until 48.1 min; after 48.1 min, de-
crease to 35% B, and hold until 56 min; decrease to 0% B at
56 min, and hold until 60 min. The mobile phase flow rate was
200 pL min™" with an injection volume of 5 l.

To obtain lipid profiles, TIMS-g-TOF MS/MS analysis
was performed using a timsTOF PRO 2 instrument (Bruker
Daltonics) with an Apollo Il ESI Source design (Bruker Daltonics)
in positive ion mode. The ionization source parameters con-
sisted of a 4500-V capillary voltage, 800-V end plate offset,
4.0-bar nebulizer pressure, 4.0-L/min dry gas, and 250 °C dry
heater. A tuning mix calibration standard from Agilent Tech-
nologies was used for mobility and m/z internal calibration for
all spectra. Between each LC run, a blank and a verification
standard were analyzed for quality control purposes. To ac-
count for blank peaks, LC peak area subtraction was utilized.
Fatty acid assignment, based on MS/MS, was carried out using
TIMS-g-TOF MS/MS, which allowed for parallel accumulation
serial fragmentation. Bruker Compass MetaboScape Ver. 8.0.1,
and the spectral library from MetaboBASE (Bruker Daltonics),
were used to identify more than 200 lipids. Lipid concen-
trations were normalized using deuterated (i.e., ’H-labeled)
internal standards of 13 lipids (EquiSplash Lipidomix; Avanti
Polar Lipids) to adjust for variations in extraction efficiency.
Individual annotated lipids were specifically quantified by nor-
malization to the deuterated standard, diglyceride (DG) 15:0/
18:1-d7, and compared by Student's t test (p < 0.05) to identify
any statistical significance between PFOS-treated and control
embryos. Any lipids that were not consistently detected in all
samples were excluded from the statistical analysis.

© 2024 SETAC

wileyonlinelibrary.com/ETC

3SU9017 SUOLULUOD BAIER.D cedt|dde au3 Ag pausenob afe sajole O (88N JO Sajnu o} Afeiq1T 8UlUO A3]1M UO (SUOIPUOD-pUe-SULBY/W0D™AB| 1M ALe1q 1 U1 UO//:SdNY) SUOIPUOD Uk SLWLB 1 3L 835 *[7202/60/ST] uo Ariqiiauliuo As|im ‘Uapi JO AIseAIuN A 1285 018/200T OT/I0p/Wod 43| 1M Aselq Ul U0 "Jexss//:Sdny Wouy papeojumod ‘0 ‘8T98ZSST



Toxicometabolomics of PFOS in the zebrafish embryo model—Environmental Toxicology and Chemistry, 2024;00:1-19 5

RESULTS AND DISCUSSION
Embryotoxicity of PFOS

To determine appropriate exposure concentrations and times
for subsequent NMR-based metabolomics (and other studies,
e.g., ROS visualization, lipidomics), the embryotoxicity of PFOS
was assessed in zebrafish embryos at two different exposure
periods, that is, 24 to 96 and 72 to 96 hpf. Dose-dependent
toxicity of PFOS was observed for both exposure times over a
nominal concentration range of 10 to 100 ppm (Figure 1) with
LC50 values of 48 ppm (5% Cl=41-55 ppm) and 64 ppm (95%
Cl=54-74), respectively, being comparable to those previously
reported for PFOS in the zebrafish embryo model (Hagenaars
et al., 2011). Notably, lethal concentrations of PFOS in the
present, and past, studies are substantially, and as much as
10-fold, higher than its carboxylic acid analog, PFOA (see Pec-
quet et al., 2020). It has been previously suggested that this is
likely due, in large part, to a considerably (as much as 100-fold)
higher uptake (e.g., the bioconcentration factor) of PFOS, com-
pared with PFOA, in the zebrafish embryo (Warner et al., 2022).

Although, lower toxic concentrations (i.e., LC50s in the lower
ppm range) for PFOS-exposed zebrafish embryos have been
previously reported (Huang et al., 2010; Mylroie et al., 2021; Shi
et al., 2008), these have been consistently observed only at later
(>120 hpf) developmental stages. In addition, interestingly, one
very recent study has even reported sub-ppm LC50 values,
specifically following embryo exposure, in subsequent larval/
juvenile stages after 30 days post exposure (Krupa et al., 2022).
These findings support the role of the developmental stage in
the toxicity of PFOS in the zebrafish model. In the present study,
however, the corresponding LC50 values were not significantly
different for 96-hpf zebrafish exposed at 24 and 72 hpf. This
finding is surprising, because previous studies in the zebrafish
embryo (Huang et al., 2010) have reported a steady uptake of
PFOS from the exposure medium, over 24 to 120 hpf, with a
more than 10-fold increase in embryo concentration. Aligned
with our present observation, a recent study of PFOS in the ze-
brafish embryo model likewise did not find significant lethality at

100-: Ad® --72-96 hpf
] LC50= 64 ppm
> ]
E ; & 24-96 hpf
8 507 LC50= 48 ppm
vl
0'-* T I 1

T I
0.0 0.5 1.0 1.5 20 25
Log [PFOS], ppm

FIGURE 1: Dose-dependent embryotoxicity of perfluorooctane sul-
fonic acid (PFOS) for zebrafish embryos exposed at 24 to 96 and 72 to
96 hpf. Toxicity was measured as percentage lethality (% lethality), and
presented relative to log (PFOS), ppm. Also given are the associated
median lethal concentrations (LC50s) for each exposure window.

lower, that is, ppm, concentrations until 96hpf (Mylroie
et al., 2021). This latter study, furthermore, investigated the
possible role of the protective chorion: survivorship, however,
was not found to be significantly different for chorionated and
dechorionated embryos (even at 120hpf), suggesting that
hatching, that is, loss of chorion (which occurs at ~72-120 hpf) is
not a significant contributor to the onset of toxicity at these de-
velopmental stages. Taken together, it is suggested that PFOS
toxicity at >96 hpf is rather associated with the development of
relevant biochemical, molecular, or cellular targets.

Based on these results, a nominal exposure concentration of
10 ppm was chosen for subsequent experiments (for both ex-
posure times) to assess the effects of PFOS on metabolic
profiles with the aim of elucidating impacts on biochemical,
molecular, and cellular pathways. An exposure concentration
well below the calculated LC50 was chosen, to avoid any
nonspecific effects on metabolite profiles caused by embryo
mortality and morbidity, while ensuring a measurable meta-
bolic response. Indeed, <2% mortality or morbidity was ob-
served for embryos exposed to this concentration in both
toxicity assessments, and subsequent exposures for NMR and
visualization studies, with a percentage mortality similar to that
of control embryos specifically exposed to <0.001% DMSO—
used as a solvent vehicle—in the embryo medium.

Visualization and localization of ROS in PFOS-
exposed embryos

Visualization of ROS production (by fluorescence) enabled the
localization of tissue-specific oxidative stress in intact zebrafish
embryos (Figure 2). Apparent ROS production was observed in
negative controls including both untreated and 0.001% DMSO
only (i.e., vehicle) treated embryos within the gastrointestinal (Gl)
tract including the stomach and intestine. However, when em-
bryos were exposed to 10 ppm PFOS, elevated ROS production
was also observed within the liver and brain region, as well as the
exposed epidermis. This observation is consistent with previous
studies that have identified both induction of oxidative stress
(Du et al., 2017; Huang et al., 2022; Sant et al., 2018; Shi &
Zhou, 2010) including ROS, and targeting of both liver and brain
(Cheng et al., 2016; Cui et al., 2017; Du et al., 2009; Huang
et al., 2010; Wu et al., 2022), by PFOS in the zebrafish embryo
model. The targeting of hepatocytes and brain as reflected by
increased ROS production is, in turn, aligned with several of the
alterations in metabolic profiles observed in PFOS-exposed ze-
brafish that identified both relevant tissue-specific metabolites,
and several metabolites associated with detoxification and en-
ergy metabolism, as primary functions of the liver, in particular, as
well as metabolites associated with oxidative stress and related
mechanisms of toxicity (as discussed in the section Integrated
cellular model of PFOS toxicity).

Metabolomic and lipodomic profiles of embryos
exposed to PFOS

For both exposure groups, the same 39 metabolites were
effectively resolved and subsequently quantified from HRMAS
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FIGURE 2: In vivo fluorescence detection of reactive oxygen species (ROS) in zebrafish embryos exposed to perfluorooctane sulfonic acid (PFOS;
10 ppm) at 72 hpf for 24. Production of ROS was detected using intracellular fluorescein-based probe with imaging by light and fluorescence
confocal microscopy. Shown are light micrographs (bottom row), fluorescence micrographs (middle row), and composite images (top row). Fluo-
rescence indicative of ROS was detected in the Gl tract including stomach (S) or intestine (I) of both untreated (A-C) and vehicle, that is, 0.001%
dimethylsulfoxide (DMSO), only controls (D-F), whereas fluorescence (indicative of ROS) was exclusively detected in the liver (L) and brain (B) region,

as well as epidermal tissues, of PFOS-treated embryos (G-O).

NMR spectra (Figure 3 and Supporting Information S1,
Figure S1). Principal components analysis and univariate stat-
istical analyses revealed significant differences between treated
and control embryos for both exposure time periods (Figure 4).
For the 24 to 96-hpf exposure embryos, 21 metabolites were
significantly altered (10 increased, 11 decreased), whereas, for
zebrafish exposed over the 72 to 96-hpf period, only 19 me-
tabolites were significantly different from control groups
(8 increased, 11 decreased). Of these metabolite alterations,
18 were found to be consistently altered (i.e., increased or
decreased) for both exposure periods, whereas lactate (Lac),
aspartate (Asp), and carnitine (Carn) were found to only be
increased in the 24 to 96-hpf group, and N-acetylaspartate
(NAA) was only significantly increased in the zebrafish exposed
from 72 to 96 hpf (Figure 4).

Given that both the present study (as discussed in the fol-
lowing text) and previous research (see Gebreab et al., 2020)
indicate that PFAS may affect lipids (and their consequent hy-
drolytic products) as components of cellular membranes, as
well as lipid metabolism, a nontargeted, LC-MS lipodomic
analysis was conducted. Lipid analysis identified and quantified
more than 200 lipids (Supporting Information S1, Table S1).
Statistical analyses of annotated lipids identified, in particular,
significantly reduced levels of 16 DGs (53% of the total number)
and increased levels of four cholesteryl esters (CEs; 80% of the

total), in PFOS-exposed embryos compared with the control
group (Figure 5). In addition, significantly increased levels of 3
(of 37 annotated) phosphatidyl cholines (PCs) and 1 (of 5 an-
notated) ceramides (Cers) were observed for PFOS-treated
embryos (Supporting Information S1, Table S1). No significant
differences were observed for any of the triglycerides (50 in
total) or lysophosphatidylcholines (5 in total) identified.

Integrated cellular model of PFOS toxicity

Previous studies have explored the toxicity of PFOS using
zebrafish, and particularly embryonic and larval stages, as both
model system and ecological receptor (Christou et al., 2020;
Huang et al., 2010; Shi et al., 2009). The present study expands
on these findings by investigating PFOS embryotoxicity with
respect to metabolic changes (at two different developmental
stages including pre- and posthatch embryos), and utilized
these observable effects, in turn, to develop an integrated
cellular model for PFOS toxicity in the zebrafish embryo model
(Figure 6). To elucidate pathways associated with PFOS tox-
icity, as part of this proposed model, the present study pri-
marily employed an HRMAS NMR-based metabolic profiling
approach (Figures 3 and 4 and Supporting Information S1,
Figures S1), supplemented by a nontargeted LC-MS lipidomics
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FIGURE 3: Measured levels of metabolites resolved by high-resolution magic angle spinning nuclear magnetic resonance (HRMAS NMR) in
zebrafish. Shown are mean levels (+SD), normalized relative to total creatine (tCr; creatine and phosphocreatine), for vehicle only, that is, 0.01%
dimethylsulfoxide (DMSO), Control embryos, and embryos exposed to perfluorooctane sulfonic acid (PFOS) at 24 hpf (24-96 hpf) and 72 hpf
(72-96 hpf). Statistical significance of difference is indicated with letters as follows: a, p <0.05; b, p<0.01; ¢, p<0.005; d, p < 0.001. Ace = acetate;
Ala = alanine; Aclys = acetyllysine; ADP = adenosine diphosphate; aKG = a-ketoglutarate; Ans = anserine; Asn = asparagine; Asp = aspartate;
ATP = adenosine triphosphate; Carn = carnitine; Cho = choline; Cit = citrate; G6P = glucose-6-phosphate; G1P = glucose-1-phosphate; Glc =
glucose; GIn = glutamine; Glu = glutamate; Gly = glycine; GPC = glycerophosphorylcholine; GSH = reduced glutathione; Lac = lactate; Lys = lysine;
Mal = malate; mins = myo-inositol; Naa = N-acetylaspartate; NADH = reduced nicotinamide adenine dinucleotide; PChol = O-phosphocholine;
Phe = phenylalanine; Pyr = pyruvate; Succ = succinate; Tau = taurine; TMAO = trimethylamine-N-oxide; Trp = tryptophan; Tyr = tyrosine.

analysis (Figure 5), and evaluation of oxidative stress (i.e., ROS
production; Figure 2). This approach identified significant
changes in metabolites associated with a variety of inter-related
pathways and associated biological processes, including hep-
atotoxicity, oxidative stress response, mitochondrial dysfunc-
tion, and energy metabolism (Figure 3).

It has been previously shown that PFOS primarily accumu-
lates in tissues with high protein content including, in particular,
the liver—a primary target organ—of fish (e.g., rainbow trout,
Martin et al., 2003; carp, Hagenaars et al., 2008). Several
studies have also demonstrated that the uptake of PFOS into
cells and its distribution in tissues are facilitated by certain
solute carrier (SLC) transporters that are, likewise, predom-
inantly found in the liver and kidney (Popovic et al., 2014; Yang
et al., 2010). Concomitantly, several previous reports in fish
including rainbow trout (Oncorhynchus mykiss), fathead
minnow (Pimephales promelas), and white sucker (Catostomus
commersoni) have demonstrated altered liver function, as in-
dicated by increases in hepatic fatty acyl-CoA oxidase activity
and oxidative damage, with PFOS as a key component of such
toxicity (Oakes et al., 2005).

In the present study, targeting of the liver is suggested by
apparent ROS production (as observed by fluorescent local-
ization) in the liver (Figure 2). Moreover, both the targeting of
hepatocytes by PFOS, and the role of oxidative stress, are

suggested by the decreased levels of reduced glutathione (GSH);
not only is GSH associated with oxidative stress, as a key anti-
oxidant for removal of ROS, but enriched (albeit not exclusively
located) in the liver as part of Phase Il detoxification pathways,
that is, conjugation of xenobiotics (Franco et al., 2020). Further
aligned with targeting of the liver by PFOS, increased levels of
lysine (Lys) were observed in exposed zebrafish; the catabolism
of Lys via the saccharopine pathway primarily occurs in hep-
atocytes, specifically in hepatic mitochondria (Higgins et al.,
2005), and the observed increase may suggest that the ability to
catabolize this amino acid may be inhibited by hepatocellular
dysfunction including, in particular, mitochondrial impairment (as
discussed in the following text). Altered levels of other amino
acids that are also primarily catabolized in the liver including
glutamine (GIn) via glutamate (Glu), Asp, and aromatic amino
acids may similarly reflect toxicity toward hepatocytes, as well as
a role in mitochondrial impairment. In parallel, increased levels of
free Carn, essential to the “carnitine shuttling” of fatty acids to
the mitochondria, as part of the catabolic B-oxidation that pri-
marily occurs in the liver, further point to impaired liver function
by PFOS. Notably, trimethylamine N-oxide (TMAQO), which has
been previously proposed as a biomarker for hepatocyte viability
in the zebrafish embryo model, was not significantly changed in
PFOS-exposed embryos. A similar nonsignificant change in
TMAO was, in fact, observed in PFOA-exposed zebrafish
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FIGURE 4: Score plots for principle components analysis (PCA), and corresponding volcano plots, showing significant difference in metabolite
concentrations (as measured by high-resolution magic angle spinning nuclear magnetic resonance [HRMAS NMR]) of perfluorooctane sulfonic acid
(PFOS) treated versus control (0.001% dimethylsulfoxide [DMSO] only) embryos at 96 hpf exposed at either 24 hpf (A and B) or 72 hpf (C and D).
Score plots (A and C) show PFOS-exposed (green) versus control (pink) embryos for both exposure times, indicating significant differences in
multivariate analyses. Volcano plots (B and D) show log fold-change (FC) in the metabolite on the x-axis, as either an increase (red, more than 0), or a
decrease (blue, less than 0), or no significant change (gray) relative to control, and level of significance (as —log p value) on the y-axis with minimal
significance level (p < 0.05) shown as a solid line. For abbreviations of metabolites, see Figure 3 legend.

embryos also exposed at 72 hpf (and measured by HRMAS NMR,;
Gebreab et al., 2020), suggesting perhaps that whereas PFOS
(and PFOA) may target hepatocytes, it is not hepatocytotoxicity,
that is, cell death, but rather impairment of hepatocyte function,
that underlies embryotoxicity.

In addition to apparent targeting of liver (based on ROS
production and metabolite profiles), increased ROS production
was observed in the brain region of PFOS-exposed embryos,
consistent with previous studies that have suggested neuro-
toxicity of PFAS including PFOS in the zebrafish embryo model
(Gaballah et al., 2020; Gebreab et al., 2020; Lee et al., 2021).
Further supporting targeting of the central nervous system
(CNS), a significant increase in the neuron-specific metabolite,
NAA was observed in 72-hpf embryos exposed to PFOS, sug-
gesting impacts on neuronal and/or glial function at this later
stage of development.

Alongside apparent targeting of hepatocytes and neural cells
by PFOS, metabolic changes and related observations specifi-
cally point to a role of oxidative stress in embryotoxicity, as has
been previously reported in experimental systems including
zebrafish (Du et al., 2017; Huang et al., 2022; Sant et al., 2018;
Shi & Zhou, 2010). As previously mentioned, PFOS-exposed
embryos showed increased ROS production in the developing
liver, and at the same time a significant decrease in GSH, as a key
antioxidant (and Phase Il detoxifying) metabolite, was observed.
A decrease in GSH has been generally connected to changes in
oxidative stress levels, because GSH takes part in the conversion
of hydrogen peroxide to water within biological systems; the
induction of oxidative stress by PFOS has also been noted
in previous studies (Hagenaars et al., 2008; Liu et al., 2007). In
addition, an observed increase in the levels of taurine (Tau) in
PFOS-exposed zebrafish may also indicate a response to
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oxidative stress, because Tau has a well-established role in
antioxidant defense (Schaffer et al., 2009; Sun et al., 2018).

The ability of PFOS to induce oxidative stress, as well as other
aspects of its cellular toxicity, is thought to result from an in-
teraction with a number of transcription factors. It has, for ex-
ample, been shown that PFOS inhibits silent information
regulator 1 (SIRT1) activity, specifically through binding of the
nicotinamide adenine dinucleotide (NAD+) binding cavity (Duan
et al., 2021) which is imperative for deacetylase activity (Kalous
et al., 2016). Activated SIRT1 deacetylates a wide range of
substrates including the transcription factors nuclear factor er-
ythroid 2-related factor 2 (NRF2) and peroxisome proliferator-
activated receptor (PPAR), which have vital roles in lipid me-
tabolism, oxidative stress, and inflammation (Dovinova et al.,
2020; Kaspar et al., 2009; Kim et al., 2010), and that have been
previously linked to the toxicity and other adverse impacts (e.g.,
metabolic impairment) of PFOS. Deacetylation of NRF2 by
SIRT1, in particular, promotes the transport of the transcription
factor to the nucleus, where it interacts with the antioxidant re-
sponse element (ARE) to mediate the transcription of its target
genes including heme oxygenase 1 (HO-1), superoxide dis-
umutase 1 (SODT), and glutathione peroxidase (GPxX) that are
vital to controlling the oxidative environment (Xu et al., 2021). In
addition, it has been previously reported that PFOS can induce

phosphorylation and degradation of the nuclear factor kB
(NF-kB) inhibitor a (IkBa), which regulates the translocation of
NF-kB from the cytoplasm to the nucleus, and results in the
transcription of pro-inflammatory cytokines (Chen et al., 2018).
Therefore, inhibition of SIRT1 activity and induction of NF-kB
signaling pathways may partially contribute to the oxidative
stress induced by PFOS (as evidenced by elevated ROS), and
consequent alterations in metabolic profiles (e.g., decreased
GSH, increased Tau) in exposed zebrafish.

Deleterious effects of PFOS-induced oxidative stress have
been noted in a number of both in vitro and in vivo fish model
systems, whereby accumulation of ROS can damage a variety
of cellular organelles including, in particular, mitochondria.
Impaired mitochondrial function includes decreased adenosine
triphosphate (ATP) production through the opening of the
mitochondrial permeability transition pore (MPTP), and dis-
ruption of other crucial processes leading to cell death
(Kowaltowski et al., 2001). Consistent with mitochondrial
damage, observed increases in choline (Cho), as a hydrolytic
product of cell membrane disruption, in the present study may
indicate compromise of mitochondrial, or perhaps other cel-
lular, membranes: choline is, in particular, the polar head group
associated with phosphatidylcholines, which are the most
abundant phospholipids founds in mitochondrial membranes
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FIGURE 6: Integrated model of perfluorooctane sulfonic acid (PFOS) toxicity in the zebrafish embryo model. Metabolites measured by high-
resolution magic angle spinning nuclear magnetic resonance (HRMAS NMR) are indicated by corresponding green upward arrows (1) and red
downward arrows ({) indicating increase and decrease, respectively. Uptake and tissue distribution of PFOS is facilitated by SLC transporters that
are predominantly found in the liver. Once inside the cell, PFOS disrupts redox status through 1) inhibiting the deacetylation capability of sirtuin 1
(SIRT1), and thus its ability to activate nuclear factor erythroid 2-related factor (NRF2) that promotes the transcription of antioxidant response
elements; and 2) through inducing phosphorylation and degradation of nuclear factor kB (NF-kB) inhibitor a (IkBa), which regulates the translocation
of NF-kB that results in the transcription of pro-inflammatory cytokines (as evidenced by decreased glutathione [GSH]). Oxidative stress due to
increased reactive oxygen species (ROS) can impact cellular membranes via lipid peroxidation leading to hydrolysis of phospholipids, as evidenced
by increased choline (Cho), and damage to mitochondrial membranes through induced opening of the mitochondrial permeability transition pore
(MPTP). Opening of the MPTP can lead to the disruption of oxidative phosphorylation via disruption of the mitochondrial membrane potential,
leading to disrupted adenosine triphosphate (ATP) production. In addition, PFOS also can induce PPARa activation both directly, and indirectly
through inhibition of SIRT1 deacetylation of peroxisome proliferator-activated receptor (PPAR), leading to the transcription of pyruvate de-
hydrogenase kinase 4 (PDK4), and subsequent inhibition of pyruvate dehydrogenase (PDH) for entry of pyruvate (Pyr) into the Krebs cycle, leading
to increased Pyr levels. Downstream, decreased Pyr input into the Krebs cycle can lead to disruption to mitochondrial energy metabolism evidenced
by decreased Krebs cycle intermediates including Fum, Succ, and Mal, and reduced nicotinamide adenine dinucleotide (NADH). Disruption of
mitochondrial function, and the Krebs cycle can affect auxiliary pathways such as the conversion of glutamate (Glu) into a-ketoglutarate (aKG), and
the shuttling of fatty acids into the mitochondria as acylcarnitine for B-oxidation. In addition, PFOS is known to modulate enzymes of the Mal-Asp
shuttle, and specifically, aspartate transaminase (AST) and malate dehydrogenase (MDH), which transport reducing equivalents from glycolysis to
the Krebs cycle. Upstream, impacts of Krebs cycle dysfunction include changes in carbohydrate metabolism including increases in Glc, and
decreases in glucose-1-phosphate (G1P) and glucose-6-phosphate (G6P), potentially indicating an increase in glycogen breakdown to meet energy
requirements. In parallel, due to decreased flux of Pyr into the Krebs cycle, an increase in Lac was observed, as a presumptive means to provide
NADH (and reducing equivalents for the Krebs cycle) through anaerobic glycolysis. For substances not defined, see Figure 3 legend.

(Schuler et al., 2016). Significant increases in Cho are consistent
with both previously reported disruption of cellular membranes
by PFOS (Lehmler et al., 2006; Xie et al., 2010), in general, and
specifically, similar observations of increased Cho in relation to
mitochondrial membrane disruption by analogous PFAS in-
cluding PFOA (Gebreab et al., 2020).

Aligned with a proposed disruption of mitochondria, several
metabolites associated with mitochondrial function including

the Krebs cycle, and associated production of ATP via oxidative
phosphorylation, as well as catabolism of amino acids and fatty
acids (i.e., “carnitine shuttle”), and energy metabolism more
generally, were altered in PFOS-exposed embryos. This is not
surprising given that mitochondrial dysfunction has been pre-
viously linked to the oxidative stress induced by PFAS (Zhao
et al.,, 2011). In the present study, significant decreases were
observed for malate (Mal), fumarate (Fum), and succinate
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(Succ), as components of the Krebs cycle, suggesting impair-
ment of this key mitochondrial function that specifically gen-
erates reduced nicotinamide adenine dinucleotide (NADH), as
a source of protons, for generating ATP via oxidative phos-
phorylation. Indeed, decreased NADH levels, as well as re-
duced levels of ATP (and concurrently, increased adenosine
diphosphate [ADP]), were observed. Although reductions in
NADH (from the Krebs cycle) may partly explain concurrent
decreases in ATP, it has been previously suggested (and pro-
posed in our study; Figure 6) that PFOS may, in addition, di-
rectly interfere with ATP production via disruption of
mitochondrial membranes including, in particular, opening of
the MPTP, as an integral component of oxidative phosphor-
ylation (Khansari et al., 2017).

Alongside alterations in Krebs cycle intermediates, and
subsequent production of ATP, several metabolites associated
with auxiliary pathways including, in particular, the amino acid
and fatty acid metabolism that supplies intermediates for the
Krebs cycle. were also altered in PFOS-exposed embryos.
Glutamate and glutamine, for example, are vital to the function
of the Krebs cycle: cytosolic GIn is transported to the mi-
tochondria, and converted to Glu (by glutaminase), which,in
turn can be converted to a-ketoglutarate (aKG; Yoo
et al., 2020). The observed increase in Gln, and decrease in
Glu, would be consistent with disruption of mitochondria, and
consequently, the Krebs cycle. At the same time, however, the
decrease in Glu levels may reflect disruption to the “malate-
aspartate shuttle” (which transports Mal into mitochondria),
because a concurrent increase in Asp, and a decrease in Mal,
was also observed in PFOS-exposed fish. Altered levels of as-
partate aminotransferase (AST), which produces Glu via trans-
amination in the conversion of Asp to Mal (for subsequent
transport into mitochondria to supply the Krebs cycle), has
been previously proposed as part of the cellular toxicity of
PFAS, and also, has been noted as a biomarker of hepatic injury
(Borghese et al., 2022). Also, decreased levels of malate de-
hydrogenase (MDH) have been observed in the gills of Euro-
pean bullhead (Cottus gobio) after exposure to 1 ppm of PFOS
(Dorts et al., 2011); these decreased levels may thus similarly
explain the observed changes in levels of Glu, Asp, and Mal,
because MDH is responsible for the conversion between Mal
and oxaloacetate during the Mal-Asp shuttle. In addition to
glutamate metabolism, the observed increase in Lys, as an
essential amino acid, suggests reduced catabolism of this
amino acid, and most likely, impairment of the saccharopine
pathway, which is confined to the mitochondria, primarily the
mitochondria of hepatocytes. Likewise, apparent changes in
the catabolism of aromatic amino acids may reflect reduced
energy-producing capacity of mitochondria (and support of
auxiliary pathways). An observed decrease in the essential ar-
omatic amino acids phenylalanine (Phe) and tryptophan (Trp),
although not tyrosine (Tyr), is consistent with impairment of
mitochondria because both tyrosine hydroxylase (i.e., hydrox-
ylation of Phe to Tyr) and tryptophan aminotransferase—the
first, committed and/or rate-limiting steps in the catabolism of
Phe and Trp, respectively—occur in the cytosol, whereas Tyr
aminotransferase (the first step in the catabolism of Tyr) has

both cytosolic and mitochondrial forms. Accordingly, it is pro-
posed that decreased Phe and Trp (and, specifically, removal
by corresponding catabolic enzymes, that is, Tyr hydroxylase
and Trp aminotransferase) reflects increased catabolism of
these amino acids as a compensatory mechanism to offset re-
duced mitochondrial energy production including catabolism
of other amino acids (e.g., Glu/Gln, Lys, Asp) and fatty acids.
The altered metabolism of amino acids and the increased levels
of Carn (Figures 3 and 4) may likewise suggest disruption of
mitochondria, and consequent impairment of energy pro-
duction. Carnitine is an essential cofactor for the transportation
of fatty acids such as acylcarnitines into mitochondria for
B-oxidation (producing acetyl CoA and NADH). Increased Carn
suggests altered, and perhaps increased B-oxidation of fatty
acids, as has been previously suggested for PFOA in similar
metabolomics studies in the zebrafish embryo (Gebreab
et al., 2020; Figure 6).

Upstream of the mitochondrial pathways, HRMAS NMR
profiles (Figure 3) suggest alteration by PFOS of carbohydrate
metabolites including increased glucose (Glc), and concurrent
decreases in both glucose-1-phosphate (G1P) and glucose-6-
phosphate (G6P), as well as increased pyruvate (Pyr), most likely
due to reduced uptake and utilization by mitochondria (i.e., the
Krebs cycle). These observations, generally speaking, suggest
modulation of carbohydrate metabolism (Figure 6) either in-
directly, in response to PFOS impacts on mitochondrial energy
metabolism, or perhaps directly through one or more molec-
ular mechanisms previously associated with PFOS (e.g., PPAR;
discussed in the next paragraph). Analogously, PFOA has been
previously shown to alter glucose metabolism in zebrafish
(Hagenaars et al., 2013), and other model systems (e.g.,
mouse; Zheng et al., 2017). Perhaps most telling, G1P is almost
exclusively associated with glycogen metabolism including
synthesis (i.e., glycogenesis), and breakdown to supply glucose
(i.e., glycogenolysis); thus the reduced levels of G1P, alongside
increased Glc, strongly suggest either upregulated glyco-
genolysis, as a means of increasing Glc availability, or down-
regulated glycogenesis, as a compensatory mechanism in light
of impaired energy (i.e., ATP) production in PFOS-exposed
embryos. Previous studies of the carboxylic acid analog, PFOA,
in fact, have suggested the diversion of glycogen toward glu-
cose, as a presumptive means of compensating reduced en-
ergy metabolism by mitochondria, in zebrafish embryos
(Hagenaars et al., 2013). Likewise, in vivo and ex vivo studies of
mice have measured decreased glycogen in response to PFOS
(Wan et al., 2021; Wang et al., 2014).

On the other hand, G6P is associated with both glycogen
and glucose metabolism, including in the latter case both
glycolysis (supplying Pyr for mitochondrial energy production),
and the synthesis of Glc (i.e., gluconeogenesis). Thus de-
creased G6P may either similarly reflect diversion of glycogen
stores toward production of Glc (as suggested by decreased
G1P), or alternatively, consumption of this intermediate as part
of either glycolysis (toward mitochondrial energy production),
or de novo synthesis of Glc. At the same time, an increase in
Lac was also observed, exclusively for embryos exposed at
24 hpf, and may suggest diversion of elevated Pyr (due to
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mitochondrial impairment) to anaerobic glycolysis, as a com-
pensatory mechanism for producing ATP, in the absence of
oxidative phosphorylation over this extended exposure time.

Providing possible insights regarding the pathway(s) re-
sponsible for observed alterations in energy metabolism, PFAS
including PFOS have been shown to activate PPAR, a key
regulator of several pathways of energy metabolism including,
in particular, glucose and lipid metabolism (Rosen et al., 2017).
It has been shown that PFAS can transactivate PPAR, and in
particular, PPARa and PPARy, which have in turn been shown to
regulate glycolysis, gluconeogenesis, and glycogen metabo-
lism (Peeters & Baes, 2010), as well as numerous aspects of
lipid and lipoprotein metabolism including B-oxidation; indeed,
fatty acids are agonistic ligands of PPAR (Gervois et al., 2000).

In addition, it has been shown (Kosgei et al., 2020) that
PPAR is a substrate for deacetylation by SIRT1, which is in turn
inhibited by PFOS (Duan et al., 2021), suggesting that PFOS
can, at the same time, indirectly activate PPAR through dysre-
gulation. Accordingly, a role in the transactivation of PPAR by
PFAS, and specifically, PFOA and chemically related per-
fluoroether carboxylic acids (PFECAs), has been previously
implicated in similarly altered metabolic (carbohydrate in par-
ticular) profiles in the zebrafish embryo model (Gebreab
et al., 2020). Most notably, PPAR has been shown to both
upregulate gluconeogenesis (Im et al., 2011), and down-
regulate glycolysis (Oosterveer et al., 2009). A role of PPAR
regulation in glycogen metabolism, on the other hand, remains
to be clarified; despite decreased glycogen induced by PPARa
agonists (such as PFAS), the only data currently available sug-
gest upregulation of glycogen synthase, the rate-limiting step
in glycogen synthesis, by PPAR (Peeters & Baes, 2010). The
postglycolytic fate of energy factors such as Pyr is more clearly
affected by PPARa, because pyruvate dehydrogenase kinase 4
(PDK4) transcription is stimulated by PPARa activation (Wu
et al., 2001), and in turn, PDK4 phosphorylates and inactivates
pyruvate dehydrogenase (PDH), the enzyme needed to convert
pyruvate to acetyl-CoA. Thus PFOS-induced PPAR activation
may explain not only the observed changes in Pyr due to the
inhibition of PDH, but also the observed increase in Lac, re-
sulting from metabolic redirection to provide ATP by anaerobic
means, because the lack of Pyr entry into the Krebs cycle
(evidenced by lower Krebs cycle metabolites) would decrease
the ATP from oxidative processes (i.e., oxidative phosphor-
ylation). Taking these notions together, it is proposed that ac-
tivation of PPAR by PFOS either directly or indirectly (e.g.,
inhibition of deacetylation by SIRT1) modulates carbohydrate
and associated aspects (e.g., lipid) of energy homeostasis in
unison with otherwise impaired (i.e., mitochondrial) energy
metabolism (Figure 6).

To evaluate the potential impact of PFOS on lipid profiles in
relation both to the possible disruption of cell membranes and
to the role of PPAR (with lipids representing endogenous
ligands, and which is, in turn, involved in lipid homeostasis), a
nontargeted lipidomic analysis was conducted (Figure 5). Sig-
nificant changes in a relatively small number of PCs (3 of 37
measured) and Cers (1 of 5 measured) were observed. In the
case of the increase in PCs, it is plausible that this change

perhaps reflects the previously reported ability of PFOS, and
other PFAS, to disrupt the phospholipid bilayer of membranes
(Lehmler et al., 2006; Xie et al., 2010), for which PC, along with
TG and cholesterol, are the most abundant lipids (Fraher
et al., 2016). Counter to this observation, however, a very re-
cent lipidomics study of zebrafish embryos exposed to PFOS
specifically identified, in contrast, consistent decreases among
numerous PCs (Yang et al., 2023), which would perhaps be
more consistent with proposed phospholipid hydrolysis fol-
lowing membrane disruption (Figure 6), as suggested by in-
creased Cho (Figure 3). Notably though, these previous studies
utilized microinjection of PFAS into the vegetal pole—and thus
yolk cells—of very early (i.e., ~2-hpf) embryos, in contrast to the
ambient exposure at 72 hpf of the present study; furthermore,
it has been shown that PCs become considerably depleted in
the yolk, which is a primary source of this lipid, by 72 hpf while
at the same time concentrations throughout the developing
body reach a maximum at this stage (Fraher et al., 2016). Thus
this observational difference may represent a stage-specific
difference in lipid profiles. Similarly, the observed decrease in
Cer observed in the present study contrasts with previous
studies that have reported increases in both PFOS-exposed
zebrafish embryos (Yang et al., 2023), and other systems (e.g.,
mice; Deng et al., 2022), although in these cases, the observed
modulation of these lipids was also interpreted as an indicator
of altered energy metabolism including metabolic syndrome.
Alternatively, the alterations in PC and Cer may both reflect a
role of sphingomyelinase, which cleaves the sphingomyelin
found in cellular membranes (in particular the myelin sheaths of
neurons) to generate phosphocholine, as a key precursor of PC
biosynthesis, and Cer, both of which play a role (along with its
subsequent cleavage product, sphingosine) as signaling lipids
in a wide range of cellular processes. Indeed, previous studies
have implicated sphingomyelin metabolism in the adverse ef-
fects of exposure to PFOS, and other PFAS (Seyoum et al.,
2020; Prince et al., 2023; Rhee et al., 2023). Given the relatively
small number of PCs and Cers affected by PFOS exposure in
the present study, however, it is unclear how much any of these
(or other mechanisms) may contribute to the observed toxicity,
and associated metabolic alterations, in the zebrafish embryo
model. In contrast, however, to the relatively small number of
PCs and Cers altered by PFOS, significant changes were ob-
served for a majority of both DGs (16 of 30 measured) and CEs
(4 of 5 measured).

Observed alterations in DGs were not only considerably
more prevalent (Figure 5), but are also consistent with previous
lipidomics studies of PFOS in zebrafish embryos that also re-
ported consistently significant decreases in levels of these
lipids (Yang et al., 2023). Interestingly, these previous studies
delineated a difference, in this regard, between PFOA and
PFOS, whereby the former consistently increased DG levels,
suggesting a difference between congeners. Notably, no sig-
nificant change was observed for any of the 50 annotated TGs
measured; this contrasts with previous lipidomic studies that
consistently showed significant decreases in TG in PFOS-
exposed zebrafish embryos (Yang et al., 2023). Again, however,
these previous studies were done via microinjection of very
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early (2-hpf or less) embryo stages, and it has been shown that
although yolk-derived TGs are largely depleted by 72 hpf, DG
levels in the developing body of the embryo reach a maximum
at this stage (Fraher et al., 2016). Furthermore, whereas TGs
primarily function in the storage and transportation of fatty
acids, membrane-bound DGs participate in the regulation of a
number of cellular functions, particularly through activation of
protein kinase C (PKC), which in turn regulates (via phosphor-
ylation) a wide range of targets including the NF-kB pathways
that have been implicated as a target in PFAS toxicity (Chen
et al., 2018; discussed in the previous section, Integrated cel-
lular model of PFOS toxicity). Moreover, PFOS (and other
PFAS) are well-established agonists of PPAR; an interaction
between PPAR and lipid homeostasis including, in particular,
metabolism of the fatty acids DG and TG has been shown in
numerous studies. Specifically, it has been shown that other
agonists of PPARy also reduce levels of DG (Liu et al., 2011;
Verrier et al., 2004). In addition, overexpression of diglyceride
acyltransferease (DGAT), the enzyme that catalyzes the for-
mation of TG from DG, can rescue the toxicity and associated
increase in DG and free fatty acids in mice overexpressing
PPARYy (Liu et al., 2012), whereas DGAT knockout mice showed
reduction in several PPAR and downstream pathways (Liu
et al., 2011), suggesting cross-talk between PPAR and DG
metabolism, and specifically coordinated regulation of DGAT
and PPAR. At the same time, metabolic profiling—specifically,
increases in Carn (Figure 3)—suggests altered, and possibly
increased, B-oxidation of fatty acids (Figure 6), which may ad-
ditionally contribute to reduced levels of DG; activation of
PPAR has, in fact, been shown to increase B-oxidation. The
observed decrease in the majority of DGs in PFOS-exposed
zebrafish embryos may therefore suggest a role of these inter-
related pathways of fatty acid and glycerolipid metabolism in
the toxicity, and associated metabolic alterations, observed in
the present study.

Similarly, among the five cholesteryl esters (CE 18:2, CE
18:3, CE 20:3, and CE 20:4) quantified during these lipidomic
studies, four exhibited significant increases in PFOS-exposed
fish, compared with the control group. Cholesteryl esters result
from the esterification of cholesterol with long-chain fatty acids,
a process initiated by the protein apoA-l, and are essential for
facilitating subsequent cholesterol transportation and metab-
olism via cholesteryl ester transport protein (CETP), particularly
with respect to high-density lipoproteins (HDLs; Xu
et al., 2022). The observed alterations in CEs in our study align
with prior reports of substantial changes in apoA-I gene ex-
pression levels in PFAS-exposed fish (Bilbao et al., 2010; Cui
et al., 2017), as well as other biological systems (Bijland
et al,, 2011; Zhang et al., 2016), because these changes in
apoA-1 would be expected to alter the degree of cholesterol
esterification. Moreover, alterations in CEs coincide with a
previously shown role of CETP in metabolic syndrome, and
particularly dyslipidemia (Sandhofer et al., 2006). It has been
shown that PPAR agonists upregulate CETP, that CETP is in
turn inversely correlated with HDL (Beyer et al., 2008), and that
CETP inhibition increases HDL (Hansen et al., 2010). It is pro-
posed that the increased CE levels by PFOS, as a recognized

PPAR agonist, might similarly point to dyslipidemia including
reduced HDL as characteristic of metabolic syndrome. Inter-
estingly, it has been shown that PFOS can directly bind to
apoA-l in fish (Honda et al., 2014), potentially contributing to
the accumulation of PFOS; this may represent a PPAR-
independent means by which PFOS interferes with cholesterol
metabolism and homeostasis. Finally, it is known that apoA-|
and CETP are expressed in yolk of zebrafish (Fraher et al.,
2016), and can, accordingly, play a role in the development of
early life stages of fish—because the transport of lipids from
the yolk to the embryo is vital to fish development (Mahoney
et al., 2023)—and observed alterations in CEs may thus addi-
tionally suggest a mechanism for the observed embryotoxicity.

Biomarkers of PFOS toxicity

Notably, many of the observed effects of PFOS on metab-
olite profiles mirror patterns previously observed (Gebreab
et al.,, 2020) for zebrafish embryos, similarly evaluated by
HRMAS NMR, in relation to its carboxylic acid analog, PFOA.
The present study thus extends these previous observations
regarding the metabolic impacts of perfluorocarboxylic acids to
perfluorosulfonic acid congeners. Despite these similarities,
however, a few potentially revealing differences between
metabolic profiles of PFOA- and PFOS-exposed embryos,
specifically at 72 hpf, in both cases, were also noted (Sup-
porting Information S1, Table S1). It is proposed that these
differences may represent potential biomarkers for effect; thus
exposure to PFOS and its effects are distinct from those of
other PFAS.

The majority of these differences between PFOA (Gebreab
et al., 2020) and PFOS point to a differential role of PPAR as a
recognized target, and consequent intermediary of the effects
on metabolism, with respect to the two congeners. At least one
study (Takacs & Abbott, 2006) has suggested that PFOA more
strongly (than PFOS) transactivates PPAR, and specifically
PPARa, in a luciferase reporter assay. Studies (Abbott et al.,
2009) have also shown that the developmental toxicity of
PFOS, in the mouse model, is not PPAR dependent, whereas
PFOA developmental toxicity is, and PFOS has been linked
(Ren et al., 2009; Rosen et al., 2010, 2017) to several alter-
native, PPAR-independent pathways including the constitutive
androstane receptor (CAR).

This relative dependence on, and consequent role of, PPAR
may explain the differences between the effects of PFOS and
PFOA in several aspects of their metabolic profiles. Although
increases and decreases, respectively, in Glc and G6P concen-
trations were observed for both PFOA- and PFOS-exposed
embryos, no significant effect of PFOA was observed, for ex-
ample, with respect to G1P (Gebreab et al., 2020), whereas this
metabolite was significantly increased in PFOS-exposed em-
bryos (Figure 3). Given the unique association of G1P with gly-
cogenolysis and glycogenesis, it is suggested that relatively
higher activation of PPAR, as a known regulator of glycogen
synthesis, by PFOA may explain this observed difference, spe-
cifically as a metabolic shift toward glycogen synthesis—and,
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moreover, away from breakdown for PFOA-exposed embryos,
resulting in the observed lack of change in G1P (as a key inter-
mediate, and indicator, of glycogenolysis), in contrast to PFOS.

Perhaps one of the most revealing differences between
PFOA and PFOS is a lack of significant change, in the case of
the former, in the measured levels of ADP, whereas ADP in-
creased significantly in embryos exposed to the latter. It has
been suggested that ADP levels are primarily responsible for
changes in energy state (Wilson, 2017), and it is known that
increased and decreased cytosolic (ATP)/(ADP) determines (via
suppression of glycolytic enzymes) whether energy metabolism
favors, respectively, mitochondrial pathways, that is, Krebs
cycle and oxidative phosphorylation, or glycolysis (Maldonado
& Lemasters, 2014). Such a shift is most notably observed in
cancer cells, as part of the well-described Warburg effect,
whereby proliferating cells transition from ATP production via
mitochondria to cytosolic glycolysis. Whereas (ATP)/(ADP) was
approximately 1:1 in previous studies of PFOA-exposed em-
bryos (Gebreab et al., 2020), the <1:3 ratio in PFOS-exposed
embryos in the present study would be consistent with a
metabolic shift toward glycolysis. At the same time, PPAR has
been shown to downregulate glycolysis (and upregulate glu-
coneogenesis), and thus a higher degree of transactivation of
PPAR by PFOA, compared with PFOS, could explain (alongside
a lack of glycolytic suppression, and disruption of mitochon-
drial membrane functions) the dichotomy in energy metabo-
lism between the two PFAS congeners.

In turn, it is proposed that a shift to glycolysis in embryos
exposed to PFOS, rather than oxidative phosphorylation, ac-
companies observed differences (compared with PFOA; see
Supporting Information S1, Table S1) in several other metab-
olites including those associated with the Krebs cycle (e.g., Cit,
Mal, and Fum), and supporting the Mal-Asp shuttle (i.e., Mal,
Asp), and B-oxidation (e.g., Carn, acetate). The latter, fur-
thermore, coincides with a consistently measured decrease (in
lipidomics studies) of DG, as previously reported (Yang et al.,
2023), which—in contrast to the reported increase of DG in
zebrafish embryos exposed to PFOA (Yang et al., 2023)—
points to a possible PFOS-specific role of inter-related path-
ways of fatty acids (i.e., B-oxidation) and glycerolipid metabo-
lism. In addition, although both levels of Phe and Trp were
conspicuously found to significantly decrease in PFOS-exposed
embryos, all three aromatic amino acids (i.e., Phe, Tyr, and Trp)
were significantly increased in PFOA-exposed embryos:
aligned with this finding, it has been shown in several studies
that, aligned with this observation, PPARa downregulates
amino acid catabolism (Contreras et al., 2015; Kersten
et al., 2001; Tobén-Cornejo et al., 2021).

Although a role of PPAR may explain the differences be-
tween PFOS and PFOA with respect to several aspects of
metabolic profiles, and represents a potential biomarker for
distinguishing exposure, and consequent effect, of the two
congeners, other observed differences are not as clear. Most
conspicuously, perhaps, is the opposing change in the neural
metabolite, NAA, which was significantly increased in PFOS-
exposed embryos, and has been previously reported to de-
crease in PFOA-exposed embryos (Gebreab et al., 2020). In the

latter case, the decrease of this metabolite was attributed to
possible toxicity toward neural cells, specifically in light of ob-
served behavioral dysfunctions for PFOA-exposed embryos. In
the present study, increased ROS production was observed in
the brain region of PFOS-exposed embryos, but the elevated
levels of NAA would not be consistent with neural cytotoxicity.
Instead, NAA has been linked to the interaction between
neural and glial cells (Moffett et al., 2007; Xu et al., 2016), in-
cluding a role in the recycling of Glu between astrocytes and
neurons (Patel et al., 2014), and serving as a reservoir for Glu,
as a neurotransmitter (Clark et al., 2006). Thereby, increased
NAA for PFOS might reflect disruption of neural function rather
than cytotoxicity, similar to observed effects on hepatocyte
function rather than hepatocytotoxicity, as evidenced by a lack
of change in TMAO (as discussed in the previous section, In-
tegrated cellular model of PFOS toxicity). Regardless of the
underlying cause of this difference in NAA, it represents a
compelling candidate as a biomarker of PFOS toxicity, partic-
ularly in relation to emerging data suggesting neurotoxicity
and neurodevelopmental toxicity of PFAS (Foguth et al., 2020;
Gaballah et al., 2020).

Finally, the differences in metabolite profiles observed for the
two exposure windows (i.e., 24-96 and 72-96 hpf) are worth
noting. Although alterations of metabolic profiles by PFOS were
largely consistent between the two groups with shared relative
changes in 18 metabolites (out of the 39 metabolites measured
in both groups), in the case of 4 metabolites, differences were
observed between exposure windows. Significant increases in
Asp, Carn, and Lac were observed in the 24 to 96-hpf group,
whereas no significant change was observed for embryos ex-
posed at 72 hpf. It is posited that these metabolites reflect a
more pronounced transition to “alternative” energetic pathways
arising from prolonged (72-h) exposure to PFOS including
diversion of alternative substrates (via the Mal-Asp shuttle) into
the Krebs cycle (i.e., increased Asp), increased utilization of
B-oxidation of fatty acids (i.e., increased Carn), and shift to
anaerobic glycolysis (i.e., increased Lac). On the other hand, the
neural-specific metabolite NAA was only increased in embryos
exposed at 72hpf. In this case, the observed change in this
metabolite may simply reflect developmental stage because it is
only at approximately 72 hpf that the CNS in the zebrafish em-
bryo is fully developed, and therefore, it is only at this stage of
exposure that impacts (such as elevated NAA levels) on neural/
glial systems can be observed.

CONCLUSIONS

The present study aimed to assess the biochemical, mo-
lecular, and cellular pathways associated with the toxicity of
PFOS in zebrafish embryos as a model system for teleost fish,
as relevant ecological receptors, with regard to this widespread
aquatic contaminant. Dose-dependent toxicity of PFOS and
specifically the LC50 values comparable to previous studies
were identified. In addition, visualization of ROS production
revealed elevated ROS in the Gl tract, liver, brain region, and
exposed epidermis of PFOS-exposed embryos. These findings
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are consistent with previous studies indicating induction of
oxidative stress and targeting of the liver and brain by PFOS.
Moreover, metabolomic analysis identified significant alter-
ations in metabolites associated with hepatotoxicity, oxidative
stress response, mitochondrial dysfunction, and energy me-
tabolism. The metabolic changes observed in the present study
are thought to come as a result of PFOS inhibiting SIRT1 ac-
tivity, as well as the induction of PPAR signaling pathways,
because both play vital roles in the regulatory pathways of
oxidative stress response and energy metabolism. Overall, the
present study provides valuable insights into the embryotox-
icity of PFOS in zebrafish embryos, and has enabled an in-
tegrated systems-level model of PFOS toxicity to be proposed,
alongside identification of possible biomarkers of effect and
exposure as potential tools for environmental biomonitoring.
The findings thus contribute to our understanding of the
mechanisms of PFOS toxicity, and may have utility for assessing
the risks associated with PFOS exposure in aquatic organisms.

Supporting Information—The Supporting Information is avail-
able on the Wiley Online Library at https://doi.org/10.1002/
etc.5824.
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