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Abstract

Per- and polyfluoroalkyl substances (PFASs) are a group of synthetic chemicals widely used in

consumer products. Among them, perfluorooctanesulfonic acid (PFOS) is one of the most commonly

detected compounds in human serum and environmental samples. Due to its high binding affinity to

proteins, PFOS accumulates in the liver. PFOS induces several adverse health effects, including the

disruption of lipid metabolism, liver steatosis, and liver inflammation. The aims of this study are to

understand the possible mechanisms of PFOS-induced cytotoxicity by analyzing changes of

phosphorylcholine-containing lipids (PC-CL) in human hepatoma HepG2 cells exposed to a series

dose of PFOS using lipidomic approach.

HepG2 cells were treated with vehicle control, 1/10 ICio, ICio and IC20 of PFOS for 48 hours.

PC-CL were extracted with modified Folch method and analyzed by ultra-performance liquid

chromatography-triple quadrupole mass spectrometry. After spectral processing, multivariate

analysis, including principal component analysis and partial least squares discriminant analysis, were

conducted to identify different patterns of lipid across the various treatment groups. The Kruskal—-

Wallis test was applied to identify lipids that significantly differed among treatment groups.

The decreased levels of mono- and di-unsaturated diacyl-PC (DPC) and increased levels of

polyunsaturated-DPC (PUFA-DPC) were observed in the high dose group. These findings suggest
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that PFOS may disrupt the hepatic PC biosynthesis pathway by binding to bioavailable choline,

thereby reducing PC production via the CDP-choline pathway and upregulating PEMT activity. This

compensatory mechanism may enhance PC biosynthesis through the PEMT pathway.

In conclusion, this study applied MS-based lipidomic approach to identify the changes of PC-

CL profile in PFOS-treated HepG2 cells. The results suggested that at sublethal doses of PFOS, the

hepatoprotective effects may occur due to the inflammation and oxidative stress caused by PFOS.

The results of this study demonstrate the potential of in vitro models as alternatives to animal testing

in lipidomic research, particularly under conditions of sublethal doses of PFOS exposure.

Keywords: per- and polyfluoroalkyl substances, perfluorooctanesulfonic acid, lipid metabolism, in
vitro study, hepatotoxicity
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Chapter 1 Introduction

1.1 Per- and polyfluoroalkyl substances PFAS

Per- and polyfluoroalkyl substances (PFAS) are a class of fluorinated chemicals
characterized by the presence of at least one fully fluorinated methyl or methylene
carbon atom, without any H/CI/Br/l atom attached to it (OECD, 2021). PFAS
compounds are commonly classified based on whether they are polymers or non-
polymers (Dehghani et al., 2025). Non-polymer PFAS are the most frequently detected
types in humans, wildlife, and various environmental media, and they tend to be more
prevalent at PFAS-contaminated sites (Reiner & Place, 2015). Within the non-polymer
category, PFAS can be further divided into two main groups: perfluoroalkyl substances
and polyfluoroalkyl substances. Perfluoroalkyl substances are fully fluorinated alkane
chains, which include perfluoroalkyl acids (PFAAs) and perfluoroalkane sulfonamides
(Figure 1). PFAAs represent some of the simplest PFAS structures and are highly
resistant to degradation under typical environmental conditions. In contrast, many
polyfluoroalkyl substances can undergo biotic or abiotic transformation, eventually
producing PFAAs as end products (Gaines et al., 2023).

PFAS are known as “forever chemicals”. The strong carbon-fluorine bonds make
PFAS highly resistant to chemical, biological, and thermal degradation (Evich et al.,

2022; Gluge et al., 2020). PFASs possess both hydrophobic and lipophobic properties,
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leading to the widely production and usage in various consumer products, including

food packaging, textiles, and firefighting foam, since the 1940s (Wee & Aris, 2023).

The high mobility of PFAS enables their easy movement through the environment.

Short-chain PFAS (fluoroalkyl carbon number < 6) are highly soluble in water, leading

to rapid transport through groundwater, while long-chain PFAS (fluoroalkyl carbon

number >6) tend to adsorb more to soil and sediments but can still leach over time

(Evich et al., 2022). The primary occupational exposure to PFAS occurs through

drinking water and inhalation, while the general community is mainly exposed to PFAS

through drinking water and food ingestion (Gao et al., 2015; Post et al., 2017; Wee &

Aris, 2023).

PFAS compounds have been detected in human serum worldwide. Previous

biomonitoring studies of human blood samples from various countries—including the

United States, Colombia, Brazil, Belgium, Italy, Poland, India, Malaysia, Korea, and

Japan—have shown that PFAS are detectable across different age groups in the general

population. Among the PFAS compounds, perfluorooctanesulfonic acid (PFOS) was

the most frequently detected and showed the highest average concentrations (Kannan

et al., 2004). Moreover, PFAS are known to accumulate in the human body over time.

For example, the mean half-life of PFOS in human serum is estimated to be 5.4 years

(Olsen et al., 2007).

doi:10.6342/NTU202503955



Epidemiological studies have revealed that PFAS exposure may lead to several

adverse health effects, including immune system dysfunction, thyroid disorders,

cardiovascular disease, developmental delays, liver damage, and kidney damage

(Fenton et al., 2021; Jane et al., 2022). For instance, a cross-sectional study of 200

adults from the C8 Health Study cohort, which is a PFAS-contaminated community in

the USA, showed that PFAS levels were positively associated with the serum level of

liver injury marker: alanine aminotransferase (ALT) and aspartate aminotransferase

(AST), indicating the increased risk of liver injury induced by PFAS exposure (Darrow

et al., 2016). Shankar et al. (2011) conducted a cross-sectional study analyzing data

from 4,587 adults using data from National Health and Nutrition Examination Survey

from 1999 to 2008. They found that concentrations of perfluorooctanoic acid (PFOA)

and PFOS were negatively associated with estimated glomerular filtration rate,

suggesting an increased risk of chronic kidney disease.

PFAS exposure was also found to be associated with metabolic alterations. Eriksen

et al. (2013) found that total and low-density lipoprotein levels in human serum increase

as human serum PFAS concentrations rise, which may lead to a higher risk of

cardiovascular disease. Alderete et al. (2019) conducted a prospective longitudinal

study of 40 overweight/obese Hispanic children from 8 to 14 years old in Los Angeles,

USA. They found that higher plasma PFOA and perfluorohexanesulfonic acid
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concentrations were significantly associated with impaired glucose regulation and early

risk for type 2 diabetes through metabolic disturbances.

Toxicological studies further provide insights into the biological mechanisms

underlying PFAS-induced toxicity. Both in vivo and in vitro studies have linked PFAS

exposure to hepatotoxicity, neurotoxicity, immunotoxicity, cardiovascular toxicity,

reproductive and developmental toxicity, as well as tumor induction (Fenton et al.,

2021).

Liver is considered the primary target organ of PFAS. Previous studies showed that

PFAS mixtures induced liver inflammation, liver enlargement, increased liver weight,

and elevated levels of injury markers and oxidative stress markers in C57BL/6J mice

(Roth et al., 2021). As the liver plays important roles in lipid homeostasis, the lipid

alteration is also an important effect of PFAS induced-hepatotoxicity.

Hepatic lipid metabolism is mainly regulated at gene transcription level. For

instance, one of the main nuclear receptors peroxisome proliferator-activated receptor

a (PPARa) involved in the regulation of hepatic lipid metabolism can be activated by

PFAS (Fragki et al., 2021). Due to their structural resemblance to endogenous fatty

acids, certain PFAS such as PFOS and PFOA function as ligands for PPARa, thereby

acting as agonists. Activation of PPARa induces the expression of several genes

participate in lipid metabolic pathways, such as fatty acid storage, -oxidation, and
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transport (Kersten & Stienstra, 2017). Toxicological studies using rodent model

indicates that PFOS and PFOA exposure down-regulates hepatic production of very

low-density lipoprotein triglycerides (VLDL-TG) and apolipoprotein B (apoB), thereby

impairing the hepatic export of TG (van der Veen et al., 2017). Additionally, PFAS

exposure enhances lipoprotein lipase-mediated lipolysis of TG-rich plasma lipoproteins,

result in the accumulation of hepatic TG (Martinez-Ufia et al., 2013). These disruptions

suggest that PFAS-induced perturbations in lipid metabolic pathways may contribute to

hepatotoxic outcomes.

1.2 Perfluorooctanesulfonic acid (PFOS)

PFOS is consisting of eight fully fluorinated carbon atoms and a hydrophilic

sulfonic acid functional group (Figure 2). PFOS was first manufactured in the United

States in 1948. In 2001, the major manufacturer phased out PFOS production. PFOS is

one of the most prevalent PFAS in the environment and living organisms, even though

many countries have imposed bans on PFAS for years (Brusseau et al., 2020; Control

& Prevention, 2022).

PFOS is efficiently absorbed following oral exposure, with bioavailability

exceeding 90% in rodent models. Dermal contact and inhalation absorption of PFAS

are relatively low compared to oral intake. For example, in vitro studies using human
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skin reported a dermal permeability coefficient for PFOA of 9.49 x 1077 cm/h, with

only about 0.05% of the administered dose penetrating the skin over 48 hours (Fasano

et al., 2005). After absorption, PFOS strongly binds to serum albumin, facilitating its

systemic circulation and preferential accumulation in the liver, which has been

identified as a primary site of deposition in rodents, non-human primates, and humans

(Jian et al., 2018). In addition to hepatic accumulation, PFOS is also distributed to the

kidneys, blood serum, and to a lesser extent, the spleen and brain. PFOS is considered

a terminal degradation product and is not subject to further transformation in biological

systems. PFOS is resistant to enzymatic degradation, including cytochrome P450-

mediated metabolism. Studies have consistently shown that PFOS does not undergo

phase | or phase Il metabolic biotransformation in either humans or animals (Goodrum

et al., 2021). PFOS elimination occurs slowly via renal and biliary routes and

demonstrates notable sex-specific differences, particularly in rats: male rats exhibit

significantly slower urinary clearance than females (Pizzurro et al., 2019).

Previous epidemiological studies have linked PFOS exposure to several adverse

effects on the liver. Studies conducted in Hong Kong, Sweden, and the United States

have found that serum PFOS concentrations were positively associated with serum

levels of ALT, AST, and gamma-glutamyl transpeptidase in elderly individuals,
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children, or obese participants (Jain, 2019; Salihovic et al., 2018; Stratakis et al., 2020).

These biomarkers suggest that PFOS exposure may contribute to liver injury.

Previous toxicological studies on PFOS have reported multiple liver-related adverse

effects in animal models. In male mice, PFOS exposure has been associated with

hepatomegaly and disruptions in lipid metabolism (Wan et al., 2012). A previous study

conducted by Yen et al. (2024) found that PFOS exposure in male Sprague—Dawley

(SD) rats led to altered phospholipid content in multiple organs, including the liver,

indicating that PFOS exposure may induce hepatotoxicity.

PFOS has also been shown to trigger inflammatory responses in male CD-1 mice

via activation of the nuclear factor-xB (NF-xB) signaling pathway and increased

secretion of pro-inflammatory cytokines (Butenhoff et al., 2012). In addition, PFOS has

been reported to induce hepatocellular degeneration and elevate plasma membrane

permeability. Furthermore, chronic PFOS exposure has been linked to the development

of benign hepatic tumors in SD rats (Qin et al., 2022).

The PFOS-induced hepatotoxicity can also be observed from in vitro studies. For

instance, HepaRG cell treated with PFOS showed increased TG levels, suggesting the

onset of steatosis (Louisse et al., 2020). Treatment of HepG2 cells with PFOS resulted

in increased malondialdehyde (MDA) levels, suggesting oxidative stress—mediated

hepatotoxicity through the overproduction of reactive oxygen species (ROS) (Amstutz

doi:10.6342/NTU202503955



et al., 2022; Li et al., 2025). In addition, a previous study using primary hepatocytes

from grass carp showed that PFOS exposure promoted the release of pro-inflammatory

cytokines, indicating the induction of an inflammatory response.

The choice of in vitro liver model is critical to accurately reflect the PFOS-induced

toxicity. HepG2 cells are easy to culture, rapidly proliferate, and are cost-effective,

making them ideal for high-throughput screening. Moreover, their clonal origin ensures

consistent genetic background, which contributes to stable and reproducible results

across experiments. However, HepG2 cells exhibit lower enzyme activity compared to

HepaRG cells and primary human hepatocytes, especially the cytochrome P450

enzyme, which may restrict their ability to fully reflect PFOS-induced metabolic

disturbances. HepaRG cells offer higher CYP expression and more closely mimic

primary hepatocyte functions. However, HepaRG cells require long differentiation

periods, more complex culture conditions, and higher operational costs. Primary human

hepatocytes are considered highly representative of in vivo liver metabolism and

transport processes. However, their utility is limited by significant donor-to-donor

heterogeneity, limited tissue supply, and rapid loss of metabolic competence during

culture (Table 1) (Wilkening et al., 2003).
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1.3 Possible mechanism of PFOS-induced hepatotoxicity

The mechanisms of PFAS-induced hepatotoxicity can be investigated through the

use of in vitro models. For instance, Luo et al. (2024) examined PFAS-induced liver

steatosis using high-throughput phenotypic profiling and transcriptomic data from

PFAS-treated HepG2 cells. They found that PFAS exposure led to mitochondrial

damage and the activation of lipid metabolism-related genes, which were associated

with the development of liver steatosis. Similarly, Li et al. (2025) examined effects of

several PFAS species on HepG2 cells by employing an MS-based metabolomic

approach alongside measurements of oxidative stress biomarkers and the expression

levels of genes involved in lipid transport, synthesis, and oxidation. These in vitro

studies indicated that PFAS exposure may alter hepatic lipid content, upregulate lipid

metabolism-related genes, and increase oxidative stress.

In addition, PFOS-induced hepatotoxicity may be through activation of hepatocyte

inflammation. Previous studies on PFOS-induced hepatotoxicity have showed

increased hepatic levels of proinflammatory cytokines, including IL-1p, TNF-a, and

IL-6 in zebrafish and wild-type C57BL/6J mice (Guo et al., 2019; Wang et al., 2021).

These findings suggest that PFOS may induce hepatotoxicity through the activation of

signaling pathways related to inflammatory responses.
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PFOS exposure may also induce hepatotoxicity through oxidative stress. PFOS may

enhance the formation of ROS, leading to endoplasmic reticulum (ER) stress (Wang et

al., 2020) and lipid peroxidation by attacking unsaturated fatty acids. Moreover, the

excessive ROS accumulation compromises hepatic cell membrane integrity by

increasing oxidative damage, ultimately disrupting membrane stability and

permeability (Zhu et al., 2022).

Previous toxicological studies revealed that PFOS exposure reduced the protein

levels of nuclear factor erythroid 2-related factor 2 (Nrf2), which is a key transcription

factor that protects cells from oxidative stress by upregulating genes involved in

antioxidant defense and detoxification in male SD rats (Lv et al., 2013). Wan et al.

(2016) also found that PFOS resulted in lower protein expression of Nrf2 and reduced

protein level of NAD(P)H:quinone oxidoreductase in mice. These findings suggested

that PFOS may induced hepatotoxicity through the inhibition of oxidative stress-related

signaling pathways.

1.4 Lipidomics

Metabolomics is the study of the metabolome, which consists of downstream

products from various biological processes. Metabolomics provide integrative insights

into cellular function and reveal information that other “omics” approaches cannot

10
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obtain. By utilizing high-throughput techniques, “omic” studies facilitate a

comprehensive and systematic understanding of various biological molecules. (Villas-

Boas et al., 2007).

Lipidomics is a subfield of metabolomics that focuses on the study of lipids (Fiehn,

2001). Lipids are crucial compounds in the cell and serve several functions. For

example, lipid act as structural components of cell membranes, participate in signaling

pathways, and serve as energy storage sources (Fahy et al., 2011). Lipidomic analysis

has broad applications across multiple disciplines, such as exposure science, toxicology,

disease mechanism research, and biomarker discovery (Masoodi et al., 2021). By

identifying lipid alterations across different lipid classes, lipidomics provides valuable

insights into the health effects of environmental or chemical stressors by examining

lipid alterations in biological systems (Wang et al., 2019). Lipidomics also facilitates a

better understanding of disease mechanisms and supports the discovery of potential

biomarkers for early diagnosis and therapeutic targets (Khanna et al., 2022).

Based on the LIPID MAPS Structure Database classification (Sud et al., 2007),

lipids can be categorized into several classes, including fatty acyls (FA), sterol lipids

(ST), glycerolipids (GL), sphingolipids (SP), glycerophospholipids (GP), prenol lipids,

saccharolipids, and polyketides. Among these, FA, ST, GL, SP, and GP are common

lipids within the mammalian cell and serve distinct roles in various biological functions.
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FAs act as energy sources and signaling molecules. Excessive intake of FAs is

linked to obesity and metabolic disorders (Maximino et al., 2015). STs, such as

cholesterol, serve as precursors for steroid hormones and bile acids; however, excess

cholesterol contributes to liver inflammation and non-alcoholic fatty liver disease

(NAFLD) (Malhotra et al., 2020). GLs, including diacylglycerols and triacylglycerols,

primarily function as energy storage molecules but are also associated with metabolic

and neurodegenerative diseases (Prentki & Madiraju, 2008). SPs, such as

sphingomyelin (SM) and gangliosides, are essential for neural structure and signaling;

altered SP levels are linked to disorders such as Alzheimer’s disease and stroke (Saher

et al., 2005). GPs, such as phosphatidylcholine (PC), are major components of cell

membranes, maintaining membrane integrity and function (van der Veen et al., 2017).

Nuclear magnetic resonance (NMR) and mass spectrometry (MS) are two

techniques widely used in the field of metabolomics and lipidomics. MS offers higher

sensitivity and selectivity compare to NMR, and allows rapid detection of compounds

based on their exact mass and fragmentation patterns. The precise molecular weight

determination, making it ideal for detecting and quantifying lipids (Gathungu et al.,

2020). The MS spectra generate molecular fingerprint of biological samples, providing

both structural and quantitative information for biological studies (Villas-Boas et al.,

2007).
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1.5 Application of focus lipidomic approach to phosphorylcholine-containing

lipids profiling in hepatotoxicity study

Phosphorylcholine-containing lipids (PC-CL), including PCs and SMs (Figure 3)

refer to lipids that possess a phosphorylcholine moiety as their polar head group. PC

are classified into lyso-phosphatidylcholines (LPCs), diacyl-phosphatidylcholines

(DPCs), O-alkyl-acyl- phosphatidylcholines (O-PCs), and O-alkenyl-acyl-

phosphatidylcholines (P-PCs) (Figure 4). The structure of SMs consists of a

sphingosine backbone, a fatty acid chain, and a phosphocholine group as its polar head

(Fahy et al., 2005).

PCs and SMs serve several important functions in the cells, including being a

structural component of cell membranes, maintaining membrane integrity and fluidity.

In addition, PCs and SMs are involved in cellular signaling, inflammation, and

apoptosis (Akin et al., 2007). In hepatocytes, PC is crucial for VLDL assembly and the

stabilization of apoB, thereby facilitating lipid export from the liver (Yao & Vance,

1988). Additionally, PC shows anti-inflammatory and antioxidant properties, especially

those species enriched in polyunsaturated fatty acids (Akin et al., 2007).

Recently, the analysis of PC-CL species has emerged as a valuable tool to

understand possible mechanisms of adverse health effects. For instance, Ming et al.
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(2017) observed that acetaminophen caused significant alterations in the hepatic lipid

profile, including a notable increase in several PC species in mice. Similarly, Ling et al.

(2014) reported an elevation of DPCs in the liver lipidome of male mice following

naphthalene exposure, suggesting membrane damage induced by naphthalene. Yen et

al. (2024) found that PFOS exposure led to significant changes in the liver lipidome,

including alterations in LPCs, DPCs, and ether-linked PCs in male SD rats. These

changes may be associated with PFOS-induced membrane dysfunction and oxidative

stress.

Previous studies suggested that alterations in different PC-CL species may result in

distinct biological consequences, highlighting the potential of PC-CL profiling not only

as a tool for mechanistic studies but also for biomarker discovery in toxicological and

health-related studies.

1.6 Challenge in PFAS induced-hepatotoxicity studies

Despite growing global governmental awareness of PFAS toxicity, only a few

PFAS compounds have been well studied. The liver is the primary target organ of PFAS

toxicity (Chang et al.,, 2012). Many researchers have conducted PFAS-induced

hepatotoxicity using animal models (Fragki et al., 2021; Yen et al., 2024). However,
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conducting toxicological studies on each PFAS compound using animal models may be

time-consuming, costly, and raise ethical concerns related to animal welfare.

In recent years, the scientific community has been dedicated to reducing the use of

experimental animals due to ethical concerns. In 2016, the United States amended the

Toxic Substances Control Act by adding a new subsection requiring the Environmental

Protection Agency to develop alternative testing methods to reduce vertebrate animal

testing (EPA, 2018). These strategies include the use of in vitro studies, which offer

advantages such as lower cost, simpler sample preparation, and higher throughput

compared to animal experiments.

Previous in vitro studies have linked PFAS to mitochondrial damage, increase

oxidative stress, and alter the expression of genes involved in lipid metabolism (Li et

al., 2025; Luo et al., 2024). These findings support the utility of in vitro systems, such

as HepG2 cells, as effective platforms for elucidating PFAS-induced hepatotoxic

mechanisms. Using in vitro may potentially provide substitute for in vivo models in

early-stage toxicity screening, offering a faster and more efficient strategy for

toxicological assessment.

1.7 Study aims

The aims of this study are to:
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(1) Understand the mechanism of PFOS induced cell toxicity by analyzing PC-CL

changes in human hepatoma HepG2 cells exposed to a series dose of PFOS.

(2) Compare the changes of PC-CL profile caused by PFOS in of HepG2 cells with the

results from animal models.

In this study, HepG2 cells were exposed to different concentrations of PFOS. The

changes of PC-CL profile induced by PFOS were analyzed using ultra-performance

liquid chromatography-triple quadrupole mass spectrometry (UPLC-MS/MS). The

results of this study may provide insights into the mechanisms of PFOS-induced

hepatotoxicity and potentially contribute to the development of a platform for PFAS

toxicity assessment in the future.
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Chapter 2 Materials and methods

2.1 The study framework

Cell experiment

Cell : HepG2 cell

!

Cytotoxicity assay (MTS assay)
PFOS 0, 12.5, 25, 50, 75, 100, 150, 200, and 250 pM

!

PFOS exposure for lipidomics analysis
Control, 1/10 ICio, ICio, and 1C20 (n=6/group)

Control, 1/101C1e, IC1e, and ICze
correspond to 0, 5, 50, and 150 pM of PFOS

Cell collection

1 Lipid extraction (modified Folch method)

MS-based lipidomics

Lipid measurement:
UPLC-MS/MS analysis

]

Spectral processing and data pretreatment

!

Data analysis:
multivariate and univariate analysis

!

Lipid identification and data interpretation

PFOS: Perfluorooctanesulfonic Acid

IC: Inhibitory concentration

UPLC-MS/MS: Ultra-performance liquid chromatography coupled with a triple
quadrupole mass spectrometer
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2.2 HepG2 cells treated with PFOS

2.2.1 Chemicals

PFOS obtained from Sigma (St. Louis, MO, USA) was dissolved in dimethyl

sulfoxide (DMSO). DMSO was also acquired from Sigma. Fetal bovine serum (FBS)

was sourced from HyClone (Logan, UT, USA). Dulbecco’s Modified Eagle’s Medium

(DMEM), penicillin, and streptomycin were purchased from Life Technologies

(Gaithersburg, MD, USA). The MTS cell proliferation assay kit (ab197010) was

obtained from Abcam (USA). All other reagents and solvents used were of analytical

grade and bought from Sigma

2.2.2 HepG2 cells culture

Cell culture and maintenance and chemical treatment was based on previous

literature (Chen et al., 2010; Chiang et al., 2011) and conducted in the laboratory of

Prof. Su-yin Chiang at China Medical University, Taiwan. The human hepatoma cell

line HepG2 was obtained from the Bioresource Collection and Research Center

(Hsinchu, Taiwan). Cells were cultured in DMEM supplemented with 10% (v/v) heat-

inactivated FBS, 100 U/mL penicillin, and 100 pg/mL streptomycin. Cultivation was

performed in 75 cm? tissue culture flasks and maintained in a humidified incubator at

37°C with 5% CO: atmosphere, as previously described (Chiang et al., 2011).
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2.2.3 Cytotoxicity assessment

The PFOS concentration chosen for lipidomic analysis were determined based on

the results of the cytotoxicity assessment (MTS cell viability assay). The MTS assay is

a colorimetric method used to assess cell viability based on metabolic activity. It utilizes

the tetrazolium compound MTS, which is reduced by NADH/NADPH-dependent

dehydrogenase enzymes in viable cells to produce a soluble formazan product. This

reduction process requires the presence of intermediate electron acceptors, typically

phenazine methosulfate, to facilitate electron transfer. The resulting formazan can be

directly quantified by measuring absorbance at 490-500 nm using a microplate reader.

Since the reaction depends on mitochondrial and cytoplasmic enzymatic activity, the

MTS assay provides a reliable indication of the metabolic status of living cells (Riss et

al., 2016).

The HepG2 cells were seeded at a density of 0.5 x 10 cells per well in 96-well

culture plates and incubated for 24 hours. The next day, cells were treated with 12.5,

25, 50, 75, 100, 150, 200, and 250 uM of PFOS or a DMSO vehicle control at final

concentration not exceeding 0.1%).

After 48 hours of exposure, the cytotoxicity was determined using the MTS assay

(Chiang et al., 2011).The cells were washed twice with 1x phosphate-buffered saline

(PBS), followed by the addition of 20 uL. MTS reagent to each well. Plates were then
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incubated at 37 °C in a CO: incubator for 3—4 hours, and absorbance was measured at

490 nm using a SpectraMax® 340PC384 microplate reader (Molecular Devices,

Sunnyvale, CA, USA). The results are presented as the mean + standard deviation (SD).

The cell viability was calculated using the following equation:

Cell viability (%) = [(Absorbance of PFOSs treated cells—Absorbance of medium only)

/ (Absorbance of DMSO-treated cells—Absorbance of medium only)] x 100%. The

inhibitory concentration (IC) refers to the concentration of a chemical required to

inhibit a specific biological activity or cellular function by a defined percentage. For

instance, the ICo value representing the concentration at which 10% inhibition of cell

viability is observed. According to the ISO 10993-5:2009 and ISO 19007:2018

guidelines for in vitro cytotoxicity testing, a reduction in cell viability greater than 30%

(i.e., cell viability below 70%) is considered indicative of a cytotoxic effect. Therefore,

cell viability above 70% was deemed acceptable for subsequent biological evaluations

to minimize interference from dead or damaged cells. In the current study, the

concentrations corresponding to 1/10 of the ICio (1/10 ICi0), IC10, and IC20 were selected

as the PFOS exposure levels for lipidomics analysis (Kovrlija et al., 2024).
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2.2.4 PFOS exposure for lipidomic analysis

HepG2 cells were seeded in 10-cm culture dishes and incubated overnight. On the

following day, cells were treated with PFOS at concentrations corresponding to 1/10

ICio, IC10, and IC2o for 48 hours. Each concentration was tested in six replicates. Prior

to cell collection, methanol and 1.5 mL microcentrifuge tubes were pre-cooled at —80°C

for at least 1 hour. After 48 hours of PFOS exposure, the cells from control groups were

observed under a microscope and were estimated to occupy about 70-80% of the

culture surface, suggesting that the cells were in a favorable growth state suitable for

downstream applications. Cells were then washed twice with 10 mL of 1x PBS.

Subsequently, 10 mL of liquid nitrogen was added to each dish; after the nitrogen had

fully evaporated, the dishes were transferred onto dry ice. Cells were then scraped using

a cell scraper in 500 pL of pre-cooled methanol. The resulting cell suspension was

transferred into 1.5 mL microcentrifuge tubes and stored at —80°C until further analysis.

2.3 LC-MS based lipidomic analysis

2.3.1 Sample preparation

A modified Folch extraction method was used to extract lipids from PFOS-treated

HepG2 cells (Folch et al., 1957; Tang et al., 2011). Briefly, 400 uL of chloroform and

150 pL of 0.15 M NaCl were added to 200 pL of methanol containing HepG2 cells. The
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mixture was vortexed for 10 minutes and then centrifuged at 11,000 rpm for 10 minutes

at 10 °C. The chloroform (bottom) layer was collected and evaporated to dryness using

centrifugal evaporator. The resulting lipid residues were reconstituted in 200 pL of

methanol containing internal standards including PC(13:0/13:0), PC(17:0/0:0), and

SM(d18:1/17:0), at a concentration of 0.2 mg/L, for subsequent lipid profiling. To

assess data quality, a pooled quality control (QC) sample was prepared by combining

equal volumes of each sample and analyzed alongside the experimental samples within

the same batch.

2.3.2 Lipid measurement through UPLC-MS/MS

PC-CL analysis were conducted wusing an ultra-performance liquid

chromatography system coupled with a triple quadrupole mass spectrometer (UPLC-

TQ-MS). Chromatographic separation was carried out on a BEH C18 column (100 mm

x 2.1 mm 1.d., 1.7 um particle size; Waters, Milford, USA) using a binary solvent

system: mobile phase A consisted of ultrapure water containing 10 mM ammonium

acetate (NH4Ac), while mobile phase B was a mixture of acetonitrile and methanol

(65:35, v/v) also containing 10 mM NHaAc. The gradient elution began with 35%

mobile phase B, which was ramped to 70% within 0.1 min, further increased to 100%

by 1.4 min, maintained for 4.5 min, and then returned to 35% over 3 min. The flow rate
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and column temperature were held constant at 0.7 mL/min and 70°C, respectively. Mass
spectrometric data were acquired using a precursor ion scan mode in positive ionization,
targeting parent ions ([M+H]") that generate a characteristic fragment ion at m/z 184,
specific to PC-CL (e.g., PCs and SMs). The ion source was operated under the
following conditions: capillary voltage at 2.5 kV, desolvation gas (nitrogen) flow at 700
L/h and 450°C, and cone gas flow at 50 L/h with a source temperature of 120°C and
cone voltage of 35 V. For collision-induced dissociation, argon was used as the collision
gas at a flow rate of 0.1 mL/min with a collision energy of 30 eV. QC was ensured by

periodically injecting pooled QC samples throughout each analytical batch.

2.3.3 Lipid identification

The detected signals corresponding to PCs and SMs were distinguished based on
the nitrogen rule, while LPCs were initially separated from PCs by their characteristic
retention times in the UPLC. Further structural identification of lipid species was
conducted using an in-house lipid library based on retention time and mass-to-charge
(m/z) ratio. For those PCs not in the in-house lipid library can be identified using
product ion scan, including the [M+H]", [M+Na]", and [M—Me]” modes. The [M+H]"
mode was operated under the same parameters as the precursor ion scan. The [M+H] *

scan enabled subclass discrimination of LPC, whereas DPC subclasses were identified
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via sodium adducts in the [M+Na]" mode. Following subclass identification, the
[M—Me]™ mode was employed to determine the carbon number and degree of

unsaturation of the fatty acid moieties.

2.3.4 Data preprocessing

The raw data obtained from UPLC-TQ-MS analysis were first converted into
NetCDF format using MassLynx 4.1 (Waters, CA, USA). Data processing, including
mass detection, chromatogram building, deconvolution, isotopic peak grouping, peak
alignment, and gap filling, was performed using MZmine 4.0.3 to generate a data matrix
containing detected peaks and their corresponding peak areas for each sample (Schmid
et al., 2023).

The reproducibility of the analysis was evaluated through repeated measurements
of QC samples at the beginning, middle, and end of the UPLC-TQ-MS analysis. The
coefficient of variation (CV, %) was calculated for each detected peak, and peaks with
CV values greater than 30% were excluded from further analysis to improve data
quality (Want et al., 2013). This step helped reduce variability due to sample preparation,
instrumental drift, and data processing errors. The remaining peak areas were

normalized to the total peak area within each sample. Following spectral data
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processing, the unit variance scaling and log transformation was conducted to reduce

systematic bias.

2.3.5 Statistical analysis

Multivariate statistical analyses including principal component analysis (PCA)

and partial least squares discriminant analysis (PLS-DA) were performed to explore

and characterize the lipid variations among treatment groups using SIMCA version 13.2

(Umetrics, Umed, Sweden). PCA was applied to visualize overall data clustering and

identify intrinsic patterns without supervision, while PLS-DA was used to enhance

group separation and identify potential discriminative lipids. PCA was employed as an

unsupervised analytical approach that does not require predefined treatment labels. It

reduces the dimensionality of the dataset by generating principal components, which

are linear combinations of the original variables, while preserving the maximum

possible variance. The results were normally visualized in a two-dimensional score

scatter plot, where the x- and y-axes represent the first two principal components (PC1

and PC2), respectively. This plot enables the identification of overall trends in lipid

alterations, differentiation among sample clusters, and detection of outliers.

PLS-DA, in contrast, is a supervised method that incorporates prior class

information to enhance group separation. It normally projects the data into a two-
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dimensional score plot to highlight inter-group differences. The quality of the PLS-DA
model was assessed using the parameters R*Y (goodness of fit) and Q? (predictive
ability). A robust model was defined as one with Q> > 0, and R*Y — Q? < 0.3, as
previously described (Eriksson et al., 2013).

For univariate analysis, the Kruskal-Wallis test followed by Dunn’s post hoc test
was applied using R version 4.4.1 to identify lipids that significantly differed among
treatment groups. A significance threshold of p < 0.05 was used. When the Kruskal—
Wallis test yielded statistical significance, Dunn’s test was subsequently performed to
determine pairwise differences between groups. Additionally, fold-change analysis was
conducted on significant lipids to assess the magnitude of changes between treatment

and control groups within cell samples.

Chapter 3 Results

3.1 The MTS cytotoxicity assay for PFOS treatment

The effects on the cell viability in HepG2 cells after 48 h exposure to various
concentrations of PFOS (0, 12.5, 25, 50, 75, 100, 150, 200, and 250 uM) were measured
by MTS assay. The solvent controls (0.1% DMSO) do not affect the cell viability of the
HepG2 cells. At 48 h exposure, the 1/10 ICyo, IC10 and ICyo values of PFOS in HepG2

cells were estimated to be about 50 uM, and 150 uM of PFOS, respectively (Figure 5).
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The doses of 1/10 ICjo, IC10, and IC20 of PFOS, corresponding to 5, 50, and 150 uM of

PFOS, were chosen for metabolomic analysis.

3.2 PC-CLin HepG2 cells

The total ion chromatogram of the QC sample is presented in (Figure 6). Among

the 889 detected lipid features, 97 features met the criterion of having a CV below 30%

across repeated measurements in the QC samples of PFOS-treated HepG2 cells. All 97

features were consistently observed in the control and PFOS treatment groups. These

lipids were considered stable lipid features and were included for further analysis. The

list of stable lipid features is presented in (4% %! 35 # | % kiR ).

Among the 97 stably expressed lipid features (45 32! 45 7 F| 2B Xk <), 85

features were identified as PCs and 12 as SMs. Of the 85 PCs, subclass identification

revealed 2 LPCs, 49 DPCs, 3 O-PCs, and 8 P-PCs, while 23 PCs remained structurally

unidentified. All 12 SMs were also unidentified at the structural level.

3.3 Multivariate analysis of PC-CL in response to PFOS treatments in

HepG2 cells

The PCA score plot from the analysis of MS spectra of the HepG2 cells treated

with PFOS is shown in Figure 7. Each data point corresponds to an individual sample.
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Due to an operation error, one sample from low-dose and one sample from medium-
dose groups were lost, leaving only five samples in each group.

The repeated measurements of QC samples clustered tightly near the center of the
PCA score plot, indicating stable performance of the UPLC-MS/MS system. Samples
from the high-dose group were clearly separated from those of other treatment groups
alone the second principal component, suggesting that high PFOS exposure may induce
a distinct lipid response. Two samples from the medium-dose group were separated
from the remaining three within the same group, possibly due to relatively low signal
intensities, which may have introduced greater variance.

The PLS-DA score plot of MS analysis of HepG2 cells treated with PFOS is shown
in Figure 8. The model shows moderate discrimination between groups, with the high-
dose group clearly separated from the control and other dose groups along the LV 1. The
R2Y value was 0.476 and the Q2 value was 0.224. The Q*> 0 and R?Y - Q*< 0.3

indicating a valid PLS-DA model.

3.4 Univariate analysis of PC-CL in response to PFOS treatments in
HepG2 cells
The significantly altered lipids in PFOS-treated HepG2 cells, identified using the

Kruskal-Wallis test are listed in $57%! 3AB| S MK . . A total of 28 significantly
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altered lipids were identified, including 1 LPC, 18 DPCs, 3 ether-linked PCs (1 O-PC

and 2 P-PCs), 4 unidentified PCs, and 2 unidentified SMs. Among these, PC(18:1/22:6),

PC(20:4/20:4), and PC(20:5/22:5) showed a dose-dependent response, with lipid levels

increasing as PFOS concentration increased.

The significantly altered lipids are shown in a heatmap (Figure 9). The levels of

DPCs changed in the high PFOS exposure group. Specifically, mono- and di-

unsaturated DPCs were downregulated at high doses of PFOS, while polyunsaturated

DPCs (PUFA-DPCs) were increased at medium and high doses. In addition, P-PC

levels were increased in the high-dose group.
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Chapter 4 Discussion

4.1 TImbalance PC biosynthesis and lipid metabolism of HepG2 cells

treated with various doses of PFOS

The altered PC species in HepG2 cells treated with various doses of PFOS were
predominantly DPCs. Most mono- and di-unsaturated PCs were downregulated in the
high-dose PFOS group, including PC(16:1/16:1), PC(16:0/17:1), and PC(16:0/18:2),
whereas PUFA-PCs, such as PC(18:1/22:6) PC(20:4/20:4), and PC(20:5/22:5) were
upregulated in the medium- and high-dose groups.

In the liver, PCs are primarily synthesized via two pathways: the CDP-choline
pathway and the phosphatidylethanolamine N-methyltransferase (PEMT) pathway. The
CDP-choline pathway is the dominant route, accounting for approximately 70-80% of
hepatic PC biosynthesis. In this pathway, dietary choline is first phosphorylated to
phosphocholine by choline kinase, then converted to CDP-choline by phosphocholine
cytidylyltransferase. The final step is the transfer of choline from CDP-choline to
diacylglycerol (DAG) catalyzed by 1,2-diacylglycerol choline phosphotransferase
(CPT). In the PEMT pathway, the phosphatidylethanolamine (PE) is sequentially
methylated to form PC through three methylation steps, catalyzed by PEMT (Figure

10a) (Li & Vance, 2008; van der Veen et al., 2017).
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The liver DPCs species synthesized from CDP-choline pathway were mainly

mono- or di- unsaturated PCs, whereas the liver DPCs species synthesized from PEMT

pathway were mainly PUFA-DPCs, especially the docosahexaenoic acid (DHA;

22:6n3). (DeLong et al., 1999). The observed downregulation of mono- and di-

unsaturated DPCs, accompanied by the upregulation of PUFA-DPCs in PFOS-treated

HepG2 cells, suggests that PFOS exposure may affect both the CDP-choline and PEMT

pathways.

Previous studies found that PFOS can form an ion pair with two choline molecules

in phosphate-buffered saline (Zhang et al., 2016). The formation of PFOS-choline ion

pair reduces the bioavailable choline (Bagley et al., 2017), therefore reduce the

formation of PCs species from CDP-choline pathway. The upregulation of the PEMT

pathway may serve as a compensatory mechanism for the suppressed CDP-choline

pathway to maintain PCs homeostasis (Yen et al., 2024). Cui and Vance (1996) found

that mice fed with choline deficient diet for three weeks showed 2-fold increase of

PEMT activity, suggested that PEMT pathway activity is associated with the level of

bioavailable choline (Figure 10b).

The imbalance PC biosynthesis may affect the VLDL secretion. During VLDL

assembly in the liver, apoB serves as the structural backbone for the nascent lipoprotein

particle. As apoB is synthesized and translocated into the ER, it initiates the recruitment
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of lipids, particularly TG and phospholipids. PCs stabilize the lipid monolayer of the

VLDL particle and ensuring proper lipidation of apoB. Adequate levels of PC from

both CDP-choline pathway and PEMT pathway are essential for the efficient assembly

and secretion of VLDL. In conditions of PC deficiency, incomplete lipidation of apoB

leads to its misfolding and subsequent degradation, impairing VLDL secretion.

Therefore, PC availability directly influences the fate of apoB and the hepatic export of

lipids via VLDL (Yao & Vance, 1988). The reduced VLDL secretion causes decreased

lipid transportation from liver to peripheral tissue, leading to lipid accumulation in liver,

which is the phenotype of NAFLD.

These findings suggest that alterations of PUFA-DPCs levels in high dose group

of PFOS treated HepG2 cells in our study may indicate a compensatory mechanism of

down-regulated mono-, and di-unsaturated DPCs. Moreover, the perturbed DPCs level

may serve as a potential biomarker for hepatic lipid accumulation.

4.2 PFOS-induced hepatotoxicity through inflammatory response

PCs play roles in anti-inflammatory, antioxidant, and anti-fibrotic effects (Akin et

al., 2007). In our study, several essential fatty acid (EFA)-containing DPCs including

species incorporating arachidonic acid (AA; 20:4n-6), eicosapentaenoic acid (EPA;
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20:5n-3), and docosahexaenoic acid (DHA,; 22:6n-3), were elevated in PFOS-treated

HepG2 cells. All of those lipids are known to modulate inflammatory responses.

Previous studies showed that PFAS exposure may be associated metabolic

pathways indicating oxidative stress and inflammatory responses, including the

prostaglandin formation from AA metabolism (Alijagic et al., 2024). Moreover, PFAS

was found to be associated with protein level of NF-xB, indicating an immune effect

(Khan et al., 2023).

AA and EPA are commonly incorporated into membrane phospholipids such as

PCs. Upon exposure to inflammatory stimuli, phospholipase A2 is activated and

cleaves these fatty acids from the membrane, releasing free AA or EPA (Dennis, 2016).

These free PUFAS serve as key substrates for multiple enzymatic pathways involved in

inflammation, particularly the cyclooxygenase (COX) and lipoxygenase (LOX)

pathways, leading to the production of various bioactive lipid mediators.

The COX pathway converts AA into 2-series prostanoids, which exert pro-

inflammatory effects. In contrast, EPA-derived 3-series prostanoids may competitively

inhibit AA metabolism by COX, thereby exerting anti-inflammatory effects (Norris &

Dennis, 2012). In the LOX pathway, AA and EPA are converted into 4-series (AA-

derived) and 5-series (EPA-derived) leukotrienes, respectively, as well as lipoxins (Sala

et al., 2018). DHA can be converted into maresin 1-2, protectin D1, and resolvins D1-
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D6 through the LOX pathway (Figure 11). LOX-derived mediators from AA generally

exert pro-inflammatory responses, whereas mediators derived from EPA and DHA

exert anti-inflammatory effects either by competitively binding to LOX enzymes, thus

inhibiting AA metabolism, or by directly suppressing the NF-kB signaling pathway

(Lee et al., 2003; Serhan, 2014).

In summary, the elevated levels of EFA-containing DPCs observed in PFOS-

treated HepG2 cells may reflect a complex inflammatory response possibly involving

both the biosynthesis of lipid mediators through both COX and LOX pathways, as well

as the concurrent activation of pro-resolving and anti-inflammatory signaling pathway.

4.3 PFOS-induced hepatotoxicity through oxidative stress and membrane

damage

In our study, the up-regulated ether-linked PCs, such as PC(P-16:1/20:3) and

PC(P-20:5/18:0), were observed in HepG2 cells treated with a high dose of PFOS. The

increase in P-PCs may indicate a protective cellular response against PFOS-induced

oxidative stress and membrane damage. P-PCs are known to function as endogenous

antioxidants due to their vinyl ether bond, which is particularly susceptible to oxidation

by ROS, thereby protecting other membrane lipids from oxidative degradation.

34
doi:10.6342/NTU202503955



Additionally, ether-linked PCs are involved in stabilizing membrane structure,

enhancing bilayer rigidity, and preserving membrane integrity under stress conditions.

Previous studies have reported altered P-PC levels in the liver lipidome of male

ICR mice treated with naphthalene and male SD rats exposed to PMz.s .The altered P-

PC level indicated oxidative stress caused by toxicant (Lin et al., 2021; Ling et al.,

2014). It has also been found that P-PC supplementation may alleviate oxidative stress

in the liver. A previous study demonstrated that P-PC supplementation prevented the

development of steatosis in mice fed a high-fat diet by activating PPAR signaling

pathway (Jang et al., 2017). Similarly, Mei et al. (2024) reported that AML12

hepatocytes supplemented with P-PC showed reduced oxidative stress induced by CCl..

Elevated levels of glutathione and increased activity of glutathione peroxidase were

observed, along with decreased MDA levels, indicating enhanced antioxidant capacity

and reduced oxidative stress in the P-PC supplementation group. Moreover, CCl.-

treated AML12 hepatocytes with P-PC supplementation maintained more intact plasma

membranes compared to those without supplementation, suggesting a membrane-

protective effect of P-PC.

The elevation of P-PCs in HepG2 cells treated with a high dose of PFOS may

reflect an adaptive response to reduce oxidative stress and maintain cellular

homeostasis. As PFOS is known to induce ROS production and promote membrane
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lipid peroxidation (Kashobwe et al., 2024), the upregulation of P-PCs may serve to

mitigate oxidative damage and help preserve membrane stability under PFOS-induced

oxidative stress.

4.4 Comparison of the results with previous PFOS in vitro studies

Several in vitro studies have been conducted to investigate the hepatotoxic

mechanisms of PFOS exposure using various liver-derived cell models. We compare

the effects of PFOS on PC-CL profile in HepG2 cells with the results from other in vitro

studies to elucidate whether specific lipid alterations may explain previously observed

biochemical outcomes.

The disrupted CDP-choline and PEMT pathway in our study may partly explain

the mechanism of significantly increased TG concentration in HepaRG cell treated with

6.25, 12.5, 25, 50, 100, 200, and 400 uM of PFOS for 24 hours in previous study

(Louisse et al., 2020). VLDL is responsible for transporting lipids from the liver to

peripheral tissues. Changes in DPC species derived from both the CDP-choline and

PEMT pathways may impair VLDL assembly and secretion (Vance, 2014), which may

cause the decreased TG transportation by VLDL, leading to TG accumulation.

Li et al. (2025) examined PFOS toxicity effect on lipid metabolism by treating

HepG2 cells with 50, 100, 200, and 400 uM of PFOS for 24 hours and measured the
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lipidome along with the oxidative stress biomarker. The result of pathway analysis

indicated that the highest concentration (400 uM) of PFOS induced down-regulation in

choline metabolism. The downregulation of mono- and di-unsaturated DPCs observed

in our study may reflect a similar effect, as increased PEMT activity has previously

been reported under conditions of choline deficiency. A significant increase in ROS

levels at PFOS concentrations of 200 uM and above was observed in that study. Notably,

200 uM PFOS corresponds to the IC3p in our MTS assay. It has been reported that ROS

leads to cell death (Matic, 2018). The significantly increased ROS level at 200 uM

PFOS and above in Li et al. (2025)’s study, which is equal to IC3p and above in our

study, may be attributed to the depletion of EFA-containing DPCs at PFOS

concentrations higher than those used in our study. At very high doses of PFOS

exposure, the hepatoprotective capacity of HepG2 cells may become insufficient to

counteract ROS accumulation, resulting in sharply elevated ROS levels and a marked

decline in cell viability due to oxidative stress.

These in vitro studies suggest that PFOS exposure, even at concentrations below

the cytotoxicity threshold, may induce hepatic lipid accumulation, likely through

impaired VLDL secretion or altered phospholipid metabolism. At moderately high

concentrations, PFOS may also trigger compensatory hepatoprotective responses, such

as the increased level of antioxidant lipid species. However, at very high concentrations
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(>200 uM on HepG2 cells), the antioxidant defense may not be able to clear the

excessive ROS accumulation, leading to a marked decrease in cell viability due to

oxidative stress. Moreover, despite variations in exposure duration and metabolic

activity between HepG2 and HepaRG cells, the observed lipid alterations, including

DPC remodeling and TG accumulation, were consistent across studies. This suggests

that such factors may not critically influence the fundamental mechanisms of PFOS-

induced lipid dysregulation.

4.5 Comparison of the lipid results with previous PFOS studies using

animal models

The pattern of lipid alteration by PFOS in HepG2 cells in this study was similar to

the results in the liver of BALB/c mice treated with PFOS for 2 months (Li et al., 2021),

characterized by increased PUFA-DPCs level in the 1000 ng/kg/day group, which was

the highest PFOS exposure concentration in their study. However, the lipid changes

observed in this in vitro study were distinct from those in our previous animal studies

(Yen et al., 2024). In our previous study, male SD rats were treated with 0, 5, and 10

mg/kg/day of PFOS administered via gavage for 21days. Some PUFA-DPCs, such as

the 20:5 (EPA)-containing PCs, were upregulated in the 10 mg/kg/day group, consistent

with the findings of our current study. However, the decreased 22:6 (DHA)-containing
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PCs and P-PCs in the liver of 10 mg/kg/day PFOS exposure group were opposite to the

current study.

DHA may exert anti-inflammatory effect, whereas P-PCs may play roles in anti-

oxidation. At lower PFOS concentration, the increased PUFA-DPCs may imply an

adaptive compensatory response aimed at mitigating inflammatory response,

preserving membrane fluidity, and counteracting oxidative stress. However, under

higher PFOS exposure, excessive ROS generation and lipid peroxidation may drive the

depletion of P-PC or highly unsaturated phospholipids such as DHA-containing DPCs.

This toxic mechanism aligns with findings from NAFLD models, where lipotoxicity-

induced ROS overproduction accelerates PUFA peroxidation and depletes DHA levels,

contributing to hepatic injury and disease progression (Svegliati-Baroni et al., 2019).

These findings suggest that at relatively low doses of PFOS exposure, HepG2 cells

showed both anti-inflammatory and antioxidative responses. In contrast, under higher

PFOS exposure conditions, as shown in our previous animal study, depletion of EPA-

and DHA-containing DPCs, as well as P-PCs, was observed—Iikely due to elevated

immune activation and oxidative stress that exceeded the cellular recovery capacity.

4.6 The contribution and the limitation
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This study provides insights into the lipid alterations induced by PFOS in HepG2

cells and highlights the potential of in vitro models as alternatives to animal testing,

particularly under conditions of relatively low PFOS exposure. In this study, sublethal

doses of PFOS caused changes in lipid profiles, such as the elevation of PUFA-

containing DPCs and ether-linked PCs, which are indicative of early-stage cellular

responses to moderate oxidative stress. These findings support the application of

lipidomics to in vitro toxicity studies for suggesting possible hepatotoxic mechanisms,

enabling a more ethical, cost-effective, and high-throughput platform compared to in

vivo studies.

However, there are limitations to this model. Among the 889 detected lipid

features, only few features met the criterion of having a CV below 30% across repeated

measurements in the QC samples, possible due to the low original abundance of some

lipids after MS measurement, which leads to greater variability. Given that PC-CL

represents only a subset of the entire lipid profile, potential changes in other lipid

classes may have been overlooked. Future studies employing untargeted lipidomic

approaches may enable a more comprehensive assessment of PFOS-induced lipid

perturbations across diverse lipid species and metabolic pathways. Moreover, HepG2

cells, which are derived from hepatocellular carcinoma, have limited liver-specific

functions and lower metabolic activity compared to primary human hepatocytes or
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HepaRG cells, particularly in terms of enzyme expression such as cytochrome P450
activity (Bonanini et al., 2024). This may limit their ability to fully replicate xenobiotic
metabolism and long-term hepatotoxic outcomes. Lastly, the exposure concentrations
used in this study were relatively low, which may limit the extrapolation of results to
more severe exposure scenarios in animal models. Therefore, while our study
contributes to the replacement and reduction of animal testing, further interpretation of

high-concentration PFOS exposure should be approached with caution.

Chapter 5 Conclusion

In this study, a MS-based lipidomic approach was employed to investigate the
effects of PFOS exposure on PC-CLs in HepG2 cells. Based on cytotoxicity testing,
three exposure concentrations, 1/10 ICio, ICio and ICy, were selected for further
lipidomic analysis. Using UPLC-TQ-MS and statistical analysis, 28 significantly
altered lipids were identified, with DPCs being the most affected class. Among these,
several PUFA-DPCs, including PC(18:1/22:6), PC(20:4/20:4), and PC(20:5/22:5),
showed a dose-dependent increase, while mono- and di-unsaturated DPCs were
decreased under high-dose PFOS exposure. In addition, P-PCs were also elevated in

the high-dose group.
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These findings suggest that PFOS disrupts PC biosynthesis in HepG2 cells,

potentially impairing the CDP-choline pathway and leading to a compensatory increase

in PUFA-DPCs via the PEMT pathway. Moreover, the elevated PUFA-DPCs may

reflect an enhanced inflammatory response, as these lipids are key precursors for pro-

and anti-inflammatory mediators generated through the COX and LOX pathways. The

accumulation of P-PCs under high PFOS exposure further indicates a possible adaptive

mechanism to counteract oxidative stress and maintain membrane integrity.

These findings suggest that lipidomic analysis of PC-CL using HepG2 cells may

have potential to serve as a partial alternative to in vivo models, for assessing the effects

of low-dose PFOS exposure.
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Figure 1 Structural classification framework of PFAS
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Figure 2 The structure of perfluorooctanesulfonic acid (PFOS)
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Figure 3 The representative structure of phosphorylcholine-containing lipids (a)
phosphatidylcholine, (b) sphingomyelin.
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(b)

Figure 4 The representative structure of different species of the phosphatidylcholines (a) lyso-
phosphatidylcholines, (b) diacyl-phosphatidylcholines, (¢c) O-alkyl-acyl- phosphatidylcholines,
and (d) O-alkenyl-acyl- phosphatidylcholines.
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Figure 5 The cell viability of HepG2 cells treated with various doses of PFOS.
The results are presented as the mean + standard deviation (SD).

The red line at the top indicates 90% cell viability, while the red line at the bottom
indicates 80% cell viability.
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Figure 6 Total ion chromatogram (TIC) of a QC sample from the analysis of HepG2 cells treated

with various concentrations of PFOS.

The mass-to-charge ratios of 510.6761, 650.6887, and 717.8303 correspond to the lipid standards
PC(17:0/0:0), PC(13:0/13:0), and SM(d18:1/17:0), respectively standards PC(17:0/0:0),

PC(13:0/13:0), and SM(d18:1/17:0), respectively.
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Figure 7 The PCA score plot from the analysis of spectral data of HepG2 cells treated
with various doses of PFOS.

Symbol designation: Control group [@], [— *—]; Low dose group (1/10 IC1o) [ /],

[ ]; Medium dose (ICi0) [ ], [ ] ; High dose group (IC20) [@], [- —]; Quality
control samples (QC) [ %], [**].

Outer ellipse: Hotelling’s T2 with 95% confidence interval; Five inner dash/dot
ellipses: Calculated from the mean + the standard deviation in each group.

The control, low dose, medium dose, and high dose groups correspond to PFOS
exposure concentrations of 0, 5, 50, and 150 uM, respectively.
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Figure 8 The PLS-DA score plot from the analysis of spectral data of HepG2 cells

treated with various doses of PFOS.

Symbol designation: Control group [ @], [—**—]; Low dose group (1/10 ICio) [ 4],

]; Medium dose (ICi0) [ ], [ ]; High dose group (IC20) [@], [~ —]-

Outer ellipse: Hotelling’s T2 with 95% confidence interval; Four inner dash/dot
ellipses: Calculated from the mean + the standard deviation in each group.

The control, low dose, medium dose, and high dose groups correspond to PFOS
exposure concentrations of 0, 5, 50, and 150 uM, respectively.
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Figure 9 Heatmap of significantly altered lipids in HepG2 cells treated with various doses
of PFOS. Statistical significance was identified by Kruskal-Wallis test.
#: Mass to charge ratios of lipid isomers were consistent across various retention times: 2.13

and 2.18 min for PC (855)

PC: phosphatidylcholine, SM: sphingomyelin
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Figure 10 Overview of hepatic phosphatidylcholine synthesis via the CDP-choline
and PEMT pathways under (a) normal conditions and (b) PFOS exposure.

CK: choline kinase, CT: phosphocholine cytidylyltransferase, CPT: 1,2-diacylglycerol
choline phosphotransferase, PEMT: phosphatidylethanolamine N-methyltransferase.
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Figure 11 Overview of essential fatty acid conversion via cyclooxygenase (COX) and

lipoxygenase (LOX) pathways.

(a) arachidonic acid (AA), (b) eicosapentaenoic acid (EPA), and (c) docosahexaenoic acid
(DHA)
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Table 1 Comparison between human liver cell lines

HepG2 Cells

HepaRG Cells

Primary Hepatocytes

Cell origin Human hepatocellular Human hepatocarcinoma (can | Human liver tissue

carcinoma differentiate into hepatocyte-
like and biliary cells)

Differentiation None Require differentiation No

requirement

Applications Cytotoxicity screening, Drug metabolism studies, Gold standard for
high-throughput hepatotoxicity mechanisms, xenobiotic
toxicology, lipidomics lipid metabolism research metabolism,

transporter studies

Major advantages

Easy to culture, fast
growth, high
reproducibility, cost-
effective

High metabolic capacity, better
mimic of human liver function

Full metabolic
function, most
physiologically
relevant

Major limitations

Low CYP enzyme

activity, limited liver-

specific functions,
cancer-derived

Long differentiation time,
more complex culture
conditions, higher cost

Donor variability,
limited availability,
short-term culture
viability
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Table 2 A list of stable lipid features in pooled quality control sample of PFOS-treated
HepG2 cells

Detected RT

Lipid category Detected m/z (min) Compound name

LPC 522.5 1.23 PC(0:0/18:1)
524.5 1.43 PC(18:0/0:0)
678.6 2.15 PC(14:0/14:0)
734.6 2.48 PC(16:0/16:0)
748.7 2.60 PC(17:0/16:0)
762.6 2.77 PC(18:0/16:0)
790.3 3.08 PC(18:0/18:0)
732.6 2.39 PC(16:0/16:1)
732.6 2.33 PC(16:1/16:0)
730.6 2.18 PC(16:1/16:1)
746.6 2.42 PC(16:0/17:1)
760.6 2.52 PC(16:0/18:1)
774.4 2.64 PC(17:0/18:1)
788.7 2.77 PC(18:0/18:1)
758.6 2.34 PC(16:0/18:2)
756.6 2.20 PC(16:1/18:2)
772.6 2.42 PC(17:0/18:2)
770.4 2.28 PC(17:1/18:2)
786.6 2.53 PC(18:0/18:2)
782.6 2.22 PC(18:2/18:2)
800.7 2.63 PC(19:0/18:2)

DPC 784.6 2.35 PC(16:0/20:3)
782.6 2.30 PC(16:0/20:4)
780.6 2.16 PC(16:0/20:5)
778.4 2.09 PC(16:1/20:5)
810.6 2.48 PC(16:0/22:4)
808.6 2.30 PC(16:0/22:5)+PC(18:1/20:4)
806.6 2.23 PC(16:0/22:6)
804.5 2.10 PC(16:1/22:6)
784.5 2.39 PC(18:3/18:0)
812.4 2.60 PC(18:0/20:3)
806.7 2.18 PC(18:2/20:4)
834.7 2.35 PC(18:0/22:6)
838.5 2.62 PC(18:0/22:4)
836.6 2.47 PC(18:0/22:5)
832.6 2.23 PC(18:1/22:6)
824.7 2.59 PC(19:0/20:4)
838.7 2.71 PC(20:0/20:4)
830.4 2.13 PC(20:4/20:4)
854.6 2.08 PC(20:5/22:5)
820.5 2.24 PC(22:6/17:0)
836.6 2.42 PC(22:5/18:0)
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Table 2 (continued) List of stable lipid features in pooled quality control sample of
PFOS-treated HepG?2 cells

Detected RT

Lipid category Detected m/z (min) Compound name
858.6 2.23 PC(22:5/20:3)
744.6 2.26 PC(33:2)
754.6 2.14 PC(34:4)
768.6 2.22 PC(35:4)
DPC 796.6 2.39 PC(37:4)
818.5 2.46 PC(38:0)
828.3 2.04 PC(39:1)
822.6 2.39 PC(39:5)
834.6 2.29 PC(40:6)
692.6 2.44 PC(0-16:0/14:0)
O-PC 690.6 2.39 PC(0-14:0/16:1)
744.7 2.46 PC(0-16:0/18:2)
718.5 2.61 PC(P-16:0/16:0)
800.3 2.94 PC(P-21:1/17:0)
798.5 2.44 PC(P-20:0/18:2)
P-PC 768.6 2.41 PC(P-16:0/20:3)
766.6 2.36 PC(P-16:1/20:3)
790.6 2.29 PC(P-16:1/22:5)
792.6 2.36 PC(P-20:5/18:0)
794.6 2.56 PC(P-38:4)
706.7 2.55 PC(705)
734.6 2.52 PC(733)
746.4 2.90 PC(745)
748.6 2.63 PC(747)
752.6 2.27 PC(751)
754.6 2.31 PC(753)
780.5 2.43 PC(779)
784.7 2.44 PC(783)
788.5 2.25 PC(787)
796.7 2.31 PC(795)
798.7 2.48 PC(797)
Unidentified PC 822.8 2.34 PC(821)
830.7 2.42 PC(829)
834.6 2.40 PC(833)
836.7 2.55 PC(835)
840.6 2.30 PC(839)
846.8 2.76 PC(845)
856.7 2.13 PC(855)-RT 2.13%
856.6 2.18 PC(855)-RT 2.18*
862.7 2.43 PC(861)
866.6 2.30 PC(865)
882.5 2.17 PC(881)
884.5 2.24 PC(883)
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Table 2 (continued) List of stable lipid features in pooled quality control sample of

PFOS-treated HepG?2 cells

Detected RT

Lipid category Detected m/z (min) Compound name
647.7 1.96 SM(646)
675.6 2.14 SM(674)
689.7 2.23 SM(688)
701.6 2.15 SM(700)
703.6 2.32 SM(702)
o 715.5 2.24 SM(714)
Unidentified SM 717.8 5 96 SM(716)
731.7 2.54 SM(730)
757.7 2.54 SM(756)
773.2 2.50 SM(772)
789.9 2.25 SM(788)
835.5 2.34 SM(834)

#: Mass to charge ratios of lipid isomers were consistent across various retention

times: 2.13 and 2.18 min for PC (855).

LPC: lyso-phosphatidylcholine; DPC: diacyl-phosphatidylcholine; O-PC: O-alkyl-
acyl- phosphatidylcholine; P-PC: O-alkenyl-acyl- phosphatidylcholine; SM:

sphingomyelin; RT: retention time
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Table 3 Significantly changed lipids in PFOS treated HepG2 cells using Kruskal-

Wallis test
Lipids Fold change Kruskal-
Low / Medium / High / Wallis test
Control Control Control (p-value)
PC(18:0/0:0) 0.63 0.94 2.90 * 0.0359
PC(16:1/16:1) 1.26 1.40 0.50 0.0053
PC(16:0/17:1) 0.73 ** 0.79 * 0.79 * 0.0193
PC(16:0/18:2) 1.22 0.89 0.77 * 0.0121
PC(17:1/18:2) 1.19 1.26 0.85 0.0294
PC(16:0/20:3) 1.13 0.90 0.69 * 0.0400
PC(16:0/20:4) 1.12 0.74 1.33 * 0.0075
PC(16:0/22:4) 0.87 0.65 * 1.67 0.0008
PC(16:0/22:6) 0.83 0.90 1.29 0.0403
PC(16:1/22:6) 1.36 2.85 *** 1.55 0.0083
PC(18:3/18:0) 0.97 0.93 2.96 * 0.0401
PC(18:1/22:6) 1.17 1.71 ** 1.99 ** 0.0009
PC(20:4/20:4) 0.75 3.90 * 5.01 ** 0.0024
PC(20:5/22:5) 0.84 2.73 * 9.50 **x* 0.0006
PC(22:5/18:0) 1.00 1.06 0.38 ** 0.0101
PC(39:1) 1.53 3.57 6.90 ** 0.0062
PC(33:2) 0.98 0.89 0.49 ** 0.0235
PC(37:4) 0.46 0.38 ** 0.93 0.0048
PC(39:5) 0.81 0.38 *** 0.67 * 0.0034
PC(0-14:0/16:1) 0.46 ** 0.64 * 0.60 0.0261
PC(P-16:1/20:3) 0.77 0.71 * 1.36 0.0194
PC(P-20:5/18:0) 0.46 * 0.48 * 1.07 0.0041
PC(797) 0.71 * 0.52 ** 1.12 0.0032
PC(839) 1.14 0.77 2.03 * 0.0473
PC(855)-RT 2.13 * 0.63 1.72 2.80 * 0.0017
PC(855)-RT 2.18 % 1.31 248 * 6.08 *** 0.0021
SM(688) 0.86 0.89 0.63 ** 0.0454
SM(702) 0.96 1.12 0.90 0.0350

#: Mass to charge ratios of lipid isomers were consistent across various retention

times: 2.13 and 2.18 min for PC (855).

PC: phosphatidylcholine, SM: sphingomyelin
Significant p values are noted by * (p < 0.05), **(p <0.01), ***(p <0.001) in Dunn’s

test
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