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Abstract

Perfluorooctane sulfonate (PFOS), a synthetic chemical used in various
commercial applications and industrial settings, has led to contamination
of drinking water and has been detected in the bloodstream of pregnant
women with gestational complications. Recent investigations have
indicated that PFOS disrupts placental function; however, the mechanism
remains elusive. Given the significant abundance of mitochondria
in the placenta, which play a pivotal role in fulfilling the heightened
energy requirements of pregnancy, our research aimed to examine the
repercussions of PFOS exposure on mitochondrial dynamics within
placental trophoblasts. Specifically, human trophoblasts (HTR-8/SVneo)
were exposed to environmentally relevant concentrations of PFOS
ranging from 0.1 to 50 uM for 48 hours. Findings revealed that PFOS
exposure elicited a concentration-dependent decrease in basal, maximal,
and ATP-linked respiration. PFOS inhibited the activity of electron
transport complexes I, II, and III, resulting in diminished ATP production.
Furthermore, PFOS reduced mitochondrial DNA copy number, indicating
less mitochondrial content. Concurrently, there was a downregulation in
the expression of mitochondrial biogenesis-related genes, including PGC-
lo, NRF1, and NRF2. Notably, PFOS perturbed mitochondrial dynamics
by suppressing the expression of fission-related genes (FIS! and DRPI)
and fusion-related genes (MFNI and MFNZ2). In summary, our findings
suggest that PFOS exposure leads to a decline in mitochondrial content
and compromises the bioenergetic capacity of trophoblasts by impairing
cellular respiration. This reduction in mitochondrial biogenesis and
alterations in fission/fusion dynamics induced by PFOS may contribute
to mitochondrial dysfunction in trophoblasts. Consequently, strategies
that preserve mitochondrial function in trophoblasts may mitigate PFOS-
induced impairment of placental energy metabolism.
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Introduction

Perfluoroalkyl substances (PFAS) are a large family of over 10,000
unique fluorinated substances that have at least one fluorinated methylene or
methyl carbon atom in their structures [1, 2]. They are commonly employed
in industrial manufacturing procedures and consumer goods owing to their
combined oleophobic and hydrophobic characteristics [3, 4]. These substances
are found in numerous commonly utilized items in daily lives, such as food
packaging materials, jackets, papers, paints, cleansers, and more. PFAS resist
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natural environmental degradation and can be detected in the
surroundings, plants, and wildlife [4, 5]. Exposure of human
populations to PFAS occurs through consuming contaminated
drinking water and food, inhaling polluted air and dust, and
direct contact with contaminated substances [4, 6]. Pregnancy
poses a unique physiological requirement that necessitates
increased daily water intake compared to non-pregnant
adults [7], which enhances the vulnerability of pregnant
women to exposure to contaminants in drinking water [8-10].
Pregnant women and their developing fetuses are known to
be particularly susceptible to PFAS effects, as highlighted by
the reported link between PFAS exposure during pregnancy
and adverse outcomes such as low birth weight [11, 12],
increased maternal weight gain [13], gestational hypertension
[14], preeclampsia [15, 16], and gestational diabetes.[17, 18]
The placenta, which is implicated in the pathogenesis of these
pregnancy complications, is a target organ for PFAS toxicity
[19, 20]. PFAS affects various aspects of cellular migration,
proliferation, and mitochondrial membrane potential in the
JEG-3 human placental trophoblast cells [21]. In addition,
PFAS is shown to diminish trophoblast migration, invasion,
and the expression of chemokines and their receptors in
the HTR-8/SVneo trophoblast cells [22]. PFAS exposure
also leads to reduced expression of angiogenic factors in
placental BeWo cells [23]. Furthermore, PFAS exposure
adversely impacts placental characteristics, including
decreased placental weights and relative areas of placental
labyrinth zones [24]. PFAS exposure disrupted placental
function, including steroidogenesis and lipid metabolism, and
decreased transplacental glucose and amino acid transport
[24-26]. Thus, understanding the mechanisms by which PFAS
dysregulates placental development and function is essential.
The normal function and growth of the placenta rely on the
vital energy provided by mitochondria, which is the cellular
powerhouse. Mitochondria plays a central role in generating
ATP through oxidative phosphorylation (OXPHOS), which
is essential for fueling placental growth and its nutrient
metabolism and transport functions. Moreover, mitochondria
serve as the site for steroidogenesis, housing crucial proteins
and enzymes like STAR and CYP11A1 for synthesizing
glucocorticoids and sex steroids [27]. The efficiency of
mitochondrial function is influenced by active changes within
the mitochondria, collectively known as mitochondrial
dynamics [28]. Mitochondrial dynamics encompass two
processes: fusion, where fragmented mitochondria merge
together, facilitated by outer mitochondrial membrane
proteins Mitofusinl and 2 (MFN/ and 2) and inner membrane
protein OPA1, and fission, where fused mitochondria divide
into smaller units, supported by proteins DRPI and FISI.
These dynamic machinery also involve proteins associated
with mitochondrial biogenesis, including PGC-/ (o and
), ERRa, NRFI, and NRF2, which enable mitochondria to
adapt to metabolic changes and maintain homeostasis [29].
Conditions that impair mitochondrial dynamics in the placenta
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can lead to placental insufficiency [30]. Previous studies have
shown that exposure to PFOS, the most prominent PFAS,
impairs mitochondrial function in various cell types such
as hepatocytes [31, 32], oocytes [33, 34], and pancreatic 3
cells [35]. PFOS also induced excessive ROS production
and decreased ATP production in JEG-3 trophoblast cells
[36]. However, the mechanisms underlying PFOS effects on
placental mitochondrial morphology, respiratory capacity,
and dynamics remain unknown. Therefore, this study aimed
to examine the role of mitochondrial dynamics and biogenesis
in trophoblasts exposed to PFOS. We hypothesized that PFOS
disrupts the expression of genes associated with biogenesis
and dynamics, leading to mitochondrial dysfunction.

Methods
Cell Culture

HTR-8/SVneo trophoblast cells (CRL-3271, ATCC,
Manassa, VA, USA) were cultured in RPMI medium
(A10491-01, Gibco, NY) with 5% fetal bovine serum (Gibco,
NY) under standard culture conditions (37°C and 5% CO,
in a humidified atmosphere). They were seeded in BioLite
75cm? flasks at 60% confluence. The culture medium was
exchanged with fresh medium every 72 h. Cells were plated
at 2-4 x 10* cells/well in a 96-well plate and grown for 24 h.
Then, the HTR8 medium was replaced with a 1% fetal bovine
serum (FBS) RPMI medium that included PFOS (0.1, 1, 10,
or 50 um) for 48 h.

Cell Viability

The cell viability was tested with 3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium (MTS) reagent (Cat# ab197010, Abcam, Chicago,
IL, USA). 10% DMSO was used as a positive control. MTS
reagent (20 uL) was added per well, and cells were incubated
for 30 min. Proliferation was tested at 48 h after cell exposure
to PFOS. Optical absorbance at 490nm was assessed on a
microplate reader.

Mitochondrial Oxygen Consumption

Mitochondrial bioenergetics was assessed using an
XF96e Extracellular Flux Analyzer and Seahorse XF Cell
Mito Stress Test Kit (Agilent Seahorse, Billerica, MA,
USA). The trophoblasts were seeded in V7 Seahorse micro-
well plates at 3.5-4.0 x 10* cells/well in 200 pL standard
growth media. Cells were treated with PFOS and incubated
at 37°C and 5% CO, for 48 h. Following treatments, the
culture media was changed to a non-buffered RPMI media
to allow temperature and pH equilibrium. Initially, oxygen
consumption rates (OCR) were measured simultaneously
three times to establish a baseline rate. Then, to evaluate the
mitochondrial function, oligomycin (1 uM), carbonyl cyanide
4-(trifluoromethoxy)phenylhydrazone (FCCP, 0.5 uM), and a
mixture of rotenone and antimycin A (Rot/AntA, 0.5 uM)
were injected into each well sequentially, with intervals of
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3-5 min of mixing between the injections, to inhibit the
ATP synthase, uncouple oxidative phosphorylation, and
mitochondrial respiration, respectively. OCR measurements
were performed before and after each addition of the given
compounds. Six mitochondrial respiration parameters were
determined: basal, ATP production-linked, maximal, proton
leak-linked OCR, and spare respiratory capacity.

Mitochondrial DNA Copy Number Assay

Mitochondrial DNA (mtDNA) copy number was
measured by the real-time method using a mtDNA copy
number assay kit (MCN1; Detroit R&D, Detroit, MI, USA)
per the manufacturer's instructions. Reactions were performed
in duplicate with 10 ng of DNA, and mitochondrial copies of
DNA were normalized with copies of nuclear DNA using the
2-42€T method.

ATP Assay

Intracellular ATP levels in HTR8 cells were quantified
using the EnzyLight ATP Assay Kit (ELDT; BioAssay
Systems, CA, USA). Then, the RPMI culture medium was
removed, and the cells were treated with 90 ul of ATP reagent.
Cells lysed in the ATP reagent were transferred to an opaque
96-well plate for luminescence reading. ATP measurement
was read 1 after adding the ATP reagent by a luminometer.
100 pl of buffer containing ATP monitoring enzyme plus
nucleotide releasing buffer were used as a blank to determine
the background luminescence.

Western Blot

HTRS cells were plated 3-4x10* cells/plate on 100 mm
plates in culture medium for 24 h. The medium was switched
to RPMI medium with PFOS (0.1, 1, 10 and 50 um). HTRS8
cells were homogenized in ice-cold radioimmunoprecipitation
assay (RIPA) buffer and kept on ice for 20 min with tapping
every 5 min for proper lysis. Lysate was spun at an rpm of
14,000 for 15 min at 4°C. The extracted protein concentration
was determined by a BCA kit (Pierce; Thermo Scientific,
Waltham, MA, USA). Loading samples were prepared by
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mixing 40 pg proteins with NuPAGE lithium dodecyl sulfate
sample buffer and NuPAGE reducing agent (Invitrogen;
Thermo Fisher Scientific, Waltham, MA, USA). The protein
was run on NuPAGE 4-12% Bis-Tris Gel (Invitrogen; Thermo
Fisher Scientific, Waltham, MA, USA) at 70V for 5-10 min
and then 120V for a minute or two at room temperature with
Chameleon Duo Pre-stained Protein Ladder (Li-COR, NE,
USA). After separation, proteins were transferred onto an
Immobilon-FL transfer membrane (Millipore, Billerica, MA,
USA)at20V for 1 h. The membrane was stained with Revert™
700 Total Protein Stain Kit (Li-COR, NE, USA) and then
blocked with 5% (wt/vol) nonfat dried milk in 1% TBS(T)
for 1 h at room temperature. Blots were maintained overnight
at 4°C and then 30 min to an hour at room temperature with
respective primary antibodies against COX IV (4850; Cell
Signaling Technologies, Danvers, MA, USA), Cytochrome
C (4280; Cell Signaling Technologies, Danvers, MA, USA),
HSP60 (12165; Cell Signaling Technologies, Danvers, MA,
USA), PHBI1 (2426, Cell Signaling Technologies, Danvers,
MA, USA), Pyruvate Dehydrogenase (3205; Cell Signaling
Technologies, Danvers, MA, USA), SDHA (11998; Cell
Signaling Technologies, Danvers, MA, USA), SOD1 (4266;
Cell Signaling Technologies, Danvers, MA, USA), VDAC
(4661; Cell Signaling Technologies, Danvers, MA, USA)
, OXPHOS antibody cocktail (Cat # ab110413, Abcam,
Waltham, MA, USA), or GAPDH (Cat #D16HI11; Cell
Signaling Technologies, Danvers, MA, USA). After washing
with 1xTBS(T), the membranes were maintained with a
secondary antibody, anti-Rabbit or anti-Mouse (Li-COR, NE,
USA) for an hour at room temperature. Blots were imaged
with Odyssey XF Imaging System (Li-COR, NE, USA) at
700 or 800 nm.

Real-time PCR

Total RNA was isolated per the manufacturer's
instructions using an RNeasy mini kit (QIAGEN, Valencia,
CA, USA). The concentration of RNA and its integrity were
determined using a DS-11 spectrophotometer (DeNovix,
Wilmington, DE, USA). Total RNA (1 pg) was reverse

Table 1: Primers used for quantitative real-time PCR

Gene Forward

PGC-1a CGCAGTCACAACACTTACAAGC

PGC-18 CTGCTGGCCCAGATACACTGA
ERRa TGCCAATTCAGACTCTGTGC
NRF-1 CCAAGTGAATTATTCTGCCG
NRF-2 ACACGGTCCACAGCTCATC
FIS-1 TACGTCCGCGGGTTGCT
DRP-1 TGGGCGCCGACATCA
MFN-1 GGCATCTGTGGCCGAGTT
MFN-2 GCTCGGAGGCACATGAAAGT
OPA-1 GGCTCTGCAGGCTCGTCTCAAGG

Reverse Species
GGGGTCATTTGGTGACTCTG Human
ATCCATGGCTTCATACTTGCTTTT Human
CCAGCTTCACCCCATAGAAA Human
TGACTGCGCTGTCTGATATCC Human
TGTCAATCAAATCCATGTCCTG Human
CCAGTTCCTTGGCCTGGTT Human
GCTCTGCGTTCCCACTACGA Human
ATTATGCTAAGTCTCCGCTCCAA Human
ATCACGGTGCTCTTCCCATT Human
TTCCGCCAGTTGAACGCGTTTACC Human

Citation: Alissa Hofmann, Jay S. Mishra, Pankaj Yadav, Sri Vidya Dangudubiyyam, Chellakkan S. Blesson, Sathish Kumar. PFOS Impairs
Mitochondrial Biogenesis and Dynamics and Reduces Oxygen Consumption in Human Trophoblasts. Journal of Environmental Science

and Public Health. 7 (2023): 164-175.



Hofmann A., J Environ Sci Public Health 2023
DOI:10.26502/jesph.96120197

Journals

transcribed with an iScript cDNA synthesis kit from Bio-Rad
(Hercules, CA, USA). After dilution, cDNA corresponding
to 36 ng of RNA was amplified by qRT-PCR using SYBR
green (SsoAdvanced TMUniversal SYBR® Green Supermix,
Bio-Rad) serving as the fluorophore in a CFx 96 real-time
thermal cycler (Bio-Rad, Hercules, CA, USA) with. PCR
primers, PGC-la, FISI, DRP1, MFNI, MFN2, and OPAI,
were obtained from a previous study [37] and verified using
primer-blast software. Gene-specific primers were designed
for PGC-1f, NRF1, NRF2, and ERRa were purchased from
Integrated DNA Technologies (Coralville, IA, USA). The
primers used are listed in Table 1. PCR conditions for the
SYBR green Gene Expression Assay were 2 min at 50 °C
and 10 min at 95 °C for a cycle, and then 15 s at 95 °C and a
minute at 60 °C for 50 cycles. Results were quantified with
the 222 method and presented as fold change in treatment
croup compared to controls. All primers exhibited efficiency
between 95% and 101%. All reactions were performed in
duplicate, and Ubiquitin C was used as an internal control.

Statistical Analysis

Statistical analyses were done with GraphPad Prism
software. Data are presented as the mean + SEM. Comparisons
between multiple groups were done using ANOVA.
Differences were considered to be statistically significant at
p <0.05.

Results
Cytotoxicity of PFOS

Cell viability was assessed to optimize the PFOS
concentrations for trophoblast exposure in subsequent
experiments. At PFOS concentrations less than 50 puM, the
cytotoxicity was not apparent. However, trophoblast cell
viability concentration-dependently decreased within the
range of 50 to 200 uM (Figure 1). The half-maximal inhibitory
concentration (IC50) of PFOS against trophoblasts after 48
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hours was 70.71 uM. To explore the mitochondrial effects of
PFOS, noncytotoxic concentrations between 0.1 and 50 uM
were selected for subsequent experiments.

PFOS Inhibited OCR in Trophoblasts

To investigate the impact of PFOS on mitochondrial
bioenergetics, a mitochondrial stress test was conducted using
a Seahorse extracellular flux analyzer. The results showed that
exposure to PFOS decreased the overall OCR in trophoblasts
compared to the controls (Figure 2A). Basal respiration,
which represents the oxygen consumption necessary for
normal cellular ATP synthesis [38], decreased by 20% and
64% at 10 and 50 uM PFOS exposure, respectively (Figure
2B). Similarly, maximum respiration, indicating the cell's
capacity to achieve the highest respiration rate, decreased by
17%, 41%, and 73% at 1, 10, and 50 uM PFOS, respectively
(Figure 2C). Proton leakage, a measure of residual basal
respiration associated with uncoupled ATP synthesis,
increased at 0.1 uM PFOS, but the 10 pM and 50 uM PFOS-
exposed groups exhibited 12% and 45% lower levels of
proton leakage compared to the controls (Figure 2D). ATP
generation and ATP-coupled respiration were significantly
reduced at 10 uM and 50 uM PFOS concentrations (Figures
2E and F). The spare respiratory capacity, indicating the cell's
ability to respond to increased energy demand, decreased
with 1, 10, and 50 uM PFOS concentrations (Figure 2G).
Notably, non-mitochondrial oxygen consumption diminished
at 50 uM PFOS exposure (Figure 2H).

PFOS altered mitochondrial
complexes

OXPHOS protein

OXPHOS is a fundamental process through which
mitochondria produce ATP. Thus, we analyzed protein
abundance to investigate the effects of PFOS exposure on five
different OXPHOS systems: complex I (NDUFBS), complex
II (SDHB), complex III (UQCRC2), complex IV (COX II),
and complex V (ATP5A) in trophoblasts. Trophoblast cells
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Figure 1: Effect of PFOS on cell viability. HTR-8/SVneo cells were exposed to increasing concentrations
of PFOS for 48 h. Cell viability was analyzed by MTS assay. Values are mean = SEM from five

independent experiments *p < 0.05 vs. vehicle control.
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Figure 2: Effects of PFOS on the mitochondrial oxygen consumption rate (OCR) in trophoblast cells.

(A) representative traces of normalized mitochondrial respiration rates; (B) basal respiration; (C) maximal respiration; (D) proton leak; (E) ATP
production; (F) ATP linked respiration; (G) spare respiratory capacity; (H) non-mitochondrial respiration. Values are mean + SEM from five
independent experiments. * p < 0.05 vs. vehicle control. Oligo: oligomycin. FCCP: carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone.

Rot/AA: rotenone/antimycin A.

exposed to PFOS exhibited a significant reduction in the
protein levels of complexes I, II, and III. In contrast, the
protein levels of complexes IV and V were not significantly
altered (Figure 4).

PFOS altered Mitochondrial Fusion and Biogenesis
Genes

Genes that regulate mitochondrial dynamics and

biogenesis are crucial markers for assessing mitochondrial

health. Thus, we conducted a comprehensive analysis to
examine the impact of PFOS on the expression levels of
critical genes involved in mitochondrial fission, fusion, and
biogenesis using qPCR.

For mitochondrial fusion genes, namely OPAI, MFNI,
and MFN2, qPCR analysis revealed that PFOS exposure
had no significant effect on OPA1 expression. However,
both MFNI and MFN2 were downregulated by 10 and 50
pM PFOS exposure (Figure 5A). The mRNA expression
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Figure 3: Effect of PFOS on mitochondrial DNA
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quantified using qRT-PCR. Values are mean £+ SEM
from five independent experiments. * p < 0.01 vs.
vehicle control.
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of fission genes DRPI and FISI was significantly reduced
(Figure 5B). Specifically, DRPI was decreased at 10 and 50
uM PFOS exposure, while FIS7 was decreased only at 50 uM
PFOS concentration compared to controls (Figure 5B).

Examining the mitochondrial biogenesis-associated genes
showed significant downregulation of PGC-Ia following
0.1, 1, and 10 uM PFOS exposure compared to controls
(Figure 6A). Similarly, PGC-1f decreased at 10 and 50 uM
PFOS concentrations, while an increase was observed at 0.1
uM PFOS compared to controls (Figure 6A). Interestingly,
downstream genes influenced by PGC-I, such as ERRa,
exhibited no significant changes. However, both NRF'/ and
NRF?2 decreased at 10 and 50 uM PFOS compared to controls
(Figure 6B).

Discussion

A successful pregnancy relies on the delicate balance
of resource allocation between the developing fetus and the
mother. The placenta is the intermediary organ between the
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Figure 4: Effects of PFOS on mitochondrial respiratory complex levels:

representative western blot of different mitochondrial complex protein content. (B—F) Fold-change of protein levels for the different
subunits of mitochondrial complexes: (B) complex I (CI, NDUFBS); (C) complex II (CII, SDHB); (D) complex III (CIII, UQCCRC2);
(E) complex IV (CIV, MTCO); (F) complex V (CV, ATP5a). GAPDH (Glyceraldehyde-3-phosphate dehydrogenase) is used as a loading
control for Western blots, and its values are used for normalization. Values are mean = SEM from five independent experiments. * p < 0.05
vs. vehicle control.
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Figure 6: Effects of PFOS on the expression of the genes involved in mitochondrial biogenesis. The mRNA levels of (A)
Mitochondrial biogenesis genes- PGC-1a and PGC-1§; and (B) Downstream genes influenced by PGCI —ERRa, NRF1,
and NRF2. The mRNA expressions of each gene are normalized to Ubiquitin expression. Values are mean + SEM from five
independent experiments. * p < 0.05 vs. vehicle control.
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Figure 7: Overview schematic of PFOS effects on placental mitochondria. PFOS exposure leads to
inhibition of PGC-1 (a and f) and its downstream genes NRFI/NRF2. This may result in decreased
mtDNA, respiration, ATP production, and electron transport chain activity in the mitochondria.
Additionally, PFOS exposure decreases fission genes FIS1/DRP1 and fusion genes MFNI/MFN2. All of
these changes contribute to increased mitochondrial dysfunction, which can potentially lead to placental

insufficiency.

mother and fetus, allocating these necessary resources. It
accomplishes this by metabolizing nutrients and hormones,
facilitating the transfer of nutrients and oxygen, and
contributing to the health of the mother and the fetus. Within
the placenta, mitochondria, the primary sites of cellular
metabolism, play a crucial role in maintaining homeostasis
[39]. Maintaining optimal mitochondrial health is imperative
to ensure efficient cellular metabolism, as impaired
mitochondria often lead to placental insufficiency [40]. PFOS,
amember of the PFAS family, has gained significant attention
due to its presence in the environment and human samples
and its association with various adverse birth outcomes
[41]. However, no experimental studies have confirmed
the placental mitochondrial toxicity of PFOS or explored
potential underlying mechanisms. The findings demonstrate
that exposure to PFOS reduces oxygen consumption
and mtDNA copies in trophoblasts. Additionally, PFOS
exposure leads to decreased levels of proteins within the
electron transport chain complex. Moreover, PFOS disrupts
mitochondrial dynamics by downregulating genes involved
in biogenesis, fission, and fusion. The viability of cells was
unaffected by PFOS at concentrations up to 50 uM. However,
higher concentrations of PFOS resulted in significant cell

death in trophoblasts, which aligns with previous in vitro and
in vivo studies [21, 36, 42, 43]. In the mitochondrial stress
test, cells exposed to higher PFOS concentrations exhibited
consistently lower OCR throughout the experiment, indicating
that mitochondria are dysfunctional. Specifically, the reduced
OCR in basal and ATP-linked respiration suggests the
impaired ability of the mitochondria to perform fundamental
respiratory functions. Additionally, the decreased OCR
in both proton leak and uncoupler-stimulated respiration
(maximal respiration) indicates changes in membrane
potential due to dysfunctional mitochondria. Consistently,
previous studies show that exposure to 1 and 10 uM PFOS
in JEG-3 trophoblast cells resulted in more pronounced
depolarization of mitochondrial membrane potential [36].
Interestingly, PFOS also caused a reduction in mtDNA copy
numbers within the concentration range of 0.1 to 50 puM.
These findings indicate that PFOS exposure diminishes the
abundance of mitochondria and reduces oxygen consumption,
resulting in functional impairments in mitochondria. We
conducted further investigations to elucidate the molecular
mechanisms underlying mitochondrial dysfunction in
trophoblasts exposed to PFOS. OXPHOS is a process that
relies on the coordinated functions of five enzyme complexes
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located on the inner mitochondrial membrane, collectively
forming the mitochondrial respiratory chain and facilitating
ATP production [44]. We observed decreased activity in
all mitochondrial complexes, with complex II being the
most prominently affected in trophoblasts exposed to PFOS
concentrations ranging from 1 to 50 pM. Interestingly, a study
focusing on a PFAS mixture demonstrated no impact on the
activity of mitochondrial complexes in Zebrafish larvae [45].
This discrepancy may be attributed to the specific nature of
the substances investigated (PFOS vs. PFAS mixture) as well
as the different cell types studied (trophoblasts vs. Zebrafish).
Mixtures of PFAS and Zebrafish may exhibit distinct
responses compared to the effect of a single PFAS (i.e., PFOS)
on trophoblasts. Considering that the ETC complexes are the
primary contributors to ATP production, alterations in the
proteins comprising the catalytic domains of these complexes
may lead to reduced ATP production induced by PFOS. Our
mito-stress analysis supported this, which revealed decreased
basal- and ATP-linked respiration and proton leak in cells
exposed to PFOS. Hence, the compromised function of all
ETC complexes could be one of the mechanisms contributing
to placental mitochondrial dysfunction in trophoblasts
exposed to PFOS. However, the specific mechanism in which
PFOS downregulates ETC complexes remains unknown and
necessitates further investigation. Prior research has shown
that abnormal mitochondrial structure and dysregulated
fission and fusion processes are implicated in human diseases
[46]. The fusion of the outer mitochondrial membrane relies
on the interaction between MFNI and MFN2 proteins, which
are critical for maintaining a healthy mitochondrial network
[47]. Earlier reports have also highlighted the importance
of MFNI and MFN2 in maintaining glucose homeostasis
[48]. Our findings indicate a decrease in the expression of
MFNI/MFN2 in trophoblasts exposed to PFOS, which may
contribute to the observed abnormal mitochondrial structure
and potentially result in mitochondrial dysfunction. FIS/
serves as a mitochondrial receptor protein that facilitates the
recruitment of DRP1 for mitochondrial fission. Additionally,
independent of its association with DRPI, FISI can also
promote fission by acting as a negative regulator of the fusion
machinery involving OPAI and MFN1/MFN2 [49]. Our data
demonstrate reduced expression of the FIS/ mRNA in PFOS-
exposed trophoblasts, suggesting a potential disruption in the
mitochondrial fission mechanism. It is well-known that a well-
balanced fusion and fission process is a critical regulator for
adaptingtoenvironmental conditionsand maintainingahealthy
population of mitochondria [50]. Damaged mitochondria
are typically removed and recycled through mitophagy,
which begins with the fission of damaged mitochondria
from the healthy mitochondrial network. FIS! is involved in
regulating mitophagy [51]. Therefore, the reduced expression
of the FISI may disrupt the mitophagy process, potentially
leading to the accumulation of unhealthy mitochondria and
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ultimately resulting in suboptimal cellular metabolism [52,
53]. Moreover, our findings revealed downregulation of
mitochondrial biogenesis genes, namely PGC-Ia and PGC-
1p, as well as their downstream genes NRF'/ and NRF2, in
trophoblasts exposed to PFOS. This downregulation indicates
a decrease in mitochondrial biogenesis. Consistent with
our findings, previous reports have documented that PFOS
reduces the expressions of PGC-/a and MFN2 in embryonic
stem cell-derived cardiomyocytes [54]. These observations
collectively suggest that mitochondrial function may be
suboptimal in PFOS-exposed trophoblasts. However, in the
absence of mitophagy, the cellular recycling mechanism
for mitochondria, the trophoblasts' ability to generate new
mitochondria and maintain mtDNA copy number may be
impaired. Furthermore, considering that NRF2 serves as the
master regulator of a broad range of antioxidant enzymes, the
decreased expression of NRF2 in PFOS-exposed trophoblasts
implies a potential inability to counteract the increased
oxidative stress caused by PFOS exposure [55]. However,
further studies are needed to fully understand the role of
NRF?2 and the redox system in PFOS-induced mitochondrial
dysfunction.

In conclusion, our findings indicate that exposure to
PFOS may impair the bioenergetic capacity of trophoblasts
by reducing OCR associated with basal and ATP-linked
respiration. Additionally, PFOS exposure downregulates
the expression of genes involved in mitochondrial fission,
fusion, and biogenesis in trophoblasts. Collectively, these
results indicate that PFOS exposure has the potential to
induce mitochondrial dysfunction in trophoblasts and
possibly contributing to placental insufficiency (Figure 7).
The impact on mitochondrial dysfunction was evident within
the 0.1 to 50 uM PFOS concentration range. Considering
the general population data from the National Health and
Nutrition Examination Survey, serum PFOS concentrations
have been reported to range from 0.8 nM to 0.9 uM, with
occupational workers exhibiting higher levels ranging
from 0.3 to 6.9 uM compared to the general population
[56,57]. Furthermore, Itis also important to note that the local
concentration of PFOS in the placenta is much higher than
the serum concentrations due to its bioaccumulation [58, 59,
60]. Therefore, the PFOS concentration investigated in our
study holds environmental and human health implications.
Efforts to preserve and enhance mitochondrial function
in trophoblasts may have potential benefits in mitigating
impaired placental energy metabolism and nutrient handling
caused by PFOS exposure.
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