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ARTICLE INFO ABSTRACT

Handling Editor - Dr. Mathieu Vinken Per- and polyfluoroalkyl substances (PFAS) are synthetic chemicals used in various industrial and consumer

products. They have gained attention due to their ubiquitous occurrence in the environment and potential for

Keywords: adverse effects on human health, often linked to immune suppression, hepatotoxicity, and altered cholesterol
PFAS metabolism. This study aimed to explore the impact of ten individual PFAS, 3 H-perfluoro-3-[(3-methox-
Ef;{dirﬁif:lyﬂuomalkyl substances ypropoxy) propanoic acid] (PMPP/Adona), ammonium perfluoro-(2-methyl-3-oxahexanoate) (HFPO-DA/GenX),
Lipid profile perfluorobutanoic acid (PFBA), perfluorobutanesulfonic acid (PFBS), perfluorodecanoic acid (PFDA), per-
Hepatocytes fluorohexanoic acid (PFHxA), perfluorohexanesulfonate (PFHxS), perfluorononanoic acid (PFNA), per-
HepaRG fluorooctanoic acid (PFOA), and perfluorooctanesulfonic acid (PFOS) on the lipid metabolism in human

hepatocyte-like cells (HepaRG). These cells were exposed to different concentrations of PFAS ranging from
10 uM to 5000 uM. Lipids were extracted and analyzed using liquid chromatography coupled with mass spec-
trometry (LC- MS-QTOF). PFOS at 10 uM and PFOA at 25 pM increased the levels of ceramide (Cer), diac-
ylglycerol (DAG), N-acylethanolamine (NAE), phosphatidylcholine (PC), and triacylglycerol (TAG) lipids, while
PMPP/Adona, HFPO-DA/GenX, PFBA, PFBS, PFHxA, and PFHxS decreased the levels of these lipids. Further-
more, PFOA and PFOS markedly reduced the levels of palmitic acid (FA 16.0). The present study shows distinct
concentration-dependent effects of PFAS on various lipid species, shedding light on the implications of PFAS for
essential cellular functions. Our study revealed that the investigated legacy PFAS (PFOS, PFOA, PFBA, PFDA,
PFHxA, PFHxS, and PFNA) and alternative PFAS (PMPP/Adona, HFPO-DA/GenX and PFBS) can potentially
disrupt lipid homeostasis and metabolism in hepatic cells. This research offers a comprehensive insight into the
impacts of legacy and alternative PFAS on lipid composition in HepaRG cells.

1. Introduction

Per- and polyfluoroalkyl substances (PFAS) constitute a group of
synthetic chemicals extensively used across industrial- and consumer
sectors, with thousands of individual chemicals on the market today and
hundreds actively used in commercial applications, inter alia, in con-
sumer products (Buck et al., 2021; Dewapriya et al., 2023; Gliige et al.,
2020; Herzke et al., 2012). PFAS are subject to increasing concern due to
their persistence, environmental mobility, and potential to induce
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adverse health effects such as immune suppression, hepatotoxicity, and
altered lipid metabolism. PFAS have been repeatedly found to be posi-
tively associated with increased blood cholesterol concentrations and, in
some cases, triacylglycerol levels. Multiple epidemiological studies have
reported changes in the levels of various blood lipids to be associated
with PFAS exposure (Aker et al., 2023; Canova et al., 2020; Nelson et al.,
2010; Steenland et al., 2009). Animal data also support the notion that
PFAS alter lipid metabolism (Das et al., 2017; Pfohl et al., 2020). These
effects of PFAS have been reported to be mediated by nuclear receptors

0300-483X/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:pim.leonards@vu.nl
www.sciencedirect.com/science/journal/0300483X
https://www.elsevier.com/locate/toxicol
https://doi.org/10.1016/j.tox.2024.153862
https://doi.org/10.1016/j.tox.2024.153862
https://doi.org/10.1016/j.tox.2024.153862
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tox.2024.153862&domain=pdf
http://creativecommons.org/licenses/by/4.0/

L. Kashobwe et al.

(NRs), dominated mainly by peroxisome proliferator-activated receptor
alpha (PPARq) and, to a lesser extent, peroxisome proliferator-activated
receptor gamma (PPARY), constitutive androstane receptor (CAR), and
pregnane X receptor (PXR) (Attema et al., 2022; Bjork et al., 2011; Das
et al., 2017; Rosen et al., 2017; Vanden Heuvel et al., 2006). These NRs
play a diverse role in regulating lipid and energy metabolism (Varga
et al., 2011; Wagner et al., 2005).

The directions of lipid changes are often opposed between animal
and human studies (Fragki et al., 2021). Therefore, we need to better
understand PFAS’s impact on lipid metabolism. Investigating PFAS’s
effects on lipid profiles and lipid species is essential for obtaining new
insights into the mode of action of PFAS toxicity.

In recent PFAS health risk assessments, an increase in the serum
cholesterol concentration has emerged as a critical endpoint, along with
decreased immune response and hepatotoxicity (EFSA CONTAM Panel,
2018, 2020). These assessments underscore the significance of com-
prehending PFAS-induced alterations in lipid metabolism as a crucial
component in determining the potential health risks associated with
exposure to these substances. A recurring theme within the regulatory
domain is the potential link between PFAS-induced blood lipid pertur-
bations and human disease outcomes (EFSA CONTAM Panel, 2018,
2020). How can observing PFAS-induced shifts in serum lipids be linked
to metabolic disease progression? Such shifts include modifications in
high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein
cholesterol (LDL-C), and triacylglycerol (TAG) levels. These blood lipids
are sourced from hepatic lipids such as cholesterol and triacylglycerols
and play an important role in lipid homeostasis, energy generation, and
metabolic-related disease (Bhargava et al., 2022). The alterations in
lipid metabolism are of particular concern because they have been
associated with a spectrum of cardiovascular diseases (CVDs) and
metabolic disorders, such as dyslipidemia, type 2 diabetes (T2D), and
metabolic dysfunction-associated steatotic liver disease (MASLD)
(Averina et al., 2021; Duan et al., 2022; Gui et al., 2023; Rinella et al.,
2023; Roth & Petriello, 2022; Sen et al., 2022; Xu et al., 2023). Thus,
there is a need to extensively investigate single lipid alterations driven
by legacy and emerging PFAS and their roles in metabolic disease.
Elucidating the relationships between PFAS exposure, lipid metabolism,
and ensuing health effects is essential for identifying PFAS hazards and
performing risk assessments.

Previous studies have focused primarily on conventional lipid
readout parameters from clinical blood analyses, such as total choles-
terol (TC), LDL-C, HDL-C, and total TAG levels, to describe PFAS-
associated conditions such as dyslipidemia, i.e., a lipid imbalance
driven by HDL-C versus LDL-C levels often concurrent with overall
elevated TC levels (Averina et al., 2021; EFSA CONTAM Panel, 2020; Liu
et al., 2023; Steenland et al., 2009). The epidemiological evidence from
cross-sectional and longitudinal studies underscores a complex pano-
rama of non-associations or associations between distinct PFAS expo-
sures and changes in TC, LDL-C, and TAG blood levels (Dunder et al.,
2022; EFSA CONTAM Panel, 2018, 2020; Li et al., 2020).

Most related studies have focused on the effects of individual legacy
PFAS in human and environmental samples (mainly perfluorooctanoic
acid (PFOA) and perfluorooctanesulfonic acid (PFOS)). We investigated
the impacts of seven legacy PFAS (perfluorobutanoic acid (PFBA), per-
fluorodecanoic acid (PFDA), perfluorohexanoic acid (PFHxA), PFOA,
perfluorohexanesulfonic acid (PFHxS), perfluorononanoic acid (PFNA),
PFOS, and three novel substitutes PFAS (3 H-perfluoro-3-[(3-methox-
ypropoxy) propanoic acid] (PMPP/Adona), ammonium perfluoro-(2-
methyl-3-oxahexanoate) (HFPO-DA/GenX), and per-
fluorobutanesulfonic acid (PFBS)) on lipid metabolism in vitro, within
human hepatocyte-like cells (HepaRG). As the central organ for syn-
thesizing a plethora of lipids (like cholesterol and TAG), the liver is an
important site for investigating lipid metabolism changes (Cockcroft,
2021).

PFOS and PFOA have been restricted based on the persistent organic
pollutant (POP) regulation (European Commission, 2019, 2020).
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However, novel fluorinated compounds and materials with limited
toxicity data are increasingly available on the market.

The main objective of this research was to use an untargeted lip-
idomics approach to study lipid alterations at the level of individual lipid
species and lipid classes within human HepaRG cells in response to PFAS
exposure.

2. Materials and methods
2.1. Chemicals

Perfluorooctanoic acid (PFOA) (purity of 95 %), per-
fluorooctanesulfonic acid (PFOS) (purity > 98 %), perfluorohexanoic
acid (PFHxA) (purity > 97 %), perfluorohexanesulfonic acid (PFHxS)
(purity > 98 %), perfluorobutanoic acid (PFBA) (purity > 99 %), per-
fluorobutanesulfonic acid (PFBS) (purity > 97 %), perfluorononanoic
acid (PFNA) (purity > 97 %), perfluorodecanoic acid (PFDA) (purity >
98 %) and ammonium perfluoro-(2-methyl-3-oxahexanoate) (HFPO-
DA/GenX) (purity 99 %) were obtained from Apollo Scientific (Cheshire,
UK). 3 H-perfluoro-3-[(3-methoxypropoxy) propanoic acid] (PMPP/
Adona) (purity > 98 %) was obtained from Campro Scientific (Berlin,
Germany). Milli-Q water (Waters-Millipore Corporation, Milford, MA,
USA), acetonitrile (ACN) of HPLC grade, chloroform, methanol (MeOH),
and 2-propanol (IPA) were all purchased from JT Baker Chemical
(Philipsburg, NJ, USA). Formic acid (purity > 98 %) and ammonium
formate salt (purity, 99 %) were obtained from Fluka (Steinheim, Ger-
many). Standards containing the main lipid classes were acquired from
Avanti Polar Lipids (Alabaster, AL, USA) (Table S1).

2.2. Cell culture

HepaRG hepatocarcinoma cells were acquired from Biopredic In-
ternational (Saint Gregoire, France). Differentiated HepaRG cells are a
mixture of hepatocyte-like and cholangiocyte-like cells (Lambert et al.,
2009). The cultivation method for the HepaRG cells was previously
described in detail (Lichtenstein et al., 2020). Briefly, cells were seeded
in 6-well plates at a density of 200000 cells/well and were cultured in
William’s Medium E supplemented with 2 mM glutamine (PAN-Biotech,
Aidenbach, Germany), 10 % fetal bovine serum (FBS) (PAN-Biotech,
Aidenbach, Germany), 100 U/mL penicillin and 100 pg/mL strepto-
mycin (Capricorn Scientific, Ebsdorfergrund, Germany), and 5 x 107> M
hydrocortisone hemisuccinate (Sigma—Aldrich, St. Louis, USA) at 37 °C
in a humidified atmosphere with 5 % CO,. The medium was changed
every 2 days. HepaRG cells were differentiated by adding 1.7 %
dimethyl sulfoxide (DMSO) to the medium after 14 days of proliferation
and cultivated further in this differentiation medium for another 14
days. After four weeks of preparation (2 weeks of proliferation + 2
weeks of differentiation), the treatment medium was replaced with the
same composition as the differentiation medium but containing only 2 %
FBS and 0.5 % DMSO. After 48 hours, the cells were incubated with
various concentrations of PFAS diluted in DMSO for 72 hours, and the
final DMSO concentration was 0.5 % in the treatment medium for both
control and exposed cells. Based on previous results on cytotoxicity
(Sadrabadi et al., 2024), three non-cytotoxic concentrations were eval-
uated for each tested compound: PMPP/Adona (100, 250, 1000 uM);
HFPO/GenX (100, 1000, 5000 uM); PFBA (100, 1000, 5000 uM); PFBS
(100, 1000, 2500 uM); PFDA (10, 25, 100 uM); PFHxA (100, 1000,
5000 uM); PFHxS (100, 250, 500 uM); PFNA (10, 25, 100 uM); PFOA
(25, 100, 250 puM); PFOS (10, 25, 100 uM). PENA 25 uM sample was not
measured in positive mode due to a technical error. Four independent
replicates per concentration were studied.

2.3. Lipidomics

Lipids were extracted from the HepaRG cells by adding internal
standards (Splash mix, Advanti) (Table S1) and ice-cold extraction
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solvent (MeOH: water: chloroform (2:3:2, v/v/v)), followed by vigorous
shaking using a Precellys 24 Dual device (Bertin Technologies, Aix-en-
Provence, France) (6500 rpm for 2 cycles of 10 s with a 15 s break be-
tween the cycles. Subsequently, the samples were placed on ice for
10 minutes to allow partitioning and protein precipitation. Then, the
samples were centrifuged (12000 x g for 10 minutes at 4 °C) to pre-
cipitate the cell material and separate the polar from the apolar frac-
tions. The bottom layer (100 uL), containing the apolar metabolites (e.g.,
lipids), was transferred to a glass vial, dried using nitrogen gas, and
reconstituted in ACN: IPA: Milli-Q water (5:4:1, v/v/v). An aliquot
(10 uL) was taken to prepare a pooled sample for quality control (QC)
analysis. The samples were stored at —80 °C before lipidomics analysis.

Liquid chromatography (LC) combined with mass spectrometry (MS)
was used for comprehensive lipid profiling. A 1290 LC system (Agilent,
Palo Alto, CA) coupled to a quadrupole time-of-flight MS (Q-TOF,
Compact, Bruker Daltonic, Bremen, Germany) was used. The Q-TOF was
run in positive and negative modes using an electrospray ionization
(ESI) source. The lipids were separated by a Linetex EVO C18 LC column
(2.1 mm x 100 mm, 2.6 uM) (Phenomenex, USA). The mobile phases
were solvent A (Milli-Q water: ACN, 40:60 %, v/v) and solvent B (ACN:
IPA, 10:90 %, v/v). Ammonium formate (10 mM) and 0.1 % formic acid
were added to mobile phases A and B. The LC gradient was as follows:
0.3 min 15 % B, 2 min 30 % B, 3 min 48 % B, 15 min 82 % B, 16 min
99 %, 20 min 99 %, 21 min 15 % B, and 23 min 15 % B. The flow rate was
0.3 mL min~}, the column temperature was 45°C, and the injection
volume was 5 pL.

The MS data were run in auto MS/MS acquisition mode with 5
spectra/sec. The settings for the MS were as follows: capillary voltage at
+ 500V and + 400V in positive and negative modes, respectively; end
plate pressure of + 500V; nebulizer gas (N3) pressure of 4 bar; drying
gas flow rate of 6 L min~'; and drying gas temperature of 200 °C and
250 °C in positive and negative modes, respectively. The scan range was
m/z from 60 to 2000 for the positive mode and 50-2000 for the negative
mode. For the calibration of the MS data, the sodium format was used for
internal mass calibration and the pooled samples. Quality control (QC)
samples were analyzed after every 9th sample. For quality control, we
randomized the samples for LC-MS analysis. After data filtration and
normalization, the mean relative standard deviation (RSD) of the QC
samples in the positive and negative modes were 24 % and 34 %,
respectively.

2.4. Data processing and statistical analysis

After internal mass calibration, the LC-Q-TOF data were converted
into the *.mzML’ datafile format using the Bruker data analysis package
(Bruker Daltonic, Bremen, Germany). Subsequently, the data were im-
ported into MS-DIAL 4.92 for peak alignment and lipid annotation
(Tsugawa et al., 2015). The settings for lipid annotation are shown in
Table S2. Lipid features were annotated based on the retention time
similarity score, accurate mass, isotope pattern, and MS/MS spectra. The
total score of the annotated lipids was set at 80 %. The annotated lipids
were further processed with NOREVA 2.0 (Fu et al., 2022) for data
filtering, imputation of missing values, QC sample correction, and
normalization. Missing values were imputed using the mean value of the
5 neighbors in the datasets via the k-nearest neighbors algorithm
(k-NN). QC sample drift was corrected using local polynomial fits, and
peak intensities were normalized using EigenMS (Karpievitch et al.,
2014). The normalized data were then imported into Metaboanalyst 5.0
for statistical analysis (Chong et al., 2019). The normalized data were
scaled using Pareto scaling for principal component analysis (PCA).
Statistical analysis was based on one-way ANOVA (p < 0.05; Fisher’s
post hoc test and false discovery rate (FDR) correction).
Concentration-response analysis was performed using four independent
biological samples, and enrichment analysis was conducted using a
web-based lipid pathway enrichment analysis (LIPEA) (BIOTEC, Dres-
den, Germany).
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3. Results

The differentiated HepaRG cells were exposed to ten PFAS at various
concentrations. The cytotoxicity potentials of these PFAS were screened
at various concentrations, as described in our previous work (Sadrabadi
etal., 2024). Based on the aforementioned study, three concentrations of
each PFAS, defined as non-cytotoxic, were selected for exposure prior to
lipidomic analysis. 166 annotated lipid features were found in HepaRG
cells, covering a broad range of lipid subclasses. These subclasses, in
turn, cover a wide range of lipids, including glycerophospholipids,
sphingolipids, glycerolipids, fatty acyls, fatty amides, sterols, and phe-
nols (Table 1). The largest number of annotated lipid species belonged to
glycerophospholipids (n=74), followed by glycerolipids (n=49) (see
supplementary material for a full overview of annotated features in
positive and negative mode).

Hierarchical cluster analysis (HCA) of samples and lipids revealed
that some PFAS clustered together, indicating similar effects on indi-
vidual lipid species (Fig. 1). PFOS (10, 25, and 100 uM), PFOA (25, and
100 uM), and PFDA (25 uM) formed one cluster, whereas PFDA (10, and
100 uM), PFNA (10, and 25 pM), PFOA (250 uM) and Adona (100 uM)
clustered together. PFBS (1000 and 2500 pM) and PFHxA (1000 pM)
also clustered together. The highest concentrations tested (PFBA
5000 uM, HFPO-DA/GenX 5000 uM, and PFHxA 5000 uM) also formed
a distinct cluster, deviating from the lower tested concentrations.

Based on this cluster analysis, there is no clear distinction of PFAS
chain length; however, PFOA and PFOS with the C8 chain length clus-
tered together, except for 250 uM PFOA.

Our findings showed that exposing HepaRG cells to specific con-
centrations of PFOS (10 and 25 uM) and PFOA (25 and 100 puM) led to
increased levels of several lipid species (ceramide (Cer), diacylglycerol
(DAG), N-acyl ethanolamine (NAE), phospholipid (PC), and tri-
acylglycerol (TAG)). However, exposure to PMPP/Adona (1000 pM),
HFPO-DA/GenX (100 and 5000 uM), PFBA (100 and 5000 uM), PFHxA
(100 and 5000 puM), or PFHxS (500 puM) resulted in decreased levels of
these lipids. Interestingly, PFDA 25 uM showed a similar effect to PFOS
and PFOA, although it was not statistically significant in many cases.
Notably, Adona (100 and 250 pM), HFPO-DA/GenX (100 and 1000 pM),
PFBA (1000 uM), PFBS (100, 1000, and 2500 uM), PFDA (10 and
100 uM), PFHxS (100, 250, and 500 uM), and PFNA (10, 25, 100 uM)
had mixed effects on different lipid species, as illustrated in Fig. 2. For
example, PFBA (100 and 1000 uM) increased fatty acid (FA), lyso-
phosphatidylcholine (LPC), and lyso-phosphatidylethanolamine (LPE)
levels but decreased TAG levels.

In HepaRG cells exposed to PFOA (25, 100, and 250 pM) and PFOS
(10, 25, and 100 uM), saturated fatty acids (SFAs) such as palmitic acid
(FA 16.0), margaric acid (FA 17.0) and myristic acid (FA 14.0) were
decreased (Fig. 2). Moreover, HFPO-DA/GenX (100 uM), PFBA
(5000 uM), and PFHxA (5000 uM) led to a reduction in the levels of FA,
LPC, and LPE. PFOS (250 uM), PFHxA (1000 and 5000 uM), PFDA (10
and 25 pM), PFBS (100 uM), PFBA (5000 uM), and HFPO-DA/GenX
(100 and 5000 uM), and PMPP/Adona (100 and 1000 uM) caused a
decrease in LPC (16.0) levels. The highest HFPO-DA/GenX, PFBA, and
PFHXA concentrations consistently decreased most lipid levels, likely
due to early signs of cytotoxic response, and were therefore not inves-
tigated further.

Concentration-response assessments of single PFAS and individual
lipid species revealed distinct patterns of lipid alterations and indicated
that some lipid changes were concentration-dependent. (Fig. 3). For
instance, after exposure to PFDA, HepaRG cells showed a concentration-
dependent increase in Cer (21:2; 02.16:2) and Cer (29:3; 02.18:5).
Similarly, PFOS-exposed cells had increased DAG (18.1_22.6) and ether-
PC (PCO) (17.0_16.1) levels. In contrast, a concentration-dependent
decrease in DAG (40.2) was observed in HepaRG cells treated with
PFHxA, while PFHxS caused a reduction in PCO (11.0_22.3). PFBA and
PFOA exposure also decreased FA (17.0) and FA (16.0) levels.

We performed pathway enrichment analyses based on our
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Table 1

Overview of annotated lipid classes showing downregulated lipids (blue), upregulated lipids (red), and both upregulated and downregulated lipids (yellow). Each
lipid subclass is denoted with an up (left number) or down (right number) tag, signifying an increase or decrease, respectively. The notation ‘N’ represents each
subclass’s total number of annotated lipid features.
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Bi ylgly phospk
(BMmP) 2| 0/0 | 0/0 | 0/0 | 0/0 | 0/0 0/0 0/o | o/o | o/0 | o/0 | 0/0 | 0/0 | 0/0 0/o | o/o | o/0 0/0 | o/0 | o/0 | o/0 | o/0 | 0/0 | 0/0 | 0/0
Lysophosphatidylcholines (LPC) 10 0/0 2/3 0/0 0/0 0/0 0/0 0/0 0/0 0/0 | 0/0
Phosphatidylcholine (PC) 40| 6/1|3/3|7/6 | 2/1 2/7 3/2(1/9 4/1|3/a|s/a|a/1|6/2|3/3|6/5|2/10] 3/4|6/6|3/1 6/1 2/1
Phosphatidylethanolamine (PE) 12 2/1 0/0 0/0 0/0]2/1 3/1 1/6 | o/0 3/1|0/0 0/0 0/0
Lysophosphatidylserine (LPS) 1| o/0 | o/0 0/0 | o/0 o/o0 | o/0 o/0 | o/o | o/0 0/0 [ o/0 | o/0|o0/0|0/0 0/0 0/0 0/0 | o/0 | o/0|0/0|o/0|0/0
Phosphatidylglycerol (PG) 2| o/0 | o/0 | 0/0 | 0/0 | 0/0 0/0 | 0/0 0/0 | o/0 | /0 | 0/0 | 0/0 | 0/0 | 0/0 0/0 | o/o | o/0 | 0/0 0/0 | o/0 0/0 | o/0 | 0o/0 | 0/0
(LPE) 7| o/0 | 0/0 0/o0 0/0 o/o | o/0 o/o | o/0 o/o | o/o | o/0 | 0/0 o/o | o/o | 0/0 o/o0 | o/0
Sphingolipids
Ceramides (Cer) 13| o/0 0/0|1/1 1/2 o/o.o/o 1/1 0/0 3/1|0/0 1/1 0/0 0/0
Sphingomyelin (SM) 4] 0/0 [ 0/0 | 0/0 | 0/0 | 0/0 | 0/0 | 0/0 | 0/0 | 0/0 | 0/0 | 0/0 | 0/0 | 0/0 | 0/0 | 0/0 | 0/0 | 0/0 0/0 | o/o [ o/0] o/0 | o/0 | 0/0 | 0/0 | 0/0 | 0/0 | 0/0 | 0/0 | 0/0
Sulfonolipid (SL) 3| 0/0 | 0/0 o/o | o/0 o/o | o/0 o/o | o/o | o/0 0/o0 o/0|1/1 0/0
Glycerolipids
Monoacylglycerol (MG) 1| o/0 | 0/0 | 0/0 | 0/0 | 0/0 | 0/0 0/0 0/0 | o/0 | o/0 | /0 | o/0 | o/0 | 0/0 | 0/0 | 0/0 | 0/0 | 0/0|o/0 |o/0|0/0]0/0|0/0|0/0]0/0]|0/0|0/0
Diacylglycerol (DAG) 29)1/3 (1/2|1/8|3/1|1/1 1/1|1/3|2/9|4/1|4/2|3/2 2/5|1/5]|1/3|2/5 2/1|2/2|2/4 0/o0|1/2 6/2 | 2/2 3/1
Triacylglycerols (TAG) 19| 3/3|1/1 3/8|2/2|7/2 2/11 2/1 0/0|1/3 1/5 5/1
Fatty acyls
(FA) 16| 0/o0 0/0 o/olo/o o/oIo/o 1/1 0/o 0/0 | o/o | o/0 0/o0
Fatty amides
N-acyl ethanolamines (NAE) 3 0/0 | 0/0 0/0 0/0 0/0 | o/o | o/0 1/1.1/1 o/o.o/o o/o0 | o/0 1/1 | o/o0 1/1
Sterols
Sterol sulfate (ST) 2| o/olo/o o/o|o/o o/olo/o o/o|o/o|o/o o/olo/olo/o o/o|o/o o/o|0/0|o/o o/o|o/o|o/o o/o|o/o|o/o o/o|o/o|o/o
Prenols
Vitamin A ester (VAE) 2| o/o|o/o|o/o o/olo/o 0/0 o/o|o/o|o/o.o/o|o/o 0/0 o/olo/o.o/olo/o|o/o o/olo/o|o/o o/o|o/o|u/o
Total of affected lipid 166
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Fig. 1. Hierarchical cluster analysis of ten individual PFAS at different concentrations based on normalized lipid features in HepaRG cells. Annotated lipids from both
positive and negative ionization modes.
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Fig. 2. Heatmap of normalized response (mean of four biological replicates) of the topmost statistically significant lipid features in positive and negative ionization
mode. Results for the PFNA 25 yM sample are missing for the positive ionization mode (white fields) as these samples were not measured due to a technical error.
Statistically significant (* p < 0.05) differences between PFAS and the solvent control (DMSO) are indicated by an asterisk (*), and the scale is shown as a Log2 fold
change. Blue indicates a decrease, and red indicates an increase.
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Fig. 3. PFAS concentration-dependent relationships for selected individual lipids. The differences (one-way ANOVA) of normalized data

of individual PFAS

compared to the control are shown. A) Lipid features detected in positive ionization mode. B) Lipid features detected in negative ionization mode. Normalized
concentration is based on the normalized response compared to the solvent control (DMSO), which was set to zero (red horizontal line).

statistically significant generated lipid features to determine lipid
involvement in critical biological processes, including disease. Among
the twelve enriched pathways, the five top pathways include "Glycer-
ophospholipid metabolism", "Sphingolipid signaling", "Insulin resis-
tance", "Choline metabolism in cancer”, and "AGE-RAGE signaling
pathway in diabetic complications", as shown in Table 2.

Table 2
Pathways significantly enriched in lipids by PFAS-mediated effects.
Pathway name Pathway Raw p- Benjamini Lipid
lipids value corrected p- class
value
Glycerophospholipid 26 0.0000 0.0000 LPC, PE,
metabolism DAG,
LPE, PC
Sphingolipid signaling 9 0.0002 0.0046 DAG,
pathway Cer
Insulin resistance 4 0.0002 0.0046 TAG,
DAG,
Cer
Choline metabolism in 5 0.0004 0.0085 PC, LPC,
cancer DAG
AGE-RAGE signaling 2 0.0013 0.0211 DAG,
pathway in diabetic Cer
complications
Retrograde 8 0.0022 0.0295 PE,
endocannabinoid DAG, PC
signaling
Neurotrophin signaling 3 0.0039 0.0309 DAG,
pathway Cer
Long-term depression 3 0.0039 0.0309 DAG
Adipocytokine signaling 3 0.0039 0.0309 DAG
pathway
Kaposi’s sarcoma- 3 0.0039 0.0309 DAG, PE
associated herpesvirus
infection
Ferroptosis 11 0.0061 0.0441 PE
Necroptosis 4 0.0077 0.0504 Cer

4. Discussion
4.1. Lipid alterations

In this study, our findings revealed various alterations in the lipid
profiles of HepaRG cells after exposure to different single PFAS. The
results demonstrate the potential of PFAS to disrupt lipid homeostasis
and metabolism in hepatic cells, with distinct effects observed for each
PFAS tested. Specifically, PFOA and PFOS caused a notable increase in
TAG and DAG species, along with elevated levels of PC and PE (Fig. 2,
$1). These alterations in the hepatic lipid profile appear to be mediated
primarily by PPAR«x and, to a lesser extent, PPARy, CAR, and PXR. This
phenomenon prompts questions regarding possible relationships with
health effects, such as metabolic-related diseases, T2D, CVDs, and
MASLD.

Numerous studies have examined PFAS exposure and its effects on
lipid metabolism using different models in HepaRG cells (Behr et al.,
2020; Franco et al., 2020; Louisse et al., 2020; Sadrabadi et al., 2024), in
rodents (Das et al., 2017; Rosen et al., 2010; Wu et al., 2023) and in
several human cohort studies (Averina et al., 2021; Fenton et al., 2021;
Jain & Ducatman, 2019; Steenland et al., 2009) and reported PFAS to
alter lipid metabolism; for example, the elevation of TAG levels (Dalla
Zuanna et al., 2021; Dunder et al., 2022; Jain & Ducatman, 2019; Li
et al., 2020; Zare Jeddi et al., 2022). However, the landscape of studies
on these effects is multifaceted, with epidemiological evidence showing
no associations or positive or negative associations between PFAS
exposure and serum lipid levels (Dunder et al., 2023; Schillemans et al.,
2023; Zheng et al., 2023). Therefore, this study aimed to explore the
impact of PFAS on lipid metabolism in HepaRG cells, focusing on lipid
composition, known as the lipidome.

Previous research suggests that PFAS effects are primarily PPARa-
mediated, with contributions from other nuclear receptors (NRs) such as
PPARy, CAR, and PXR (Attema et al., 2022; Bjork et al., 2011; Rosen
etal., 2017; Vanden Heuvel et al., 2006). These NRs play crucial roles in
regulating lipid metabolism, with PPARy regulating lipogenesis and the
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import of free fatty acids (Skat-Rgrdam et al., 2019), while CAR and PXR
regulate energy metabolism and promote hepatic lipid accumulation
(Marmugi et al., 2016; Nakamura et al., 2007; Yamamoto et al., 2003).
PPARa regulates fatty acid oxidation and gene expression in TAG
metabolism (Pawlak et al., 2015). It is the most commonly reported NR
activated by PFAS, including but not limited to PFOA, PFOS, PFHxA,
PFHxS, PFBA, and PMPP/Adona (Kirk et al., 2021; Maeda et al., 2024;
Shi et al., 2024). PFOA and PFOS have also been shown to upregulate
TAG-associated gene expression (ATSDR, 2021; Louisse et al., 2020).
TAG acts as a reservoir for FAs, releasing them to provide energy under
strict instruction when needed. TAG consists of fatty acid chains of
varying lengths, which can be either saturated (SFAs) or unsaturated,
such as polyunsaturated FAs (PUFAs). Most of these FAs are known
activators of PPARa and essential components of phospholipids in the
cell membrane, playing a crucial role in maintaining membrane fluidity
and integrity (Leekumjorn et al., 2009).

PUFAs such as arachidonic acid (FA, 20.4) serve as a substrate for the
CYP4A enzyme, crucial in FA metabolism and homeostasis (Jarrar &
Lee, 2019; Zhang & Klaassen, 2013). Additionally, the activation of
PPARa has been found to consistently increase the expression of
CYP4A11, promoting fatty acid oxidation (Bjork et al., 2011). Alteration
in the metabolism of SFAs and PUFAs can disrupt the biosynthesis of
TAG and other lipids, negatively impacting the biological system (Perry
etal., 2014; Postic & Girard, 2008). For example, TAG accumulation can
lead to hepatic steatosis and MASLD (Alves-Bezerra & Cohen, 2017;
Browning et al., 2011; Das et al., 2017; Jiang et al., 2015; Semova &
Biddinger, 2021; Sen et al., 2022; Yamaguchi et al., 2007).

4.1.1. PFOS, PFOA, and PFDA induce lipid accumulation

The lipid profile of HepaRG cells exposed to PFOA (25 and 100 uM),
PFOS (10, 25, 100 uM), and PFDA (25 uM) exhibited significant differ-
ences compared to those exposed to other tested PFAS. PFOS and PFOA
notably elevated the levels of most lipid species, except for SFAs (FA
with 14.0, 16.0, and 17.0 carbon chains), which were decreased.
Interestingly, these two PFAS increased TAG species containing one or
two SFAs with 14.0, 16.0, or 17.0 fatty acyl chains and PUFAs. Examples
are DAG (16.0/16.0), DAG/ether-PE (PEP) (16.0/20.5), TAG (16.0/
16.0/16.0), TAG (14.0/14.0/16.0), TAG (14.0/16.0/16.0), and TAG
(16.0/16.0/17.0), and TAG species containing PUFAs, including TAG
(16.1/18.1/18.2), TAG (17.1/18.1/18.2), and TAG (18.1/18.1/18.2)
(Fig. 2). This finding suggests that in cells exposed to PFOA- and PFOS,
SFAs and PUFAs were used in the esterification of TAG (Clarke, 2001;
Zhang et al., 2016). Similarly, Franco and colleagues reported increased
DAG and TAG species containing PUFAs in HepaRG exposed to PFOA
(Franco et al., 2020), suggesting a PPARa-dependent mechanism, as
PFOS and PFOA exposures in HepaRG cells are associated with increased
fat storage (TAGs) and potentially decreased fatty acid oxidation (Das
et al., 2017; Lindquist et al., 2017). PFDA, which has been found to
elevate TAG levels in rodents (Van Rafelghem et al., 1988; Wang et al.,
2023), exhibited a similar effect in our exposed HepaRG cells at 25 uM
PFDA. Moreover, the observed increase in TAG levels may also result
from the activities of PPARy, PXR, and CAR, which may occur as a
secondary effect of PPARa activation or suppression (Attema et al.,
2022; Attema et al., 2024; Bjork et al., 2011; Rosen et al., 2017; Vanden
Heuvel et al., 2006).

Elevated TAG levels in cells exposed to PFOS, PFOA, and PFDA
(25 pM) suggest lipid accumulation (Das et al., 2017; Rosen et al., 2010;
Yang et al., 2023), likely due to increased fatty acid load, reduced fatty
acid oxidation, and an increase in the synthesis of TAG (Angrish et al.,
2016). In these exposure conditions, fatty acid oxidation seems to be
inhibited, shifting from oxidation to esterification to form glycerolipids
and phospholipids. Moreover, lipid metabolism in the liver is balanced
between lipid synthesis and energy generation, and any disruption of
this balance can either cause lipid accumulation or oxidation (Fang
et al., 2019). The elevation of PUFAs, a decrease in SFAs, and the
increased incorporation of FAs into DAG, TAG, and phospholipids may
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cause an imbalance in the PUFA and SFA levels. These alterations can
disrupt energy homeostasis and lipid equilibrium, altering lipid
composition and intermediates and potentially generating toxic lipid
species (Vendruscolo, 2022). Excess PUFAs can increase lipid peroxi-
dation, alter cell membrane structure and dynamics, and trigger cell
death (Gaschler & Stockwell, 2017). Further, a decrease in SFAs may
reduce the formation of PUFAs, which are key in preventing metabolic
disorders (Beauchamp et al., 2009; Rioux et al., 2008; Shramko et al.,
2020). Also, alterations in the levels of PC and PE can disrupt calcium
homeostasis and induce endoplasmic reticulum stress (ER stress)
(Moncan et al., 2021; Patel & Witt, 2017).

4.1.2. Impacts of PFHxS, PFHxA, PFBS, PFBA, and HFPO-DA/GenX on
lipid profile

PFHxS, PFHxA, PFDA, PFBS, PFBA, and HFPO-DA/GenX exhibited a
non-concentration-dependent increase of PUFAs and phospholipids.
HFPO-DA/GenX has been found to reduce TAG levels in rats (Conley
et al., 2021), and at 2500 uM concentrations increased the total level of
TAG in HepaRG cells using adipored assay (Sadrabadi et al., 2024); our
finding shows a decrease in TAG levels at HFPO-DA/GenX (100 pM).

PFHxS exposure has been linked to lipid accumulation in zebrafish
embryos (Ulhaq & Tse, 2024) and rodents (Bijland et al., 2011; Das
etal., 2017; Pfohl et al., 2020), as well as decreased serum TAG levels in
rats (ATSDR, 2021; Bijland et al., 2011). Our study observed reduced
TAG species levels in HepaRG cells exposed to PFHxS, independent of
concentration. Conversely, PFNA exposure studies have reported
decreased serum TAG levels in mice (Wang et al., 2015), elevated he-
patic TAG levels in PPARa-null mice (Das et al., 2017) and HepaRG cells
(Louisse et al., 2020). In contrast, our results showed minimal impact of
PFNA on TAG levels. PFBS and PFHxXA exposure were associated with
reduced TAG levels in rodents (Bijland et al., 2011; Klaunig et al., 2015),
which is consistent with our findings. In contrast, Sadrabadi et al. (2024)
reported increased TAG levels in HepaRG cells exposed to PMPP/Adona
(1000 uM), whereas we found reduced TAG levels at the same concen-
tration. It is worth noting that the adipored assay measures total TAG
levels without distinguishing TAG species, whereas the lipidomics
approach discriminates among TAG species, making comparing findings
from these two methods challenging.

The observed decrease in TAG and, to a lesser extent, DAG lipid
species in cells treated with 100 uyM HFPO-DA /GenX, PFBS, PFBA,
PFHxA, and PFHxS suggests a promotion of lipid oxidation by these
PFAS, diverting away from TAG biosynthesis. Consequently, the
increased levels of FA could promote the generation of other lipid spe-
cies (De Carvalho & Caramujo, 2018). For instance, exposure to PFHxS
(250 pM) and PFBA (100 uM) led to an increase in SFAs (FA with 15.0,
16.0, and 17.0 carbon chains) with a significant reduction in TAG spe-
cies containing these FAs, such as TAG (14.0/15.0/16.0), TAG
(16.0/16.0/16.0) and TAG (16.0/16.0/17.0). These outcomes may
indicate lipid remodeling and disruption in energy homeostasis (Sye-
d-Abdul, 2023).

4.2. Pathway analysis

Our enrichment analysis uncovered pathways potentially linked to
cardiovascular effects and diabetes. For example, AGE-RAGE signaling is
implicated in the development and progression of diabetic complica-
tions, including cardiovascular disease. (Kahn et al., 2006). An example
of the relationships between DAG, TAG, and Cer levels and insulin
resistance according to pathway enrichment analyses is discussed below
and illustrated in Fig. 4. Specifically, the PI3K/AKT pathway is involved
in insulin resistance, reducing glycogen production and de novo lipo-
genesis and activating gluconeogenic genes. It is important to note that
the relationship between these pathways and disease outcomes is com-
plex and can vary depending on individual factors and disease states.
Therefore, further research is needed to elucidate these connections
fully.
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Fig. 4. Role of diacylglycerol (DAG) and ceramide (Cer) in insulin resistance. DAG inhibits the stimulation of insulin receptors (INSRs) upon insulin binding by
activating protein kinase C epsilon (PKCe). Cer activates protein kinase C zeta (PKC{) and protein phosphatase 2 A (PP2A), which block serine-threonine kinase (AKT)
activation and promote AKT dephosphorylation. Long-chain fatty acids can be used as building blocks for the biosynthesis of organisms’ triacylglycerols (TAGs) and
ceramides. Dysregulated AKT in insulin resistance promotes gluconeogenesis activation, decreasing de novo lipogenesis (DNL) and glycogen synthesis.

DAG serves as a precursor for TAG biosynthesis and a critical
signaling molecule. DAG inhibits insulin signaling by activating protein
kinase C epsilon (PKCe) (Petersen & Shulman, 2018). This activation
blocks insulin receptors (INSRs). It stimulates c-Jun N-terminal kinase
(JNK1), hindering the activation of insulin receptor substrate 2 (IRS-2)
and thus preventing the translocation and phosphorylation of AKT2
(Lopez-Bergami et al., 2005; Yung & Giacca, 2020). AKT2 is a ser-
ine/threonine kinase in the insulin signal transduction cascade that acts
as an effector molecule, and its activation is also inhibited when cer-
amide activates protein phosphatase 2A (PP2A) and protein kinase C
zeta (PKC{), which blocks AKT2 activity (Sokolowska &
Blachnio-Zabielska, 2019). Consequently, impaired PI3K/AKT2
pathway activity in insulin resistance leads to decreased glycogen syn-
thesis and de novo lipogenesis but increased hepatic gluconeogenesis
(Petersen & Shulman, 2018).

The recent understanding of DAG and Cer in insulin resistance
highlights their significance beyond energy generation and cellular
membrane composition. The role of these lipids in the insulin resistance
pathway suggests that elevated levels of these lipids, as observed with
PFAS (PFOS and PFOA) exposure, might contribute to the development
of insulin resistance. However, the extent to which these lipid alterations
lead to such effects remains to be elucidated.

4.3. Relevance and limitations

It is worth noting that high PFAS levels, as used in our study, are
generally not observed in the population (EFSA CONTAM Panel, 2020).
Instead, humans are usually exposed to lower levels of a PFAS mixture
dominated by PFOS and PFOA. The reported median serum concentra-
tions within the European adult population were 7.7 ng/mL
(=0.015 uM) for PFOS and 1.9 ng/mL (=0.005 pM) for PFOA as of 2020
(EFSA CONTAM Panel, 2020). These concentrations are considerably
lower than the test concentrations in this study, i.e. (10 — 100 uM for
PFOS) and PFOA (25 - 250 uM for PFOA). However, PFAS serum levels
are reported in highly exposed populations from contaminated areas,
and the maximum reported levels can be in the range of our test con-
centrations. The individual with the highest recorded PFOS levels in the

C8-cohort (USA) had a concentration of PFOS reaching 35.5uM
(Steenland et al., 2009). In Ronneby (Sweden), PFOS levels in serum of
0.35 puM have been reported (Li et al., 2018), and the maximum serum
levels of PFOA from the Veneto area (Italy) was 6.6 uM (Batzella et al.,
2022). Notably, our results may not be relevant to human health issues,
but they were used to understand the mechanism of PFAS toxicity at the
molecular level.

The transportation of PFAS into hepatocytes has been investigated in
various studies and depends on PFAS’s affinity to hepatic proteins (Chen
& Guo, 2009), as illustrated by PFOS entering the hepatic cell (Fragki
et al., 2023). PFOS has a higher affinity to hepatic proteins such as liver
fatty acid binding protein (L-FABP) than PFNA and PFHxS (Zhang et al.,
2013). Uptake of PFAS into the hepatic cell was also reported by Franco
and colleagues, who observed a decrease in PFOA and PFOS in cell
culture media after 7 days of exposure (Franco et al., 2020).

Hepatocyte-like cells derived from a human hepatocellular carci-
noma, as used in our study (HepaRG), might have a slightly different
metabolism profile than primary human hepatocytes (Gripon et al.,
2002; Rogue et al., 2012; Samanez et al., 2012). Moreover, only intra-
cellular lipids have been determined in the present study, and extra-
cellular lipids were not analyzed due to the presence of lipids in the
serum of the cell culture medium.

5. Conclusions

We investigated the impact of ten individual PFAS on the hepatocyte
lipidome, showing a notable difference between legacy PFAS and their
alternatives, consolidating the current literature on PFOS and PFOA, and
highlighting PFDA’s possibility to disrupt HepaRG lipidome similar to
PFOA and PFOS, contrasting with the observed lipid alteration in cells
treated with HFPO-DA /GenX, PFBS, PFBA PFHxA, and PFHxS. Our
findings provide valuable insights into how single PFAS, at varying
concentrations, affect lipid metabolism at the lipid subclass level. Future
studies should investigate the impact of PFAS mixtures on the hepato-
cyte lipidome and compare them with current findings.



L. Kashobwe et al.
Funding

This project received funding from the European Union’s Horizon
2020 Research and Innovation Programme under the Marie Sktodowska-
Curie grant, agreement no. 860665 (PERFORCE3). MO was financially
supported by the Swedish Research Council for Sustainable Develop-
ment (FORMAS, no: FR-2022/0006).

CRediT authorship contribution statement

Pim E.G. Leonards: Writing — review & editing, Supervision, Soft-
ware, Resources, Methodology, Formal analysis, Data curation,
Conceptualization. Timo Hamers: Writing — review & editing, Super-
vision. Lackson Kashobwe: Writing — review & editing, Writing —
original draft, Visualization, Software, Methodology, Investigation,
Formal analysis, Data curation, Conceptualization. Lars Brunken:
Writing — review & editing, Writing — original draft, Visualization,
Software, Methodology, Investigation, Formal analysis, Data curation,
Conceptualization. Faezeh Sadrabadi: Writing — review & editing,
Writing — original draft, Visualization, Software, Methodology, Investi-
gation, Formal analysis, Data curation, Conceptualization. Torkjel M.
Sandanger: Writing — review & editing, Supervision. Ana Carolina M.
F. Coelho: Writing — review & editing, Visualization, Software, Formal
analysis. Albert Braeuning: Writing — review & editing, Supervision,
Resources, Methodology, Conceptualization. Mattias Oberg: Writing —
review & editing, Supervision, Resources, Methodology, Conceptuali-
zation. Thorsten Buhrke: Writing — review & editing, Supervision,
Resources, Methodology, Conceptualization.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.tox.2024.153862.

References

Aker, A., Ayotte, P., Caron-Beaudoin, E., Ricard, S., Gaudreau, E., Lemire, M., 2023.
Cardiometabolic health and per and polyfluoroalkyl substances in an Inuit
population. Environ. Int 181, 108283. https://doi.org/10.1016/j.
envint.2023.108283.

Alves-Bezerra, M., Cohen, D.E., 2017. Triglyceride metabolism in the liver. Compr.
Physiol. 8 (1), 1-8. https://doi.org/10.1002/cphy.c170012.

Angrish, M.M., Kaiser, J.P., McQueen, C.A., Chorley, B.N., 2016. Tipping the balance:
hepatotoxicity and the 4 apical key events of hepatic steatosis. Toxicol. Sci. 150 (2),
261-268. https://doi.org/10.1093/toxsci/kfw018.

ATSDR. (2021). Toxicological Profile for Perfluoroalkyls. (CS274127-A). https://www.
atsdr.cdc.gov/ToxProfiles/tp200-p.pdf: Agency for Toxic Substances and Disease
Registry (ATSDR); U.S. Department of Health and Human Services, Public Health
ServiceATSDR Retrieved from https://www.atsdr.cdc.gov/ToxProfiles/tp200-p.pdf
https://stacks.cdc.gov/view/cdc/59198/cdc_59198_DS1.pdf.

Attema, B., Janssen, A.W.F., Rijkers, D., van Schothorst, E.M., Hooiveld, G., Kersten, S.,
2022. Exposure to low-dose perfluorooctanoic acid promotes hepatic steatosis and
disrupts the hepatic transcriptome in mice. Mol. Metab. 66, 101602 https://doi.org/
10.1016/j.molmet.2022.101602.

Attema, B., Kummu, O., Pitkédnen, S., Weisell, J., Vuorio, T., Pennanen, E., Vorimo, M.,
Rysa, J., Kersten, S., Levonen, A.-L., Hakkola, J., 2024. Metabolic effects of nuclear
receptor activation in vivo after 28-day oral exposure to three endocrine-disrupting
chemicals. Arch. Toxicol. 98 (3), 911-928. https://doi.org/10.1007/500204-023-
03658-2.

Averina, M., Brox, J., Huber, S., Furberg, A.S., 2021. Exposure to perfluoroalkyl
substances (PFAS) and dyslipidemia, hypertension and obesity in adolescents. The

Toxicology 506 (2024) 153862

Fit Futures study. Environ. Res 195, 110740. https://doi.org/10.1016/j.
envres.2021.110740.

Batzella, E., Zare Jeddi, M., Pitter, G., Russo, F., Fletcher, T., Canova, C., 2022.
Associations between Mixture of Perfluoroalkyl Substances and Lipid Profile in a
Highly Exposed Adult Community in the Veneto Region. Int J. Environ. Res Public
Health 19 (19), 12421. https://doi.org/10.3390/ijerph191912421.

Beauchamp, E., Tekpli, X., Marteil, G., Lagadic-Gossmann, D., Legrand, P., Rioux, V.,
2009. N-Myristoylation targets dihydroceramide Delta4-desaturase 1 to
mitochondria: partial involvement in the apoptotic effect of myristic acid. Biochimie
91 (11-12), 1411-1419. https://doi.org/10.1016/j.biochi.2009.07.014.

Behr, A.C., Kwiatkowski, A., Stahlman, M., Schmidt, F.F., Luckert, C., Braeuning, A.,
Buhrke, T., 2020. Impairment of bile acid metabolism by perfluorooctanoic acid
(PFOA) and perfluorooctanesulfonic acid (PFOS) in human HepaRG hepatoma cells.
Arch. Toxicol. 94 (5), 1673-1686. https://doi.org/10.1007/500204-020-02732-3.

Bhargava, S., De La Puente-Secades, S., Schurgers, L., Jankowski, J., 2022. Lipids and
lipoproteins in cardiovascular diseases: a classification. Trends Endocrinol. Metab.
33 (6), 409-423. https://doi.org/10.1016/j.tem.2022.02.001.

Bijland, S., Rensen, P.C.N., Pieterman, E.J., Maas, A.C.E., van der Hoorn, J.W., van
Erk, M.J., Havekes, L.M., Willems van Dijk, K., Chang, S.-C., Ehresman, D.J.,
Butenhoff, J.L., Princen, H.M.G., 2011. Perfluoroalkyl Sulfonates Cause Alkyl Chain
Length-Dependent Hepatic Steatosis and Hypolipidemia Mainly by Impairing
Lipoprotein Production in APOE*3-Leiden CETP Mice. Toxicol. Sci. 123 (1),
290-303. https://doi.org/10.1093/toxsci/kfr142.

Bjork, J.A., Butenhoff, J.L., Wallace, K.B., 2011. Multiplicity of nuclear receptor
activation by PFOA and PFOS in primary human and rodent hepatocytes. Toxicology
288 (1), 8-17. https://doi.org/10.1016/].tox.2011.06.012.

Browning, J.D., Baker, J.A., Rogers, T., Davis, J., Satapati, S., Burgess, S.C., 2011. Short-
term weight loss and hepatic triglyceride reduction: evidence of a metabolic
advantage with dietary carbohydrate restriction. Am. J. Clin. Nutr. 93 (5),
1048-1052. https://doi.org/10.3945/ajcn.110.007674.

Buck, R.C., Korzeniowski, S.H., Laganis, E., Adamsky, F., 2021. Identification and
classification of commercially relevant per- and poly-fluoroalkyl substances (PFAS).
Integr. Environ. Assess. Manag 17 (5), 1045-1055. https://doi.org/10.1002/
ieam.4450.

Canova, C., Barbieri, G., Zare Jeddi, M., Gion, M., Fabricio, A., Dapra, F., Russo, F.,
Fletcher, T., Pitter, G., 2020. Associations between perfluoroalkyl substances and
lipid profile in a highly exposed young adult population in the Veneto Region,
106117-106117 Environ. Int. 145. https://doi.org/10.1016/j.envint.2020.106117.

Chen, Y.-M., Guo, L.-H., 2009. Fluorescence study on site-specific binding of
perfluoroalkyl acids to human serum albumin. Arch. Toxicol. 83 (3), 255-261.
https://doi.org/10.1007/500204-008-0359-x.

Chong, J., Wishart, D.S., Xia, J., 2019. Using MetaboAnalyst 4.0 for Comprehensive and
Integrative Metabolomics Data Analysis. Curr. Protoc. Bioinforma. 68 (1), e86
https://doi.org/10.1002/cpbi.86.

Clarke, S.D., 2001. Polyunsaturated Fatty Acid Regulation of Gene Transcription: A
Molecular Mechanism to Improve the Metabolic Syndrome. J. Nutr. 131 (4),
1129-1132. https://doi.org/10.1093/jn/131.4.1129.

Cockeroft, S., 2021. Mammalian lipids: structure, synthesis and function. Essays Biochem
65 (5), 813-845. https://doi.org/10.1042/ebc20200067.

Conley, J.M., Lambright, C.S., Evans, N., McCord, J., Strynar, M.J., Hill, D., Medlock-
Kakaley, E., Wilson, V.S., Gray, L.E., 2021. Hexafluoropropylene oxide-dimer acid
(HFPO-DA or GenX) alters maternal and fetal glucose and lipid metabolism and
produces neonatal mortality, low birthweight, and hepatomegaly in the Sprague-
Dawley rat. Environ. Int. 146, 106204 https://doi.org/10.1016/j.
envint.2020.106204.

Dalla Zuanna, T., Savitz, D.A., Barbieri, G., Pitter, G., Zare Jeddi, M., Dapra, F.,
Fabricio, A.S.C., Russo, F., Fletcher, T., Canova, C., 2021. The association between
perfluoroalkyl substances and lipid profile in exposed pregnant women in the Veneto
region, Italy. Ecotoxicol. Environ. Saf. 209, 111805 https://doi.org/10.1016/j.
ecoenv.2020.111805.

Das, K.P., Wood, C.R., Lin, M.T., Starkov, A.A., Lau, C., Wallace, K.B., Corton, J.C.,
Abbott, B.D., 2017. Perfluoroalkyl acids-induced liver steatosis: Effects on genes
controlling lipid homeostasis. Toxicology 378, 37-52. https://doi.org/10.1016/j.
t0x.2016.12.007.

De Carvalho, C., Caramujo, M., 2018. The Various Roles of Fatty Acids. Molecules 23
(10), 2583. https://doi.org/10.3390/molecules23102583.

Dewapriya, P., Chadwick, L., Gorji, S.G., Schulze, B., Valsecchi, S., Samanipour, S.,
Thomas, K.V., Kaserzon, S.L., 2023. Per- and polyfluoroalkyl substances (PFAS) in
consumer products: Current knowledge and research gaps. J. Hazard. Mater. Lett. 4,
100086 https://doi.org/10.1016/j.haz].2023.100086.

Duan, Y., Gong, K., Xu, S., Zhang, F., Meng, X., Han, J., 2022. Regulation of cholesterol
homeostasis in health and diseases: from mechanisms to targeted therapeutics.
Signal Transduct. Target Ther. 7 (1), 265. https://doi.org/10.1038/s41392-022-
01125-5.

Dunder, L., Lind, P.M., Salihovic, S., Stubleski, J., Karrman, A., Lind, L., 2022. Changes in
plasma levels of per- and polyfluoroalkyl substances (PFAS) are associated with
changes in plasma lipids - A longitudinal study over 10 years. Environ. Res 211,
112903. https://doi.org/10.1016/j.envres.2022.112903.

Dunder, L., Salihovic, S., Lind, P.M., Elmstahl, S., Lind, L., 2023. Plasma levels of per-
and polyfluoroalkyl substances (PFAS) are associated with altered levels of proteins
previously linked to inflammation, metabolism and cardiovascular disease. Environ.
Int 177, 107979. https://doi.org/10.1016/j.envint.2023.107979.

EFSA CONTAM Panel, 2018. Risk to human health related to the presence of
perfluorooctane sulfonic acid and perfluorooctanoic acid in food. EFSA J. 16 (12),
05194 https://doi.org/10.2903/j.efsa.2018.5194.


https://doi.org/10.1016/j.tox.2024.153862
https://doi.org/10.1016/j.envint.2023.108283
https://doi.org/10.1016/j.envint.2023.108283
https://doi.org/10.1002/cphy.c170012
https://doi.org/10.1093/toxsci/kfw018
https://doi.org/10.1016/j.molmet.2022.101602
https://doi.org/10.1016/j.molmet.2022.101602
https://doi.org/10.1007/s00204-023-03658-2
https://doi.org/10.1007/s00204-023-03658-2
https://doi.org/10.1016/j.envres.2021.110740
https://doi.org/10.1016/j.envres.2021.110740
https://doi.org/10.3390/ijerph191912421
https://doi.org/10.1016/j.biochi.2009.07.014
https://doi.org/10.1007/s00204-020-02732-3
https://doi.org/10.1016/j.tem.2022.02.001
https://doi.org/10.1093/toxsci/kfr142
https://doi.org/10.1016/j.tox.2011.06.012
https://doi.org/10.3945/ajcn.110.007674
https://doi.org/10.1002/ieam.4450
https://doi.org/10.1002/ieam.4450
https://doi.org/10.1016/j.envint.2020.106117
https://doi.org/10.1007/s00204-008-0359-x
https://doi.org/10.1002/cpbi.86
https://doi.org/10.1093/jn/131.4.1129
https://doi.org/10.1042/ebc20200067
https://doi.org/10.1016/j.envint.2020.106204
https://doi.org/10.1016/j.envint.2020.106204
https://doi.org/10.1016/j.ecoenv.2020.111805
https://doi.org/10.1016/j.ecoenv.2020.111805
https://doi.org/10.1016/j.tox.2016.12.007
https://doi.org/10.1016/j.tox.2016.12.007
https://doi.org/10.3390/molecules23102583
https://doi.org/10.1016/j.hazl.2023.100086
https://doi.org/10.1038/s41392-022-01125-5
https://doi.org/10.1038/s41392-022-01125-5
https://doi.org/10.1016/j.envres.2022.112903
https://doi.org/10.1016/j.envint.2023.107979
https://doi.org/10.2903/j.efsa.2018.5194

L. Kashobwe et al.

EFSA CONTAM Panel, 2020. Risk to human health related to the presence of
perfluoroalkyl substances in food. EFSA J. 18 (9), 06223 https://doi.org/10.2903/j.
efsa.2020.6223.

European Commission. (2019). Listing of perfluorooctane sulfonic acid, its salts and
perfluorooctane sulfonyl fluoride, SC-4/17 [Regulation document, The Conference
of the Parties]. Stockholm Convention on persistent organic pollutants (POPs), Annex B
(Restriction). https://chm.pops.int/TheConvention/ThePOPs/AllIPOPs/tabid/2509/
Default.aspx.

European Commission. (2020). Listing of perfluorooctanoic acid (PFOA), its salts and
PFOA-related compounds, SC-9/12 [Regulation document, The Conference of the
Parties]. Stockholm Convention on persistent organic pollutants (POPs), Annex B
(Restriction). https://chm.pops.int/TheConvention/ThePOPs/AllIPOPs/tabid/2509/
Default.aspx.

Fenton, S.E., Ducatman, A., Boobis, A., DeWitt, J.C., Lau, C., Ng, C., Smith, J.S.,
Roberts, S.M., 2021. Per- and Polyfluoroalkyl Substance Toxicity and Human Health
Review: Current State of Knowledge and Strategies for Informing Future Research.
Environ. Toxicol. Chem. 40 (3), 606-630. https://doi.org/10.1002/etc.4890.

Fragki, S., Dirven, H., Fletcher, T., Grasl-Kraupp, B., Bjerve Giitzkow, K.,
Hoogenboom, R., Kersten, S., Lindeman, B., Louisse, J., Peijnenburg, A., Piersma, A.
H., Princen, H.M.G., Uhl, M., Westerhout, J., Zeilmaker, M.J., Luijten, M., 2021.
Systemic PFOS and PFOA exposure and disturbed lipid homeostasis in humans: what
do we know and what not? Crit. Rev. Toxicol. 51 (2), 1-24. https://doi.org/
10.1080/10408444.2021.1888073.

Fragki, S., Louisse, J., Bokkers, B., Luijten, M., Peijnenburg, A., Rijkers, D., Piersma, A.H.,
Zeilmaker, M.J., 2023. New approach methodologies: A quantitative in vitro to in
vivo extrapolation case study with PFASs. Food Chem. Toxicol. 172, 113559 https://
doi.org/10.1016/j.fct.2022.113559.

Franco, M.E., Fernandez-Luna, M.T., Ramirez, A.J., Lavado, R., 2020. Metabolomic-
based assessment reveals dysregulation of lipid profiles in human liver cells exposed
to environmental obesogens. Toxicol. Appl. Pharmacol. 398, 115009 https://doi.
org/10.1016/j.taap.2020.115009.

Fu, J., Zhang, Y., Wang, Y., Zhang, H., Liu, J., Tang, J., Yang, Q., Sun, H., Qiu, W., Ma, Y.,
Li, Z., Zheng, M., Zhu, F., 2022. Optimization of metabolomic data processing using
NOREVA. Nat. Protoc. 17 (1), 129-151. https://doi.org/10.1038/541596-021-
00636-9.

Gaschler, M.M., Stockwell, B.R., 2017. Lipid peroxidation in cell death. Biochem.
Biophys. Res. Commun. 482 (3), 419-425. https://doi.org/10.1016/j.
bbrc.2016.10.086.

Gliige, J., Scheringer, M., Cousins, L.T., Dewitt, J.C., Goldenman, G., Herzke, D.,
Lohmann, R., Ng, C.A., Trier, X., Wang, Z., 2020. An overview of the uses of per- and
polyfluoroalkyl substances (PFAS). Environ. Sci.: Process. Impacts 22 (12),
2345-2373. https://doi.org/10.1039/d0em00291g.

Gripon, P., Rumin, S., Urban, S., Le Seyec, J., Glaise, D., Cannie, I., Guyomard, C.,
Lucas, J., Trepo, C., Guguen-Guillouzo, C., 2002. Infection of a human hepatoma cell
line by hepatitis B virus. Proc. Natl. Acad. Sci. 99 (24), 15655-15660. https://doi.
org/10.1073/pnas.232137699.

Gui, S.Y., Qiao, J.C., Xu, K.X,, Li, Z.L., Chen, Y.N., Wu, K.J., Jiang, Z.X., Hu, C.Y., 2023.
Association between per- and polyfluoroalkyl substances exposure and risk of
diabetes: a systematic review and meta-analysis. J. Expo. Sci. Environ. Epidemiol. 33
(1), 40-55. https://doi.org/10.1038/541370-022-00464-3.

Herzke, D., Olsson, E., Posner, S., 2012. Perfluoroalkyl and polyfluoroalkyl substances
(PFASs) in consumer products in Norway - a pilot study. Chemosphere 88 (8),
980-987. https://doi.org/10.1016/j.chemosphere.2012.03.035.

Jain, R.B., Ducatman, A., 2019. Roles of gender and obesity in defining correlations
between perfluoroalkyl substances and lipid/lipoproteins. Sci. Total Environ. 653,
74-81. https://doi.org/10.1016/j.scitotenv.2018.10.362.

Jarrar, Y.B., Lee, S.-J., 2019. Molecular Functionality of Cytochrome P450 4 (CYP4)
Genetic Polymorphisms and Their Clinical Implications. Int. J. Mol. Sci. 20 (17),
4274. https://doi.org/10.3390/ijms20174274.

Jiang, Z.G., Tsugawa, Y., Tapper, E.B., Lai, M., Afdhal, N., Robson, S.C., Mukamal, K.J.,
2015. Low-fasting triglyceride levels are associated with non-invasive markers of
advanced liver fibrosis among adults in the United States. Aliment Pharm. Ther. 42
(1), 106-116. https://doi.org/10.1111/apt.13216.

Kahn, S.E., Hull, R.L., Utzschneider, K.M., 2006. Mechanisms linking obesity to insulin
resistance and type 2 diabetes. Nature 444 (7121), 840-846. https://doi.org/
10.1038/nature05482.

Karpievitch, Y.V., Nikolic, S.B., Wilson, R., Sharman, J.E., Edwards, L.M., 2014.
Metabolomics data normalization with EigenMS. PLoS ONE 9 (12), e116221.
https://doi.org/10.1371/journal.pone.0116221.

Kirk, A.B., Michelsen-Correa, S., Rosen, C., Martin, C.F., Blumberg, B., 2021. PFAS and
Potential Adverse Effects on Bone and Adipose Tissue Through Interactions With
PPARgamma. Endocrinology 162 (12). https://doi.org/10.1210/endocr/bqab194.

Klaunig, J.E., Shinohara, M., Iwai, H., Chengelis, C.P., Kirkpatrick, J.B., Wang, Z.,
Bruner, R.H., 2015. Evaluation of the Chronic Toxicity and Carcinogenicity of
Perfluorohexanoic Acid (PFHxA) in Sprague-Dawley Rats. Toxicol. Pathol. 43 (2),
209-220. https://doi.org/10.1177/0192623314530532.

Lambert, C.B., Spire, C., Claude, N., Guillouzo, A., 2009. Dose- and time-dependent
effects of phenobarbital on gene expression profiling in human hepatoma HepaRG
cells. Toxicol. Appl. Pharmacol. 234 (3), 345-360. https://doi.org/10.1016/j.
taap.2008.11.008.

Leekumjorn, S., Cho, H.J., Wu, Y., Wright, N.T., Sum, A.K., Chan, C., 2009. The role of
fatty acid unsaturation in minimizing biophysical changes on the structure and local
effects of bilayer membranes. Biochim. Et. Biophys. Acta (BBA) - Biomembr. 1788
(7), 1508-1516. https://doi.org/10.1016/j.bbamem.2009.04.002.

Li, Y., Barregard, L., Xu, Y., Scott, K., Pineda, D., Lindh, C.H., Jakobsson, K., Fletcher, T.,
2020. Associations between perfluoroalkyl substances and serum lipids in a Swedish

10

Toxicology 506 (2024) 153862

adult population with contaminated drinking water, 33-33 Environ. Health.: a Glob.
Access Sci. Source 19 (1). https://doi.org/10.1186/512940-020-00588-9.

Li, Y., Fletcher, T., Mucs, D., Scott, K., Lindh, C.H., Tallving, P., Jakobsson, K., 2018.
Half-lives of PFOS, PFHxS and PFOA after end of exposure to contaminated drinking
water. Occup. Environ. Med 75 (1), 46-51. https://doi.org/10.1136/0emed-2017-
104651.

Lichtenstein, D., Luckert, C., Alarcan, J., de Sousa, G., Gioutlakis, M., Katsanou, E.S.,
Konstantinidou, P., Machera, K., Milani, E.S., Peijnenburg, A., Rahmani, R.,
Rijkers, D., Spyropoulou, A., Stamou, M., Stoopen, G., Sturla, S.J., Wollscheid, B.,
Zucchini-Pascal, N., Braeuning, A., Lampen, A., 2020. An adverse outcome pathway-
based approach to assess steatotic mixture effects of hepatotoxic pesticides in vitro.
Food Chem. Toxicol. 139, 111283 https://doi.org/10.1016/j.fct.2020.111283.

Lindquist, C., Bjorndal, B., Rossmann, C.R., Tusubira, D., Svardal, A., Rosland, G.V.,
Tronstad, K.J., Hallstrom, S., Berge, R.K., 2017. Increased hepatic mitochondrial FA
oxidation reduces plasma and liver TG levels and is associated with regulation of
UCPs and APOC-III in rats. J. Lipid Res 58 (7), 1362-1373. https://doi.org/10.1194/
jlr.M074849.

Liu, B., Zhu, L., Wang, M., Sun, Q., 2023. Associations between Per- and Polyfluoroalkyl
Substances Exposures and Blood Lipid Levels among Adults-A Meta-Analysis.
Environ. Health Perspect. 131 (5), 56001. https://doi.org/10.1289/EHP11840.

Lopez-Bergami, P., Habelhah, H., Bhoumik, A., Zhang, W., Wang, L.H., Ronai, Z., 2005.
RACK1 mediates activation of JNK by protein kinase C [corrected. Mol. Cell 19 (3),
309-320. https://doi.org/10.1016/j.molcel.2005.06.025.

Louisse, J., Rijkers, D., Stoopen, G., Janssen, A., Staats, M., Hoogenboom, R., Kersten, S.,
Peijnenburg, A., 2020. Perfluorooctanoic acid (PFOA), perfluorooctane sulfonic acid
(PFOS), and perfluorononanoic acid (PFNA) increase triglyceride levels and decrease
cholesterogenic gene expression in human HepaRG liver cells. Arch. Toxicol. 94 (9),
3137-3155. https://doi.org/10.1007/5s00204-020-02808-0.

Maeda, K., Hirano, M., Hayashi, T., lida, M., Kurata, H., Ishibashi, H., 2024. Elucidating
Key Characteristics of PFAS Binding to Human Peroxisome Proliferator-Activated
Receptor Alpha: An Explainable Machine Learning Approach. Environ. Sci. Technol.
58 (1), 488-497. https://doi.org/10.1021/acs.est.3c06561.

Marmugi, A., Lukowicz, C., Lasserre, F., Montagner, A., Polizzi, A., Ducheix, S.,

Goron, A., Gamet-Payrastre, L., Gerbal-Chaloin, S., Pascussi, J.M., Moldes, M.,
Pineau, T., Guillou, H., Mselli-Lakhal, L., 2016. Activation of the Constitutive
Androstane Receptor induces hepatic lipogenesis and regulates Pnpla3 gene
expression in a LXR-independent way. Toxicol. Appl. Pharmacol. 303, 90-100.
https://doi.org/10.1016/j.taap.2016.05.006.

Moncan, M., Mnich, K., Blomme, A., Almanza, A., Samali, A., Gorman, A.M., 2021.
Regulation of lipid metabolism by the unfolded protein response. J. Cell Mol. Med 25
(3), 1359-1370. https://doi.org/10.1111/jemm.16255.

Nakamura, K., Moore, R., Negishi, M., Sueyoshi, T., 2007. Nuclear Pregnane X Receptor
Cross-talk with FoxA2 to Mediate Drug-induced Regulation of Lipid Metabolism in
Fasting Mouse Liver. J. Biol. Chem. 282 (13), 9768-9776. https://doi.org/10.1074/
jbc.m610072200.

Nelson, J.W., Hatch, E.E., Webster, T.F., 2010. Exposure to polyfluoroalkyl chemicals
and cholesterol, body weight, and insulin resistance in the general U.S. population.
Environ. Health Perspect. 118 (2), 197-202. https://doi.org/10.1289/ehp.0901165.

Patel, D., Witt, S.N., 2017. Ethanolamine and Phosphatidylethanolamine: Partners in
Health and Disease. Oxid. Med Cell Longev. 2017, 4829180 https://doi.org/
10.1155/2017/4829180.

Pawlak, M., Lefebvre, P., Staels, B., 2015. Molecular mechanism of PPAR«x action and its
impact on lipid metabolism, inflammation and fibrosis in non-alcoholic fatty liver
disease. J. Hepatol. 62 (3), 720-733. https://doi.org/10.1016/j.jhep.2014.10.039.

Perry, R.J., Samuel, V.T., Petersen, K.F., Shulman, G.I., 2014. The role of hepatic lipids in
hepatic insulin resistance and type 2 diabetes. Nature 510 (7503), 84-91. https://
doi.org/10.1038/nature13478.

Petersen, M.C., Shulman, G.I., 2018. Mechanisms of Insulin Action and Insulin
Resistance. Physiol. Rev. 98 (4), 2133-2223. https://doi.org/10.1152/
physrev.00063.2017.

Pfohl, M., Ingram, L., Marques, E., Auclair, A., Barlock, B., Jamwal, R., Anderson, D.,
Cummings, B.S., Slitt, A.L., 2020. Perfluorooctanesulfonic Acid and
Perfluorohexanesulfonic Acid Alter the Blood Lipidome and the Hepatic Proteome in
a Murine Model of Diet-Induced Obesity. Toxicol. Sci. 178 (2), 311-324. https://doi.
org/10.1093/toxsci/kfaal48.

Postic, C., Girard, J., 2008. Contribution of de novo fatty acid synthesis to hepatic
steatosis and insulin resistance: lessons from genetically engineered mice. J. Clin.
Investig. 118 (3), 829-838. https://doi.org/10.1172/jci34275.

Rinella, M.E., Lazarus, J.V., Ratziu, V., Francque, S.M., Sanyal, A.J., Kanwal, F.,
Romero, D., Abdelmalek, M.F., Anstee, Q.M., Arab, J.P., Arrese, M., Bataller, R.,
Beuers, U., Boursier, J., Bugianesi, E., Byrne, C.D., Castro Narro, G.E.,

Chowdhury, A., Cortez-Pinto, H., Newsome, P.N., 2023. A multisociety Delphi
consensus statement on new fatty liver disease nomenclature. J. Hepatol. 79 (6),
1542-1556. https://doi.org/10.1016/j.jhep.2023.06.003.

Rioux, V., Catheline, D., Beauchamp, E., Le Bloc’h, J., Pedrono, F., Legrand, P., 2008.
Substitution of dietary oleic acid for myristic acid increases the tissue storage of
alpha-linolenic acid and the concentration of docosahexaenoic acid in the brain, red
blood cells and plasma in the rat. Animal 2 (4), 636-644. https://doi.org/10.1017/
$1751731108001705.

Rogue, A., Lambert, C., Spire, C., Claude, N., Guillouzo, A., 2012. Interindividual
Variability in Gene Expression Profiles in Human Hepatocytes and Comparison with
HepaRG Cells. Drug Metab. Dispos. 40 (1), 151-158. https://doi.org/10.1124/
dmd.111.042028.

Rosen, M.B., Das, K.P., Rooney, J., Abbott, B., Lau, C., Corton, J.C., 2017. PPARa-
independent transcriptional targets of perfluoroalkyl acids revealed by transcript
profiling. Toxicology 387, 95-107. https://doi.org/10.1016/].tox.2017.05.013.


https://doi.org/10.2903/j.efsa.2020.6223
https://doi.org/10.2903/j.efsa.2020.6223
https://doi.org/10.1002/etc.4890
https://doi.org/10.1080/10408444.2021.1888073
https://doi.org/10.1080/10408444.2021.1888073
https://doi.org/10.1016/j.fct.2022.113559
https://doi.org/10.1016/j.fct.2022.113559
https://doi.org/10.1016/j.taap.2020.115009
https://doi.org/10.1016/j.taap.2020.115009
https://doi.org/10.1038/s41596-021-00636-9
https://doi.org/10.1038/s41596-021-00636-9
https://doi.org/10.1016/j.bbrc.2016.10.086
https://doi.org/10.1016/j.bbrc.2016.10.086
https://doi.org/10.1039/d0em00291g
https://doi.org/10.1073/pnas.232137699
https://doi.org/10.1073/pnas.232137699
https://doi.org/10.1038/s41370-022-00464-3
https://doi.org/10.1016/j.chemosphere.2012.03.035
https://doi.org/10.1016/j.scitotenv.2018.10.362
https://doi.org/10.3390/ijms20174274
https://doi.org/10.1111/apt.13216
https://doi.org/10.1038/nature05482
https://doi.org/10.1038/nature05482
https://doi.org/10.1371/journal.pone.0116221
https://doi.org/10.1210/endocr/bqab194
https://doi.org/10.1177/0192623314530532
https://doi.org/10.1016/j.taap.2008.11.008
https://doi.org/10.1016/j.taap.2008.11.008
https://doi.org/10.1016/j.bbamem.2009.04.002
https://doi.org/10.1186/s12940-020-00588-9
https://doi.org/10.1136/oemed-2017-104651
https://doi.org/10.1136/oemed-2017-104651
https://doi.org/10.1016/j.fct.2020.111283
https://doi.org/10.1194/jlr.M074849
https://doi.org/10.1194/jlr.M074849
https://doi.org/10.1289/EHP11840
https://doi.org/10.1016/j.molcel.2005.06.025
https://doi.org/10.1007/s00204-020-02808-0
https://doi.org/10.1021/acs.est.3c06561
https://doi.org/10.1016/j.taap.2016.05.006
https://doi.org/10.1111/jcmm.16255
https://doi.org/10.1074/jbc.m610072200
https://doi.org/10.1074/jbc.m610072200
https://doi.org/10.1289/ehp.0901165
https://doi.org/10.1155/2017/4829180
https://doi.org/10.1155/2017/4829180
https://doi.org/10.1016/j.jhep.2014.10.039
https://doi.org/10.1038/nature13478
https://doi.org/10.1038/nature13478
https://doi.org/10.1152/physrev.00063.2017
https://doi.org/10.1152/physrev.00063.2017
https://doi.org/10.1093/toxsci/kfaa148
https://doi.org/10.1093/toxsci/kfaa148
https://doi.org/10.1172/jci34275
https://doi.org/10.1016/j.jhep.2023.06.003
https://doi.org/10.1017/S1751731108001705
https://doi.org/10.1017/S1751731108001705
https://doi.org/10.1124/dmd.111.042028
https://doi.org/10.1124/dmd.111.042028
https://doi.org/10.1016/j.tox.2017.05.013

L. Kashobwe et al.

Rosen, M.B., Schmid, J.R., Corton, J.C., Zehr, R.D., Das, K.P., Abbott, B.D., Lau, C., 2010.
Gene Expression Profiling in Wild-Type and PPAR-Null Mice Exposed to
Perfluorooctane Sulfonate Reveals PPAR-Independent Effects. PPAR Res. 2010,
1-23. https://doi.org/10.1155/2010/794739.

Roth, K., Petriello, M.C., 2022. Exposure to per- and polyfluoroalkyl substances (PFAS)
and type 2 diabetes risk [Mini Review]. Front Endocrinol. (Lausanne) 13, 965384.
https://doi.org/10.3389/fendo0.2022.965384.

Sadrabadi, F., Alarcan, J., Sprenger, H., Braeuning, A., Buhrke, T., 2024. Impact of
perfluoroalkyl substances (PFAS) and PFAS mixtures on lipid metabolism in
differentiated HepaRG cells as a model for human hepatocytes. Arch. Toxicol. 98 (2),
507-524. https://doi.org/10.1007/500204-023-03649-3.

Samanez, C.H., Caron, S., Briand, O., Dehondt, H., Duplan, 1., Kuipers, F., Hennuyer, N.,
Clavey, V., Staels, B., 2012. The human hepatocyte cell lines IHH and HepaRG:
models to study glucose, lipid and lipoprotein metabolism. Arch. Physiol. Biochem.
118 (3), 102-111. https://doi.org/10.3109/13813455.2012.683442.

Schillemans, T., Bergdahl, I.A., Hanhineva, K., Shi, L., Donat-Vargas, C., Koponen, J.,
Kiviranta, H., Landberg, R., Akesson, A., Brunius, C., 2023. Associations of PFAS-
related plasma metabolites with cholesterol and triglyceride concentrations.
Environ. Res 216 (Pt 2), 114570. https://doi.org/10.1016/j.envres.2022.114570.

Semova, 1., Biddinger, S.B., 2021. Triglycerides in Nonalcoholic Fatty Liver Disease:
Guilty Until Proven Innocent. Trends Pharm. Sci. 42 (3), 183-190. https://doi.org/
10.1016/j.tips.2020.12.001.

Sen, P., Qadri, S., Luukkonen, P.K., Ragnarsdottir, O., McGlinchey, A., Jantti, S.,

Juuti, A., Arola, J., Schlezinger, J.J., Webster, T.F., Oresic, M., Yki-Jarvinen, H.,
Hyotylainen, T., 2022. Exposure to environmental contaminants is associated with
altered hepatic lipid metabolism in non-alcoholic fatty liver disease. J. Hepatol. 76
(2), 283-293. https://doi.org/10.1016/j.jhep.2021.09.039.

Shi, W., Zhang, Z., Li, X., Chen, J., Liang, X., Li, J., 2024. GenX Disturbs the Indicators of
Hepatic Lipid Metabolism Even at Environmental Concentration in Drinking Water
via PPAR« Signaling Pathways. Chem. Res Toxicol. 37 (1), 98-108. https://doi.org/
10.1021/acs.chemrestox.3c00342.

Shramko, V.S., Polonskaya, Y.V., Kashtanova, E.V., Stakhneva, E.M., Ragino, Y.I., 2020.
The Short Overview on the Relevance of Fatty Acids for Human Cardiovascular
Disorders. Biomolecules 10 (8), 1127. https://doi.org/10.3390/biom10081127.

Skat-Rgrdam, J., Hgjland Ipsen, D., Lykkesfeldt, J., Tveden-Nyborg, P., 2019. A role of
peroxisome proliferator-activated receptor y in non-alcoholic fatty liver disease.
Basic Clin. Pharmacol. Toxicol. 124 (5), 528-537. https://doi.org/10.1111/
bept.13190.

Sokolowska, E., Blachnio-Zabielska, A., 2019. The Role of Ceramides in Insulin
Resistance. Front Endocrinol. (Lausanne) 10, 577. https://doi.org/10.3389/
fendo.2019.00577.

Steenland, K., Tinker, S., Frisbee, S., Ducatman, A., Vaccarino, V., 2009. Association of
perfluorooctanoic acid and perfluorooctane sulfonate with serum lipids among
adults living near a chemical plant. Am. J. Epidemiol. 170 (10), 1268-1278. https://
doi.org/10.1093/aje/kwp279.

Syed-Abdul, M.M., 2023. Lipid Metabolism in Metabolic-Associated Steatotic Liver
Disease (MASLD). Metabolites 14 (1), 12. https://doi.org/10.3390/
metabo14010012.

Tsugawa, H., Cajka, T., Kind, T., Ma, Y., Higgins, B., Ikeda, K., Kanazawa, M.,
VanderGheynst, J., Fiehn, O., Arita, M., 2015. MS-DIAL: data-independent MS/MS
deconvolution for comprehensive metabolome analysis. Nat. Methods 12 (6),
523-526. https://doi.org/10.1038/nmeth.3393.

Ulhaq, Z.S., Tse, W.K.F., 2024. PFHxS Exposure and the Risk of Non-Alcoholic Fatty Liver
Disease. Genes 15 (1), 93. https://doi.org/10.3390/genes15010093.

Van Rafelghem, M.J., Vanden Heuvel, J.P., Menahan, L.A., Peterson, R.E., 1988.
Perfluorodecanoic acid and lipid metabolism in the rat. Lipids 23 (7), 671-678.
https://doi.org/10.1007/bf02535666.

Vanden Heuvel, J.P., Thompson, J.T., Frame, S.R., Gillies, P.J., 2006. Differential
Activation of Nuclear Receptors by Perfluorinated Fatty Acid Analogs and Natural
Fatty Acids: A Comparison of Human, Mouse, and Rat Peroxisome Proliferator-
Activated Receptor-a, -f, and -y, Liver X Receptor-p, and Retinoid X Receptor-a.
Toxicol. Sci. 92 (2), 476-489. https://doi.org/10.1093/toxsci/kfl014.

11

Toxicology 506 (2024) 153862

Varga, T., Czimmerer, Z., Nagy, L., 2011. PPARs are a unique set of fatty acid regulated
transcription factors controlling both lipid metabolism and inflammation. Biochim
Biophys. Acta 1812 (8), 1007-1022. https://doi.org/10.1016/j.bbadis.2011.02.014.

Vendruscolo, M., 2022. Lipid Homeostasis and Its Links With Protein Misfolding
Diseases. Front Mol. Neurosci. 15, 829291 https://doi.org/10.3389/
fnmol.2022.829291.

Wagner, M., Halilbasic, E., Marschall, H.-U., Zollner, G., Fickert, P., Langner, C.,
Zatloukal, K., Denk, H., Trauner, M., 2005. CAR and PXR agonists stimulate hepatic
bile acid and bilirubin detoxification and elimination pathways in mice. Hepatology
42 (2), 420-430. https://doi.org/10.1002/hep.20784.

Wang, J., Yan, S., Zhang, W., Zhang, H., Dai, J., 2015. Integrated Proteomic and miRNA
Transcriptional Analysis Reveals the Hepatotoxicity Mechanism of PFNA Exposure in
Mice. J. Proteome Res. 14 (1), 330-341. https://doi.org/10.1021/pr500641b.

Wang, T., Xu, H., Guo, Y., Guo, Y., Guan, H., Wang, D., 2023. Perfluorodecanoic acid
promotes high-fat diet-triggered adiposity and hepatic lipid accumulation by
modulating the NLRP3/caspase-1 pathway in male C57BL/6 J mice. Food Chem.
Toxicol. 178, 113943 https://doi.org/10.1016/].fct.2023.113943.

Wu, B, Pan, Y., Li, Z., Wang, J., Ji, S., Zhao, F., Chang, X., Qu, Y., Zhu, Y., Xie, L., Li, Y.,
Zhang, Z., Song, H., Hu, X., Qiu, Y., Zheng, X., Zhang, W., Yang, Y., Gu, H., Shi, X.,
2023. Serum per- and polyfluoroalkyl substances and abnormal lipid metabolism: A
nationally representative cross-sectional study. Environ. Int 172, 107779. https://
doi.org/10.1016/j.envint.2023.107779.

Xu, Y., Jakobsson, K., Harari, F., Andersson, E.M., Li, Y., 2023. Exposure to high levels of
PFAS through drinking water is associated with increased risk of type 2 diabetes-
findings from a register-based study in Ronneby, Sweden. Environ. Res 225, 115525.
https://doi.org/10.1016/j.envres.2023.115525.

Yamaguchi, K., Yang, L., McCall, S., Huang, J., Yu, X.X., Pandey, S.K., Bhanot, S.,
Monia, B.P., Li, Y.X., Diehl, A.M., 2007. Inhibiting triglyceride synthesis improves
hepatic steatosis but exacerbates liver damage and fibrosis in obese mice with
nonalcoholic steatohepatitis. Hepatology 45 (6), 1366-1374. https://doi.org/
10.1002/hep.21655.

Yamamoto, Y., Kawamoto, T., Negishi, M., 2003. The role of the nuclear receptor CAR as
a coordinate regulator of hepatic gene expression in defense against chemical
toxicity. Arch. Biochem. Biophys. 409 (1), 207-211. https://doi.org/10.1016/
S0003-9861(02)00456-3.

Yang, W., Ling, X., He, S., Cui, H., Yang, Z., An, H., Wang, L., Zou, P., Chen, Q., Liu, J.,
Ao, L., Cao, J., 2023. PPAR/ACOX1 as a novel target for hepatic lipid metabolism
disorders induced by per- and polyfluoroalkyl substances: An integrated approach.
Environ. Int 178, 108138. https://doi.org/10.1016/j.envint.2023.108138.

Yung, J.H.M., Giacca, A., 2020. Role of c-Jun N-terminal Kinase (JNK) in Obesity and
Type 2 Diabetes. Cells 9 (3), 706. https://doi.org/10.3390/cells9030706.

Zare Jeddi, M., Soltanmohammadi, R., Barbieri, G., Fabricio, A.S.C., Pitter, G., Dalla
Zuanna, T., Canova, C., 2022. To which extent are per-and poly-fluorinated
substances associated to metabolic syndrome? Rev. Environ. Health 37 (2), 211-228.
https://doi.org/10.1515/reveh-2020-0144.

Zhang, L., Ren, X.-M., Guo, L.-H., 2013. Structure-Based Investigation on the Interaction
of Perfluorinated Compounds with Human Liver Fatty Acid Binding Protein.
Environ. Sci. Technol. 47 (19), 11293-11301. https://doi.org/10.1021/es4026722.

Zhang, L., Tian, F., Gao, X., Wang, X., Wu, C., Li, N., Li, J., 2016. N-3 Polyunsaturated
Fatty Acids Improve Liver Lipid Oxidation-Related Enzyme Levels and Increased the
Peroxisome Proliferator-Activated Receptor « Expression Level in Mice Subjected to
Hemorrhagic Shock/Resuscitation. Nutrients 8 (4), 237. https://doi.org/10.3390/
nu8040237.

Zhang, Y., Klaassen, C.D., 2013. Hormonal regulation of Cyp4a isoforms in mouse liver
and kidney. Xenobiotica 43 (12), 1055-1063. https://doi.org/10.3109/
00498254.2013.797622.

Zheng, H., Yin, Z., Luo, X., Zhou, Y., Zhang, F., Guo, Z., 2023. Association of per- and
polyfluoroalkyl substance exposure with metabolic syndrome and its components in
adults and adolescents. Environ. Sci. Pollut. Res Int 30 (52), 112943-112958.
https://doi.org/10.1007/s11356-023-30317-x.


https://doi.org/10.1155/2010/794739
https://doi.org/10.3389/fendo.2022.965384
https://doi.org/10.1007/s00204-023-03649-3
https://doi.org/10.3109/13813455.2012.683442
https://doi.org/10.1016/j.envres.2022.114570
https://doi.org/10.1016/j.tips.2020.12.001
https://doi.org/10.1016/j.tips.2020.12.001
https://doi.org/10.1016/j.jhep.2021.09.039
https://doi.org/10.1021/acs.chemrestox.3c00342
https://doi.org/10.1021/acs.chemrestox.3c00342
https://doi.org/10.3390/biom10081127
https://doi.org/10.1111/bcpt.13190
https://doi.org/10.1111/bcpt.13190
https://doi.org/10.3389/fendo.2019.00577
https://doi.org/10.3389/fendo.2019.00577
https://doi.org/10.1093/aje/kwp279
https://doi.org/10.1093/aje/kwp279
https://doi.org/10.3390/metabo14010012
https://doi.org/10.3390/metabo14010012
https://doi.org/10.1038/nmeth.3393
https://doi.org/10.3390/genes15010093
https://doi.org/10.1007/bf02535666
https://doi.org/10.1093/toxsci/kfl014
https://doi.org/10.1016/j.bbadis.2011.02.014
https://doi.org/10.3389/fnmol.2022.829291
https://doi.org/10.3389/fnmol.2022.829291
https://doi.org/10.1002/hep.20784
https://doi.org/10.1021/pr500641b
https://doi.org/10.1016/j.fct.2023.113943
https://doi.org/10.1016/j.envint.2023.107779
https://doi.org/10.1016/j.envint.2023.107779
https://doi.org/10.1016/j.envres.2023.115525
https://doi.org/10.1002/hep.21655
https://doi.org/10.1002/hep.21655
https://doi.org/10.1016/S0003-9861(02)00456-3
https://doi.org/10.1016/S0003-9861(02)00456-3
https://doi.org/10.1016/j.envint.2023.108138
https://doi.org/10.3390/cells9030706
https://doi.org/10.1515/reveh-2020-0144
https://doi.org/10.1021/es4026722
https://doi.org/10.3390/nu8040237
https://doi.org/10.3390/nu8040237
https://doi.org/10.3109/00498254.2013.797622
https://doi.org/10.3109/00498254.2013.797622
https://doi.org/10.1007/s11356-023-30317-x

	Legacy and alternative per- and polyfluoroalkyl substances (PFAS) alter the lipid profile of HepaRG cells
	1 Introduction
	2 Materials and methods
	2.1 Chemicals
	2.2 Cell culture
	2.3 Lipidomics
	2.4 Data processing and statistical analysis

	3 Results
	4 Discussion
	4.1 Lipid alterations
	4.1.1 PFOS, PFOA, and PFDA induce lipid accumulation
	4.1.2 Impacts of PFHxS, PFHxA, PFBS, PFBA, and HFPO-DA/GenX on lipid profile

	4.2 Pathway analysis
	4.3 Relevance and limitations

	5 Conclusions
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Appendix A Supporting information
	References


