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The surfactant perfluorooctane sulfonate (PFOS) is widely produced worldwide. It is a persistent organic
pollutant in the aquatic environment and poses a serious threat to aquatic organisms, as PFOS exposure can cause
liver injury in a wide range of organisms. However, it is unclear whether PFOS exposure-induced hepatocellular
injury in fish is associated with ROS-mediated activation of NLRP3 inflammasome. In this study, various PFOS
concentrations were applied to L8824 cells, a cell line of grass carp hepatocytes. The detrimental impacts of PFOS
on oxidative stress, pyroptosis, lipid metabolism, and the discharge of inflammatory factors were examined.
MCC950 and N-acetylcysteine were employed to hinder the PFOS-stimulated activation of the NLRP3 inflam-
masome and the excessive generation of reactive oxygen species in L8824 cells, respectively. This study
demonstrated that treatment with PFOS resulted in oxidative stress and activation of NLRP3 inflammasome in
18824 cells. This led to increased expression levels of indicators related to pyroptosis, accompanied by the
upregulation of pro-inflammatory cytokine expression as well as downregulation of anti-inflammatory factors. In
addition, following PFOS exposure, the expression levels of genes related to lipid synthesis were upregulated and
lipid catabolism-related genes were downregulated. Surprisingly, both N-acetylcysteine and MCC950 in-
terventions significantly reduced PFOS-induced L8824 cell pyroptosis and lipid metabolism disorders. In
conclusion, this research demonstrated that PFOS drives NLRP3 inflammasome activation through oxidative
stress induced by reactive oxygen species overload. This in turn leads to pyroptosis and lipid metabolism
disorders.

1. Introduction

Perfluoroalkyl and polyfluoroalkyl substances (PFAS) are extensively
utilized in daily consumer goods and industrial products because of their
exceptional water resistance and surfactant properties (Buck et al.,
2011). Perfluorooctane sulfonate (PFOS) - a specific type of PFAS - has
the highest detection rate and concentration levels in both the envi-
ronment and body tissues. The main sources of PFOS in the environment
are industrial and domestic wastewater discharge and the use of
fire-fighting agents (Luo et al., 2023; Foord et al., 2024). The pesticide
sulfluramid can be metabolized to PFOS in the environment, and its
extensive use is also an important factor contributing to the considerably
elevated levels of PFOS in the environment (Barbosa Machado Torres

et al.,, 2022; Guida et al., 2023). Because of its extensive production,
excessive usage, and improper disposal practices, PFOS has been widely
detected in various environmental matrices, including air, surface
water, house dust, sediment, and soil. (Wong et al., 2018; Harrad et al.,
2019; Chu et al., 2022; Liu et al., 2022b; Wang et al., 2023d). PFOS can
persist in the environment and enter the body through occupational
exposure as well as through physical contact with products containing
PFOS, where it accumulates in the blood, liver, kidneys, and breast milk
(Wang et al., 2022). Research confirmed that PFOS exposure can dam-
age several organs because of its neurotoxicity, pulmonary toxicity,
reproductive toxicity, nephrotoxicity, immunotoxicity, and hepatotox-
icity (Chen et al., 2012; Lee et al., 2021, 2022; Jiang et al., 2022; Liang
et al., 2022; Zhang et al., 2022a). It has been reported that the PFOS
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Table 1
mRNAs primer seque.

Genes Primer Sequence (5'—3")

NLRP3 Forward: AGGCTACAGGTGTCTCAGTGGAAC
Reverse: GCAGCAGCCTCAGAAGACATTCC

Caspase-1 Forward: CTCGCTGCTCTTGTTGCTAGAAGG
Reverse: TTCAAGTTGGCCGTGCAGATAGTG

IL-18 Forward: AAGAGCGGAATAAGGAGCAATGC
Reverse: TGCTTACAAGGTGATGTCACAGAG

IL-1p Forward: CTCCGCTCCACATCTCGTACTC

Reverse: CATCTCCACCATCTGCGAATCTTC
IL-4 Forward: GAGCACCAGAACCGAACAAG
Reverse: GAGAAATGCAAAGAAGAGGC

IL-10 Forward: TGGAGACCATTCTGCCAACAG
Reverse: CCATATCCCGCTTGAGTTCCT
TNF-a Forward: ACCAGGCTTTCACTT
Reverse: TAGCCGCCATAGGAATCGGA
IFN-y Forward: TGTGCCCGAGAACCTAGACA
Reverse: AGGATTCGCAGGAAGATGGG
IL-6 Forward: CGGTCCACTCGATCCTGTTC
Reverse: CCTCTTGGGGTCTTTCCCTC
1L-8 Forward: ACCCTCCTAGCCCTCACTGT
Reverse: CATGGTGCTTTGTTGGCAAGG
HSL Forward: TGGAACGTTACTGAGTCTGG
Reverse: AAGCGCACGTTGACTGG
UCP-1 Forward: CGTGGTTTGTGGAAAGG
Reverse: GCTCCAAATGCAGATGTG
ATGL Forward: TCGTGCAAGCGTGTATATG
Reverse: GCTCGTACTGAGGCAAATTA
ACCax Forward: TGGAGGTGGCCTTCAACAATACCA
Reverse: AAGGGTCCATGATGACAGTTGGGA
CPT-1 Forward: GTTACACTGGATGACACAGAG
Reverse: TTAAGGCCCATAGTTCCATTC
PPAR-y Forward: GCATCTGTACGAGTCCTATCT
Reverse: GAGACTTCATGTCGTGGATAAC
SCD-1 Forward: ACTGGAGCTCTGTATGGAC

Reverse: CGTAGATGTCATTCTGGAAG
LPL Forward: TAGCGAAGAACCCGAAGAAG
Reverse: ACCAGTCCACCACAATCACA

FANS Forward: CCATGCATTTGTTGGTCTTG
Reverse: TCCTCTCCAGTAAGCGGCTA

DGAT1a Forward: ACGAGACATCCGCGAGTAAA
Reverse: TGCATTGGACAGAACCAGCA

ACTB Forward: GATGGACTCTGGTGATGGTGTGAC

Reverse: TTTCTCTTTCGGCTGTGGTGGTG

concentration in ordinary surface water ranges from 0.1 to 100 ng/L, but
in rivers around fluorochemical production enterprises, PFOS has been
detected at concentrations of up to 600 ng/L (Mahapatra et al., 2023). A
recent study showed that PFOS promotes IL-1f secretion and pyroptosis
by activating the AIM2 inflammasome, thereby leading to pulmonary,
renal, and hepatic inflammation and injury (Wang et al., 2021). Another
study indicated that PFOS induced ferroptosis in HUVEC cells by
modulating the expression level of the proteins GPX4 and ACSL4,
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ultimately resulting in the dysfunction of endothelial cells (Cui et al.,
2022). PFOS exposure can also lead to lysosomal membrane perme-
ability of HepG2 cells, thereby blocking autophagy flux, which results in
excessive accumulation of autophagosomes, and transforms autophagy
into a destructive process (Yao et al., 2014). Previous research showed
that PFOS in water bodies can be bioconcentrated through the food
chain (Zareitalabad et al., 2013). A potential risk assessment, based on
Environment Quality Standards, has shown substantial contamination of
PFOS in fish. Zhu et al. found that PFAS concentration in the fish liver
surpassed that in fish muscles, with PFOS being the most predominant
PFAS present (Xin et al., 2023).

Oxidative stress is a chemical process that can generate both reactive
oxygen species (ROS) and free radicals. Excessive production of ROS and
free radicals has been shown to lead to tissue and cellular damage (Yang
et al., 2019). Multiple studies have shown that ROS can cause lipid
peroxidation, DNA damage, and inflammatory reactions (Liu et al.,
2023; Ma et al., 2023; Wang et al., 2023b). The NLRP3 inflammasome
has been identified as a crucial mediator in the pathogenesis of various
inflammatory diseases (Lo et al., 2023). ROS overproduction stimulated
by stressors has been reported to upregulate NF-kB expression, which in
turn promotes activation of downstream factors, including the NLRP3
inflammasome, Caspase-1, and the precursors of IL-1f and IL-18 (Gao
et al., 2022; Shang et al., 2023). Activated Caspase-1 can effectively
cleave the gasdermin D (GSDMD) protein, thus creating the GSDMD-N
peptide fragment containing the active domain of GSDMD that initi-
ates cell membrane rupture and pore formation. This process leads to the
release of cellular contents and eventually results in cellular pyroptosis.
In addition, activation of Caspase-1 stimulates the maturation and
release of IL-18 and IL-1p, both of which enhance the aggregation of
inflammatory cells and escalate the inflammatory response (Cai et al.,
2021; Liu et al.,, 2022a; Zhang et al., 2022b). Recent research has
demonstrated that polystyrene nanoparticles potentially initiate hepatic
inflammation via the ROS-NLRP3 signaling pathway (Chi et al., 2022).
Shi et al. (2023) demonstrated that bisphenol A can cause cellular
pyroptosis by increasing oxidative stress, therefore exacerbating hepatic
inflammation. Yang et al. (2022) demonstrated that the T-2 toxin acti-
vates regulation of the NLRP3 inflammasome by promoting ROS pro-
duction, leading to inflammatory damage in both testicular tissue and
TM4 cells. NLRP3 is widely regarded as a potent signaling molecule that
governs a range of cellular responses, including lipid metabolism and
inflammatory reactions (Tilg et al., 2021). Wang et al. (2023c) demon-
strated that perfluorodecanoic acid promotes adipogenesis in 3T3-L1
and HepG2 cells through a pathway mediated by the NLRP3 inflam-
masome. Zhao et al. (2021) showed that fructose regulates the lipid
metabolism by activating NLRP3 inflammasome regulation and
increasing the production of inflammatory cytokines, leading to lipid
deposition in the liver. Wu et al. (2021) found that diabetes-induced
glomerular lipid accumulation could be reversed in NLRP3 knockout
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Fig. 1. Cell viability determination and morphological observation. (A) Molecular structure of PFOS. (B) Changes in cell viability following treatment with various
concentrations of PFOS. (C) L8824 cell changes after exposure to 0 pM, 150 pM, 200 uM, and 250 pM PFOS were observed under a microscope. Scale bars: 100 pm.
The means + SEM (n = 3) was used to present the experimental data. Significant differences among groups were denoted by variations in letters (P < 0.05).
Conversely, groups with the same letters were considered not to have significant differences (P > 0.05).
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Fig. 2. Effect of PFOS on oxidative stress of L8824 cells. (A-B) DCFH-DA fluorescent probe staining and quantitative analysis of L8824 cells. (C) GSH, CAT, GSH-Px,
T-AOC, and T-SOD activities, as well as MDA content, were measured in L8824 cells following treatment with varying concentrations of PFOS. (D) Radar charts
displaying alterations in measures of oxidative stress. The means + SEM (n = 3) was used to present the experimental data. Significant differences among groups
were denoted by variations in letters (P < 0.05). Conversely, groups with the same letters were considered not to have significant differences (P > 0.05).

mice; in vitro assays demonstrated that MCC950 or NLRP3 siRNA
treatment significantly alleviated glucose-induced lipid accumulation in
podocytes. Hu et al. (2015) demonstrated that increased ROS accumu-
lation in the heart can activate the regulatory NLRP3 inflammasome,
which in turn disturbs the lipid metabolism in dogs with myocardial
ischaemia via PPAR-a overexpression.

Numerous tests have demonstrated that PFOS exposure can damage
terrestrial and aquatic organisms (Mao et al., 2023; Wang et al., 2023a).
The grass carp has emerged as an economically important freshwater
fish in China owing to its well-established aquaculture techniques,
cost-effective approach, minimal management challenges, satisfactory
breeding prospects, and sustained consumer demand. As the largest
detoxification organ, the liver has the capacity to either metabolize toxic
substances into intermediate metabolites or neutralize them completely,
producing water-soluble substances that can be excreted in urine.
Studies have found that PFOS exposure can result in different types of
cell damage. However, the mechanism underlying the toxicological
damage caused by exposure to various doses of PFOS in grass carp he-
patocytes remains unknown. In this study, L8824 cells were used to
establish an in vitro PFOS exposure model. The presence of oxidative
stress was confirmed through the detection of pro-oxidation indicators
(ROS and MDA) and the activities of antioxidant enzyme (CAT, GSH,
GSH-Px, T-AOC, and T-SOD). Immunofluorescence double staining was
used to detect the expression levels of NLRP3 and GSDMD. Western blot
and qRT-PCR were utilized to determine the expression levels of genes
related to pyroptosis, inflammatory cytokines, and lipid metabolism.
Intracellular lipid deposition was detected by Oil-red O staining. This
study demonstrates how PFOS interferes with pyroptosis and lipid
metabolism disorders in L8824 cells. This research provides a theoretical
foundation for PFOS toxicology research and a novel perspective on
safeguarding aquatic creatures.

2. Materials and methods
2.1. Cell culture

Grass carp hepatocytes (L8824 cells) were obtained from the China
center for type culture collection. L8824 cells were removed from liquid
nitrogen and rapidly rewarmed by slow shaking in a water bath at
28.5 °C. Cells were then transferred to a 4-fold volume of medium
(Medium 199/EBSS, biosharp, the composition of which is stated below)
and then centrifuged at 1000 rpm for 8 min. Subsequently, the top liquid
layer of the centrifuge tube was discarded, and the cells were re-
suspended by adding M199 complete medium. M199 complete me-
dium is composed of M199 basal medium plus a mixture of 10 % FBS
(Opcel Biotechnology Co., Ltd., Inner Mongolia, China) and 1 %
penicillin-streptomycin solution (Procell Life Science & Technology Co.,
Ltd., Wuhan, China). The resuspended cells were transferred to a cell
culture flask and shaken slowly to ensure even distribution of the
resuspended cells throughout the culture flask. L8824 cells were
cultured at a temperature of 28.5 °C and in an atmosphere containing 5
% CO4, for a duration of 48 h, after which they were passaged (Cai et al.,
2023b; Li et al., 2023b).

2.2. Cell viability assay

Perfluorooctane sulfonate was purchased from the Laboratory of the
Government Chemist (Teddington, UK), dissolved in DMSO (Biotopped,
Beijing, China), and a stock solution was prepared. To eliminate any
potential influence of DMSO on cellular injury, the DMSO concentration
in the medium was consistently maintained below 0.05 % during the
entirety of the experimental study. Hepatocytes were uniformly
distributed in 96-well plates at a density of 1 x 10° cells/mL and then
cultured by adhesion to the wall at 28.5 °C for 24 h under 5 % COx.
Subsequently, hepatocytes were exposed to varying final concentrations
of PFOS (100, 150, 200, 250, 300, 350, 400, and 450 pM) for 24 h.
L8824 cells were carefully rinsed with PBS and subsequently incubated
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Fig. 3. Effect of PFOS exposure on pyroptosis of L8824 cells. (A, B) Inmunofluorescence was employed to identify NLRP3 expression (green) and GSDMD expression
(red) in cells from respective treatment groups and to quantify fluorescence intensity. Scale bars: 100 pm. (C) The mRNA abundance of NLRP3, Caspase-1, GSDMD,
IL-16, and IL-18. (D, E) Expression results and quantitative analysis of NLRP3, GSDMD, GSDMD-N, Cleaved-Casp-1, IL-1f, and IL-18 at the protein level. Heatmap (F)
and quantitative bar graph (G) of mRNA expression levels related to inflammatory cytokines (i.e., IL-10, IL-4, IFN-y, IL-8, TNF-a, and IL-6) in L8824 cells exposed to
PFOS. The means 4+ SEM (n = 3) was used to present the experimental data. Significant differences among groups were denoted by variations in letters (P < 0.05).
Conversely, groups with the same letters were considered not to have significant differences (P > 0.05).

with 100 pL of M199 medium containing the CCK-8 working solution
(Saint-Bio, Shanghai). Finally, the absorbance of each well was
measured using a microplate reader.

2.3. Cell treatment

Cells were spread evenly in 6-well plates and cultured for 24 h. Cells
were then treated with various final concentrations of PFOS for 24 h.
Considering that the corresponding survival rate at 300 pM PFOS
exposure was only 54.72 %, 0 pM (CON), 150 pM (L-PFOS), 200 uM (M-
PFOS), and 250 pM (H-PFOS) were chosen as experimental exposure
concentrations. In mechanism validation experiments, hepatocytes were
initially pretreated with either the ROS scavenger N-acetylcysteine
(NAC) (5 mM for 1 h) or the NLRP3 inhibitor MCC950 (10 pM for 30
min), followed by PFOS exposure at a final concentration of 200 uM for a
duration of 24 h. Subsequently, hepatocytes were collected for analysis.
NAC and MCC950 were purchased from Medchemexpress (Monmouth
Junction, NJ, USA).

2.4. Oxidative stress analysis

DCFH-DA was diluted with a serum-free medium at a 1:1000 ratio to
a final concentration of 10 pmol/L. DCFH-DA dilutions were added to
the cells of different treatment groups, which were then incubated under
suitable conditions for 40 min (Li et al., 2023a). Fluorescence images
were captured using a fluorescence microscope (Olympus, IX53, Japan),
and subsequently quantified utilizing Image J software (National In-
stitutes of Health, Bethesda, USA). The treated cells were lysed and
centrifuged, and the supernatants were collected. MDA, GSH-Px, GSH,

CAT, T-AOC, and T-SOD levels in cells were measured using commercial
kits based on the instructions provided by the manufacturers.

2.5. Oil red O staining

After the cell treatment at different conditions, 4 % para-
formaldehyde fixative was added and cells were fixed for 20 min. PBS (1
mL) was added to each well, cells were covered for 20 s and then PBS
was removed; the appropriate amount of Oil red O staining working
solution was added (Beyotime, China) and the mixture was stained for
20 min. Then, the cells were observed and photographed under an op-
tical microscope (Nikon 80i, Nikon Corporation, Japan). Finally, intra-
cellular lipid deposition was quantitatively analyzed using Image J
software (National Institutes of Health, Bethesda, USA).

2.6. Immunofluorescence

Cells from different treatment groups were subjected to fixation
using a 4 % paraformaldehyde solution, followed by encapsulation in a
containment solution containing 5 % BSA. Then, cells were incubated
with an anti-NLRP3 primary antibody at a temperature of 4 °C over-
night, followed by washing with TBST. Subsequently, the cells were
incubated with a Dylight 488 goat anti-rabbit IgG (1:1000, Biodragon,
China) for 1.5 h at 37 °C, while being protected from light. Then, cells
were incubated with anti-GSDMD primary antibody for 2 h at 37 °C
(protected from light) and then incubated with Dylight 594 goat anti-
mouse IgG (1:1000, Biodragon, China) for 1 h at 37 °C (also protected
from light). Nuclei were counterstained with DAPI (Beyotime, China) at
room temperature for a period of 15 min (Shi et al., 2023). Finally, the
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fluorescence intensity of images captured by fluorescence microscopy
(Olympus, IX53, Japan) was quantitatively analyzed using Image J
software (National Institutes of Health, Bethesda, USA).

2.7. Real-time quantitative PCR

RNA extraction was performed using a conventional Trizol reagent
as described previously, and the concentration and purity of RNA were
determined spectrophotometrically (Yao et al., 2023b). The synthesis
and reverse transcription of cDNA were conducted following the pro-
tocol provided by the cDNA first strand synthesis kit (TransGen, China).
The primer sequences used in this study are listed in Table 1. ACTB was
employed as an internal reference gene, and gene expression levels were
quantified using the 2722 method (Cai et al., 2023a; Dong et al., 2023).

2.8. Western blotting

Western blotting was conducted in reference to a previous descrip-
tion of the experimental procedure (Yao et al., 2023a). RIPA lysate
containing PMSF protease inhibitor was added to differently treated
cells for ultrasonic lysis in a cold environment. The protein concentra-
tion was measured in the supernatants of every experimental group
using a BCA protein quantification kit (Solarbio, China). Protein samples
from different treatment groups were added to a pre-prepared
SDS-PAGE gel for electrophoretic separation, and the separated pro-
teins were wet transferred to an NC membrane at 200 mA. Skimmed
milk powder (5 %) was used to seal the treatment for 2 h, and then, the
sealed NC membrane was incubated overnight with the following

primary antibodies: ACTB, NLRP3, Cleaved-Casp-1, IL-1, IL-18 (Wan-
leibio, China), PPAR-y, FASN (Immunoway, USA), GSDMD, and
GSDMD-N (Abclonal, China). Next, NC membranes with completely
bound primary antibodies were incubated with HRP-coupled secondary
antibody dilutions for 2 h. Finally, target protein bands were visualized
utilizing an ECL kit (Meilunbio, China), and membranes were scanned
with an Azure imaging Biosystem C300 (Thermo, USA). The quantitative
grey value statistics of the target protein bands were analyzed using
ImageJ software (National Institutes of Health, Bethesda, USA).

2.9. Bioinformatics analysis

R packages (pheatmap and corrplot) were utilized to analyze the
correlation between cellular pyroptosis, inflammatory cytokines, and
lipid metabolism genes. The protein-protein interaction networks for
differentially expressed proteins were constructed using the online
database STRING 11.5 (https://cn.string-db.org). Furthermore,
pathway enrichment analysis of differentially expressed proteins was
conducted using Metascape (https://metascape.org).

2.10. Statistical analysis

Data are presented as means + SEM (n = 3). Statistical analysis of the
experimental data was carried out using GraphPad Prism (version 9.0).
One-way ANOVA was used to analyze differences between groups. The
result of the Shapiro-Wilk Normality test showed that these data are
normally distributed. Different letters indicate significant differences
between groups (P < 0.05), while the same letter indicates non-
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Fig. 5. Effects of NAC on PFOS-induced pyroptosis and inflammatory cytokine release in L8824 cells. (A, B) Detection of ROS levels using DCFH-DA fluorescence
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(P < 0.05). Conversely, groups with the same letters were considered not to have significant differences (P > 0.05).

significant differences between groups (P > 0.05).

3. Results

3.1. PFOS exposure induced morphological damage and viability
reduction in L8824 cells

As shown in Fig. 1B, the survival of L8824 cells decreased progres-
sively in a dose-dependent manner in response to exposure to increasing
levels of PFOS. The ICsg of L8824 cells after 24 h of exposure to PFOS-
containing medium was 327 uM. The effect of PFOS exposure on the
morphology of 1L.8824 cells is depicted in Fig. 1C. PFOS exposure elicits
alterations in the count of adherent cells, leading to a notable increase in
the population of cells featuring a rounded morphology (as indicated by
arrows).

3.2. PFOS exposure induced oxidative stress in L8824 cells

Fig. 2A and B indicate that with increasing concentration of PFOS,
the intracellular ROS level increased significantly. PFOS exposure
significantly elevated the levels of MDA while simultaneously sup-
pressing the activities of GSH, GSH-Px, T-SOD, CAT, and T-AOC
compared to the CON group. In particular, the activities of antioxidant
enzymes decreased gradually and significantly with increasing PFOS
exposure dose (Fig. 2C). Subsequently, the transformed data of oxidative
stress indicators were analyzed and depicted as a radar map (Fig. 2D).
The six directional axes in the chart represent the six types of oxidative

stress indicators. The normalized data for these six oxidative stress in-
dicators under different exposure treatments demonstrated that expo-
sure to PFOS significantly induced MDA. Taken together, exposure to
PFOS can cause an overload of ROS and oxidative stress.

3.3. PFOS exposure induced pyroptosis and the release of inflammatory
cytokines in L8824 cells

To confirm the occurrence of pyroptosis, the expression abundance
of markers related to the NLRP3 inflammasome-mediated pyroptosis
pathway was assessed using qRT-PCR, Western blotting, and immuno-
fluorescence. As demonstrated by representative immunofluorescence
images shown in Fig. 3A and B, the intensity of fluorescence measure-
ments of NLRP3 (green) and GSDMD (red) in the group treated with
PFOS increased progressively with increasing PFOS concentrations. As
shown in Fig. 3C, the mRNA expression abundance of NLRP3, Caspase-1,
GSDMD, IL-1p, and IL-18 in cells was also significantly increased with
increasing PFOS concentration. Similarly, the expression abundances of
NLRP3, GSDMD, GSDMD-N, Cleaved-Caspase-1, IL-1f, and IL-18 pro-
teins increased significantly with increasing concentration of PFOS
compared to the CON group (Fig. 3D and E). In addition, as shown in
Fig. 3F and G, the mRNA expression levels of IL-6, IL-8, IFN-y, and TNF-«
increased significantly with increasing PFOS concentration. In contrast,
the mRNA expression abundance of IL-4 and IL-10 decreased signifi-
cantly with increasing PFOS concentration. Because of these findings, it
was hypothesized that PFOS can induce pyroptosis and the release of
inflammatory cytokines in L8824 cells.
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3.4. PFOS exposure induced lipid metabolism disorders in L8824 cells

0Oil Red O staining demonstrated a minimal presence of oil droplets
in the CON group, while L8824 cells treated with PFOS showed large
areas containing oil droplets (Fig. 4A). Quantification of the area of
positively stained regions demonstrated a significant augmentation of
lipid build-up in L8824 cells with increasing concentrations of PFOS
compared to the CON group (Fig. 4B). Moreover, PFOS can promote the
expression level of genes related to lipid synthesis (i.e., LPL, FASN,
PPAR-y, ACCa, DGAT1a, and SCD-1) and reduce the expression level of
genes related to lipid catabolism (i.e., UCP-1, ATGL, HSL, and CPT-1),
which is positively correlated with the treatment concentration
(Fig. 4C and D). Asiillustrated in Fig. 4E and F, the abundance of proteins
associated with lipid synthesis (i.e., PPAR-y and FASN) showed a sig-
nificant increase with increasing PFOS concentration compared to the
CON group. These results suggest that PFOS can induce lipid deposition
in L8824 cells in vitro.

3.5. ROS inhibition alleviated PFOS exposure-induced pyroptosis and
inflammatory cytokines release in L8824 cells

Pre-administration of NAC significantly decreased the level of ROS
production caused by PFOS exposure compared to the PFOS alone
treatment group (Fig. 5A and B). The results of immunofluorescence
imaging showed a significant decrease in the fluorescence intensity of
NLRP3 (green) and GSDMD (red) proteins in the PFOS+NAC co-
treatment group compared to the PFOS treatment group alone
(Fig. 5C-E). The mRNA expression abundance of NLRP3, IL-1$, GSDMD,
Caspase-1, and IL-18 in the PFOS+NAC co-treatment group was

significantly reduced compared to the PFOS group (Fig. 5F). In addition,
the protein expression levels of NLRP3, GSDMD, GSDMD-N, Cleaved-
Casp-1, IL-18, and IL-18 exhibited significant reductions in the
PFOS+NAC co-treatment group compared to the PFOS group
(Fig. 5G-M). Interestingly, the mRNA expression levels of pro-
inflammatory cytokines (i.e., IFN-y, IL-6, IL-8, and TNF-a) were signif-
icantly lower in the PFOS+NAC co-treatment group compared to the
PFOS alone treatment group. In contrast, the mRNA levels of anti-
inflammatory cytokines (i.e., IL-4 and IL-10) were significantly higher
in the PFOS+NAC group compared to the PFOS group (Fig. 5N and O).
These results indicate that oxidative stress may exert a substantial in-
fluence on the modulation of PFOS-induced pyroptosis.

3.6. ROS inhibition alleviated PFOS exposure-induced lipid metabolism
disorders in L8824 cells

The impact of NAC pretreatment on PFOS-induced lipid metabolism
in L8824 cells was examined next. As illustrated in Fig. 6A and B, NAC
pre-treatment substantially improved lipid deposition induced by PFOS
exposure in L8824 cells. In addition, NAC markedly decreased the
expression levels of PPAR-y and FASN in L8824 cells exposed to PFOS
(Fig. 6C-E). Furthermore, according to Fig. 6F and G, NAC pre-treatment
significantly reduced the PFOS-induced elevated mRNA expression level
of genes involved in cellular lipid synthesis. Conversely, a significant
increase in mRNA expression levels of genes related to cellular lipid
catabolism was found. Therefore, the aforementioned findings indicate
that suppression of excessive ROS generation can relieve the lipid
metabolism disorder caused by PFOS exposure in L8824 cells.
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3.7. NLRP3 inhibition alleviated PFOS exposure-induced pyroptosis and
inflammatory cytokines release in L8824 cells

To verify the mechanism of action of NLRP3 in PFOS-induced
pyroptosis in L8824 cells, L8824 cells were pre-treated with the
NLRP3 inhibitor MCC950. As shown in representative images
(Fig. 7A-C), the administration of MCC950 pre-treatment to PFOS
exposure markedly reduced the fluorescence intensity from GSDMD
(red) and NLRP3 (green). The mRNA expression levels of genes related
to cellular pyroptosis (i.e., NLRP3, IL-18, IL-1f, Caspase-1, and GSDMD)
were significantly reduced in the PFOS-+MCC950 co-treatment group
compared to the PFOS alone treatment group (Fig. 7D). Interestingly,
the expression levels of the proteins GSDMD, GSDMD-N, IL-18, Cleaved-
Casp-1, and IL-1p were significantly reduced in the PFOS+MCC950 co-
treatment group compared to that of the PFOS-alone exposure group
(Fig. 7E and F). As shown in Fig. 7G and H, pretreatment of L8824 cells
with MCC950 significantly ameliorated the reduction in IL-4 and IL-10
mRNA expression abundance caused by PFOS exposure. Furthermore,
NLRP3 inhibition significantly decreased the PFOS-induced increase in
mRNA expression abundance of IL-8, IFN-y, TNF-a, and IL-6. These re-
sults showed that PFOS-induced cellular injury was linked to pyroptosis
mediated by NLRP3. The level of inflammatory cytokines can be effec-
tively reduced through NLRP3 inhibition.

3.8. NLRP3 inhibition alleviated PFOS exposure-induced lipid metabolism
disorders in L8824 cells

To evaluate the effect of the NLRP3 inflammasome on lipid

metabolism in PFOS-treated L8824 cells, these cells were treated with
MCC950 and a series of experiments was conducted. Compared with the
PFOS group, the PFOS+MCC950 co-treatment group significantly
inhibited PFOS-induced lipid deposition in L8824 cells (Fig. 8A and B).
Moreover, according to Fig. 8C-E, the abundance of lipid synthesizing
proteins (i.e., PPAR-y and FASN) was significantly reduced in L8824
cells following MCC950 treatment. As illustrated in Fig. 8F and G, the
mRNA expression levels of genes related to lipid synthesis were signif-
icantly reduced in the MCC950 and PFOS co-treatment groups compared
to the PFOS group. Conversely, the mRNA expression level of genes
related to lipid catabolism was significantly elevated. These results
suggest that inhibition of NLRP3 can alleviate lipid metabolism disor-
ders in L8824 cells exposed to PFOS.

3.9. Bioinformatics analysis of L8824 cells exposed to PFOS

The Pearson correlation coefficient was utilized to compare the
correlation between cellular pyroptosis, inflammatory factors, and lipid
metabolism (Fig. 9A). This correlation analysis demonstrated a signifi-
cant negative relationship between the mRNA expression of NLRP3 and
its downstream target genes in L8824 cells with lipolytic genes and anti-
inflammatory factors. Additionally, a positive correlation was found
between mRNA expression and lipid synthesis genes as well as pro-
inflammatory factors. Metascape and STRING were used to further
explore the relationship between genes following PFOS exposure. Visual
network analysis of biological processes regulated by related proteins
was conducted using Cytoscape. The connections among cellular
pyroptosis, inflammatory factors, and lipid metabolism proteins have
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Fig. 9. Bioinformatics analysis of differentially expressed proteins in L8824 cells treatment with PFOS. (A) Correlation analysis of pyroptosis, inflammation, and lipid
metabolism genes. (B) PPI network. (C) Diagram of the protein interaction network.

been depicted through STRING analysis, as demonstrated in Fig. 9B and
C.

4. Discussion

Experimental evaluations of numerous studies on PFOS toxicity have
identified PFOS as a pervasive organic pollutant with toxicity affecting
multiple organs that adversely affects both ecosystem stability and
public health. Currently, information on PFOS toxicity damage is
generally concentrated on terrestrial organisms, while the potential
mechanism of PFOS damage to aquatic organisms remains unclear. The
liver is the main organ where environmental pollutants enter the body

for metabolism and detoxification. PFOS exposure can cause hepatic
steatosis, cancer, and bile acid metabolism disorders in mammals (Behr
et al., 2020; Marques et al., 2020; Cao et al., 2022). In this experiment,
the specific mechanisms underlying the cytotoxic damage to L8824 cells
caused by PFOS exposure were examined through in vitro culture of grass
carp hepatocytes. The findings indicate that PFOS has a dual effect on
18824 cells. Firstly, PFOS can induce pyroptosis by overproduction of
ROS. Secondly, PFOS promotes the release of inflammatory factors that
trigger inflammation and disrupt the lipid metabolism. NAC and
MCC950 reduce pyroptosis and the subsequent inflammatory response
in L8824 cells by reducing PFOS-induced excessive ROS production and
inhibiting NLRP3 inflammasome activation, respectively; thereby, lipid
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metabolism disorders are balanced and lipid deposition is reduced.

ROS play a crucial role in regulating cellular signaling pathways as a
by-product of cellular metabolism. In mouse oocytes, exposure to PFOS
results in oxidative stress through the buildup of ROS and reduced ac-
tivity of antioxidant enzymes, which in turn affects the in vitro matu-
ration of oocytes (Wei et al., 2021). The results of the present study
demonstrate that exposure to PFOS led to a significant increase in ROS
and MDA levels, which is indicative of oxidative stress. Additionally, a
significant reduction in the activity of antioxidant enzymes was
observed in response to PFOS treatment. This provides confirmation of
the induction of oxidative stress in L8824 cells caused by PFOS exposure.
ROS is assumed to be the primary molecule that triggers the activation of
NLRP3 inflammasome when cells are stimulated by stressors (Kelley
etal., 2019). Recent research indicated that NLRP3-mediated pyroptosis
is a significant factor in liver injury induced by arsenic and polystyrene
nanoplastics (Zhong et al., 2022). In addition, PFOS induces inflam-
matory responses in the lungs of mice by activating the NLRP3 inflam-
masome (Zhang et al., 2021). The findings of the present study
demonstrate that PFOS administration prompted the activation of the
NLRP3 inflammasome, subsequently enhancing the expression levels of
both pyroptosis-related proteins and mRNAs. Notably, cellular pyrop-
tosis is usually accompanied by the onset of an inflammatory response in
the organism. Similar to previous findings, exposure to PFOS signifi-
cantly augmented the mRNA expression levels of pro-inflammatory
factors, and attenuated mRNA expression levels of anti-inflammatory
factors correspondingly (Zhang et al., 2022b).

Numerous studies have shown that toxicants induce tissue damage
by activating ROS-dependent NLRP3 inflammasome-mediated pyrop-
tosis (Jiang et al., 2018; Wu et al., 2018; Qu et al., 2022). To further
elucidate the involvement of the NLRP3 inflammasome in PFOS-induced
hepatotoxicity, an additional experiment was conducted using MCC950,
a pharmacological NLRP3 inhibitor. Remarkably, a pronounced reduc-
tion in the levels of pyroptosis-related proteins was observed upon
NLRP3 inhibition, indicating the crucial role NLRP3 plays in the in-
duction of pyroptosis following PFOS exposure. Moreover, the altered
expression of inflammatory cytokines was restored following NLRP3
inhibition, thus confirming NLRP3-mediated pyroptosis as the mecha-
nism underlying PFOS-induced hepatotoxicity. These experimental
findings verify the necessity of NLRP3 for PFOS-triggered pyroptosis and
indicate that pyroptosis mediated by NLRP3 is a plausible pathway
leading to PFOS-induced liver damage. Further, altered expression levels
of NLRP3 and downstream target genes after co-treatment of cells with
NAC and PFOS identified ROS as upstream targets for NLRP3 inflam-
matory vesicle activation. These results show that ROS inhibition
significantly attenuated PFOS-induced NLRP3 inflammasome activation
and pyroptosis. Based on these findings, PFOS exposure caused L8824
cells pyroptosis and inflammatory factor release via ROS-mediated
NLRP3 inflammasome activation.

PFOS disturbs lipid metabolism in both rodents and humans because
its structure is similar to that of fatty acids (Lau et al., 2007; Fletcher
et al., 2013). Evidence from clinical research suggests that NLRP3
inflammasome activation may influence metabolic disorders (Lee et al.,
2013). Moreover, triglyceride levels were decreased in the livers of
NLRP3-inflammasome-deficient mice compared with normal wild-type
mice (Stienstra et al.,, 2011). Interestingly, a high expression abun-
dance of IL-1p and NLRP3 has been detected in the liver of morbidly
obese patients (Moschen et al., 2011). Zhao et al. (2017) demonstrated
that fructose ingestion in mice stimulates the activation of the NLRP3
inflammasome in the liver and causes liver inflammation, which in turn
leads to hepatic lipid metabolism disorder and the accumulation of
lipids. Wang et al. (2014) demonstrated that PFOS can cause dysregu-
lation of hepatic lipid metabolism in BALB/c mice. Mortensen et al.
(2011) found higher PFOS values in the liver of fish fed a PFOS diet. In
the present study, PFOS treatment significantly affected the expression
of lipid metabolism-related genes and induced lipid metabolism disor-
ders in L8824 cells. Correspondingly, NAC and MCC950 inhibitor
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intervention improved lipid metabolism disorders and alleviated
PFOS-induced lipid deposition in L8824 cells. PFOS exposure induces
pyroptosis and the release of inflammatory factors by causing oxidative
stress; this overproduction of inflammatory factors interferes with the
expression levels of genes related to lipid metabolism, thus inducing
lipid metabolism disorders and causing lipid deposition. Therefore,
these results show that PFOS exposure caused 18824 cell lipid meta-
bolism disorders via ROS-mediated NLRP3 inflammasome activation.

The induction of lipid metabolism disorders in hepatocytes by PFOS
can be attributed to the excessive accumulation of ROS, which subse-
quently triggers hepatocyte pyroptosis and amplifies hepatocyte
inflammation. Inhibition of this NLRP3 inflammasome activation alle-
viated L8824 cell pyroptosis and lipid metabolism disorders induced by
PFOS. Further, inhibition of excessive ROS production effectively miti-
gated the activation of the NLRP3 inflammasome, which in turn pre-
vented pyroptosis of L8824 cells and ameliorated disturbances in the
lipid metabolism. Hence, PFOS exposure caused 18824 cell pyroptosis
and lipid metabolism disorders via ROS-mediated NLRP3 inflammasome
activation. The results of this study are of great value to better under-
stand the hepatotoxicity of PFOS and can be used as a reference for
toxicological studies on PFOS in aquatic organisms.
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