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ARTICLE INFO ABSTRACT

Keywords: PFAS are ubiquitous industrial chemicals with known adverse health effects, particularly on the liver. The liver,
HepG2 being a vital metabolic organ, is susceptible to PFAS-induced metabolic dysregulation, leading to conditions such
HepaRG as hepatotoxicity and metabolic disturbances. In this study, we investigated the phenotypic and metabolic re-
Eiﬁ:gmics sponses of PFAS exposure using two hepatocyte models, HepG2 (male cell line) and HepaRG (female cell line),
Metabolomics aiming to define phenotypic alterations, and metabolic disturbances at the metabolite and pathway levels. The
Bile acids PFAS mixture composition was selected based on epidemiological data, covering a broad concentration spectrum

observed in diverse human populations. Phenotypic profiling by Cell Painting assay disclosed predominant ef-
fects of PFAS exposure on mitochondrial structure and function in both cell models as well as effects on F-actin,
Golgi apparatus, and plasma membrane-associated measures. We employed comprehensive metabolic charac-
terization using liquid chromatography combined with high-resolution mass spectrometry (LC-HRMS). We
observed dose-dependent changes in the metabolic profiles, particularly in lipid, steroid, amino acid and sugar
and carbohydrate metabolism in both cells as well as in cell media, with HepaRG cell line showing a stronger
metabolic response. In cells, most of the bile acids, acylcarnitines and free fatty acids showed downregulation,
while medium-chain fatty acids and carnosine were upregulated, while the cell media showed different response
especially in relation to the bile acids in HepaRG cell media. Importantly, we observed also nonmonotonic
response for several phenotypic features and metabolites. On the pathway level, PFAS exposure was also asso-
ciated with pathways indicating oxidative stress and inflammatory responses. Taken together, our findings on
PFAS-induced phenotypic and metabolic disruptions in hepatocytes shed light on potential mechanisms
contributing to the broader comprehension of PFAS-related health risks.

Cell Painting

1. Introduction the impacts of perfluorinated alkyl substances such as perfluorinated

sulfonic acids and perfluorinated carboxylic acids (Ammitzbgll et al.,

Per- and polyfluoroalkyl substances (PFAS) are industrial chemicals
that are widely used in products such as food packaging, waterproof
fabrics, firefighting foams, and nonstick pans. As persistent, bio-
accumulating chemicals, they are widely spread in the environment, and
they are also detected in human populations. Exposure to PFAS has been
linked to numerous health issues including hepatotoxicity, develop-
mental toxicity, and immunotoxicity, with main investigations covering

2019; Granum et al., 2013; Louisse et al., 2023; Yang et al., 2023; Jin
et al., 2020; Bijland et al., 2011). In humans and animals, PFAS are
known to enrich particularly in the liver, and several studies have shown
that exposure to PFAS can lead to liver damage and metabolic alter-
ations, particularly affecting hepatocytes as main functional cells of the
liver (Louisse et al., 2023; Yang et al., 2023; Bijland et al., 2011). In the
liver, PFAS exposure has been linked to changes in lipid metabolism,
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including disruptions in lipid accumulation and metabolism as well as
lipid excretion pathways, potentially leading to steatotic liver disease
(Louisse et al., 2023; Jin et al., 2020; Bijland et al., 2011; Addicks et al.,
2023). PFAS exposure has also been associated with inflammation and
oxidative stress as well as impaired glucose metabolism (Alderete et al.,
2019; Cardenas et al., 2017; Christensen et al., 2019). Nevertheless, the
relationship between PFAS exposure and hepatic lipid metabolism as
well as the molecular mechanisms underlying these associations are still
poorly understood.

As the liver is a crucial metabolic organ, any hepatic dysregulation of
metabolism can potentially have major adverse health impacts at the
organismal level. The majority of the hepatic metabolic functions are
executed by hepatocytes, and thus, different types of hepatocyte models
have been used in exposure studies. Indeed, in vitro studies are important
in the investigation of the metabolic effects of exposure. Both human
and animal-derived hepatocytes have been utilized in investigations of
the impacts of PFAS on the liver metabolism, using different omics-
based results as readouts of the effect. Most studies are based on
changes at the transcriptome level, with changes translated into meta-
bolic pathway level, while there are very few studies utilizing compre-
hensive metabolomics. By comparing different in vitro models at basal
gene expression level, including HepG2 and HepaRG cell lines, primary
human hepatocytes, and liver, it was shown that HepaRG have the
closest resemblance of primary human hepatocytes and liver (Jennen
et al.,, 2010). Particularly, related to bile acid metabolism, HepaRG
correlate well with the human liver data (de Bruijn et al., 2022). Other
transcriptomic analyses have also verified that HepaRG model may
provide relevant data of hepatotoxic effects of PFASs (Louisse et al.,
2023). The difference between the two cell lines is that the HepG2 cells
are immortalized cell line derived from a liver biopsy of an adolescent
male with hepatocellular carcinoma while HepaRG cells are derived
from a hepatocellular carcinoma in an adult female. HepaRG cells are a
bipotent progenitor cell line that can differentiate into both hepatocyte-
like and biliary epithelial-like cells. More advanced hepatocyte models,
such as human hepatocyte spheroids can also be used for the investi-
gation of hepatic toxicity mechanisms of PFAS exposure, results
demonstrating impaired peroxisomal p-oxidation and other lipid meta-
bolic pathways after PFAS exposure (Yang et al., 2023; Addicks et al.,
2023). Other studies have also utilized HepaRG human liver cells in
PFAS exposure studies, with exposure resulting in an increase in tri-
glyceride levels while triggering downregulation of genes involved in
cholesterol biosynthesis (Louisse et al., 2023). A recent study investi-
gated metabolomic and proteomic changes in primary human hepato-
cytes after exposure to a single concentration of either perfluorooctance
sulfonic acid (PFOS) and its alternative 6:2 chlorinated polyfluorinated
ether sulfonate (6:2C1-PFESA), showing that the main changes were in
lipid metabolism, particularly in glycerophospholipid metabolism (Li
et al.,, 2023). Moreover, a recent study demonstrated that PFOS and
perfluorooctanoic acid (PFOA) affect cell morphological phenotypes,
especially mitochondria, endoplasmic reticulum, and nucleoli (Pierozan
et al., 2023), verifying the use of high-content profiling in detecting
PFAS bioactivity and early exposure fingerprints.

Here we investigated the phenotypic and metabolic impacts of
mixture of PFAS exposure on two hepatocyte cell lines, HepaRG and
HepG2, using a wide concentration exposure range mimicking the levels
detected in different human populations. Also, the composition of the
PFAS mixture, containing PFOS, PFOA, perfluorononanoic acid (PFNA),
perfluorodecanoic acid (PFDA), and perfluorohexanesulfonic acid
(PFHxS), was chosen based on their levels in human population. The
goal was to compare the two hepatocyte models define the PFAS-related
phenotypic fingerprints in human hepatocytes and to identify which
metabolic pathways are dysregulated by the PFAS exposure. The
composition of the PFAS mixture was selected based on the data from
epidemiological studies. We performed high-content morphological
profiling by Cell Painting assay and comprehensive metabolic screening
of the exposed hepatocytes using LC-HRMS.
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2. Materials and methods
2.1. Chemicals

All solvents were HPLC grade or LC-MS grade, from Honeywell
(Morris Plains, NJ, USA), Fisher Scientific (Waltham, MA, USA) or
Sigma-Aldrich (St. Louis, MO, USA). Mass spectrometry grade ammo-
nium acetate and reagent grade formic acid were also from Sigma-
Aldrich (St. Louis, MO, USA). The lipid standards were from Avanti
Polar Lipids Inc. (Alabaster, AL, USA). 13C.labeled PFAS internal stan-
dards (IS), 13C.labeled performance standards, and native calibration
standards (perfluorocarboxylic acids [PFCAs] and perflurosulfonic acids
[PFSAs]) were purchased from Wellington Laboratories (Guelph,
Ontario, Canada). One native performance standard, 7H-dodecafluoro-
heptanoic acid, was purchased from ABCR (Karlsruhe, Germany).
Cholic acid (CA), chenodeoxycholic acid (CDCA), deoxycholic acid
(DCA), dehydrocholic Acid (DHCA), glycocjolic acid (GCA), glyco che-
nodeoxycholic acid (GCDCA), lithocholic acid (LCA), taurocholic acid
(TCA), taurochenodeoxycholic acid (TCDCA), taurodeoxycholic acid
TDCA, taurodehydrocholic acid (TDHCA), taurohyocholic acid (THCA),
taurohyodeoxycholic acid (THDCA), taurolithocholic acid (TLCA), and
tauroursocholic acid (TUDCA) were obtained from Sigma-Aldrich (St.
Luis, MO, USA), hyodeoxycholic acid (HDCA), hyocholic acid (HCA),
murocholic acids «, f and ® (aMCA, PMCA, ®oMCA), 7-oxohyodeoxy-
cholic acid (7-oxo-HDCA), 7-oxodeoxycholic acid (7-oxo-DCA), 12-oxo
lithocholic acid (12-oxo-LCA), tauromurocholic acid), murocholic
acids a, p and o (TaMCA, TBMCA, TwMCA), glycodehydrocholic Acid
(GDHCA), glycohyocholic acid (GHCA), and glycohyodeoxycholic acid)
GHDCA from Steraloids (Newport, RI, U.S.A), glycolithocholic acid
(GLCA) and glycoursocholic acid (GUDCA) from Calbiochem (Gibbs-
town, NJ, U.S.A), and glycodeoxycholic acid (GDCA) and ursocholic
acid (UDCA) from Fluka (Buchs, Switzerland). Internal standards CA-d4,
LCA-d4, UDCA-d4, CDCA-d4, DCA-d4, GCA-d4, GLCA-d4, GUDCA-d4
and GCDCA-d4 were obtained from Qmx laboratories Ltd. (Essex, UK).
For quality assurance (QA), standard reference material serum NIST
SRM 1950 (for lipidomics and metabolomics) and 1957 (for PFAS and
bile acids) was purchased from the National Institute of Standards and
Technology (NIST) at the US Department of Commerce (Washington,
DC, USA).

All PFAS compounds were purchased from Sigma Aldrich, with the
following ordering numbers: PFOA — 77262, PFOS — 77282, PFNA —
394459, PFDA - 177,741 and PFHxS — 50929. For the exposure exper-
iments, the mixture was made from five individual PFAS compounds as
follows. They were first dissolved in methanol, and after combining all
PFAS compounds into a mixture, methanol was evaporated under a ni-
trogen flow and exchanged with DMSO (99.9 %, Sigma Aldrich, Stock-
holm, Sweden) to reach the desired concentrations. A stock solution
with all five compounds was prepared containing 5.20 mg/mL of PFOS,
3.12 mg/mL of PFOA, 1.32 mg/mL of PFHxS, 0.56 mg/mL of PFNA, and
0.68 mg/mL of PFDA. The individual exposure concentrations (Table 1)
were then prepared by dilution of the stock solution in cell culture
media, as described in 2.3. The purity of the PFAS compounds was as
follows: PFOA 95 %, PFOS 98 %, PFNA 97 %, PFHxS > 98.0 % and PFDA
> 98.0 %. The PFAS and their ratios were chosen based on their levels in
human population. To further check the purity of the mixture, we
analyzed the mixture separately using the UPLC-QTOFMS method
described in 2.5.1. All PFAS compounds showed that the mixture con-
tained also branched isomers of the PFAS (supplementary figure 1), and
especially PFOS contained ca. 55 % of three branched isomers. For other
PFAS, the branched isomers contributed less than ca. 10 % of the total
amount.

2.2. Cell cultures

HepG2 human hepatic cell line from the American Type Culture
Collection (ATCC; isolated from the male donor) was cultured in
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Table 1
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Exposure concentrations and concentrations measured in the hepatocytes containing 47.8 % PFOS, 28.7 % PFOA, 12.1 % PFHxS, 6.3 % PFDA, and 5.1 % PFNA. The
PFAS concentrations in the cells have been measured for each biological replicate (n = 3) and for each technical replicate (n = 4 per exposure condition) for each
exposure concentrations, normalized by the total protein count in the cells, as a surrogate for the number of cells. In the cells, the relative standard deviations were 28
% for PFOS, 21.3 % for PFOA, 37.5 % for PFHxS, 31.6 % for PFNA and 22.2 % for PFDA in HepG2 cells, and 31.9 % for PFOS, 19.0 % for PFOA, 36.5 % for PFHxS, 23.2

% for PFNA, and 22.8 % for PFDA in HepaRG cells.

Dose Non treated DMSO 1 2 3 4 5 6 7 8
PFAS total (uM) 0 0 0.02 0.22 1.12 2.24 4.49 8.98 13.46 22.44
PFAS (uM) PFOS 0 0 0.010 0.105 0.535 1.071 2.146 4.292 6.434 10.726
PFOA 0 0 0.006 0.063 0.321 0.643 1.289 2.577 3.863 6.440
PFHxS 0 0 0.002 0.027 0.136 0.271 0.543 1.087 1.629 2.715
PFNA 0 0 0.001 0.014 0.071 0.141 0.283 0.566 0.848 1.414
PFDA 0 0 0.001 0.011 0.057 0.114 0.229 0.458 0.686 1.144
PFAS in HepG2 (uM /pg protein) PFOS* 0 0 0.002 0.014 0.052 0.111 0.307 0.870 1.063 1.905
PFOA* 0 0 0.006 0.006 0.014 0.024 0.057 0.140 0.202 0.466
PFHxS 0 0 0.005 0.008 0.031 0.067 0.159 0.439 0.603 1.448
PFNA 0 0 0.002 0.014 0.052 0.111 0.307 0.870 1.063 1.905
PFDA 0 0 0.001 0.002 0.005 0.010 0.021 0.038 0.043 0.054
PFAS in HepaRG (uM /pg protein) PFOS 0 0 0.001 0.020 0.087 0.176 0.411 1.139 1.390 2.869
PFOA 0 0 0.003 0.005 0.015 0.029 0.063 0.150 0.177 0.350
PFHxS 0 0 0.000 0.002 0.006 0.010 0.025 0.060 0.073 0.138
PFNA 0 0 0.000 0.001 0.004 0.010 0.022 0.053 0.061 0.114
PFDA 0 0 0.000 0.005 0.020 0.039 0.079 0.167 0.178 0.287

Dulbecco’s Minimum Essential Medium F-12 nutrient mixture (DMEM-
F12 + GlutaMAX; Gibco, San Diego, CA) supplemented with 10 % (v/v)
fetal bovine serum (FBS; Sigma), 10 U/mL penicillin and 10 pg/mL
streptomycin (P/S; Gibco), and 1x non-essential amino acids (NEAA;
Gibco). After reaching 70-90 % confluency, cells were detached with
0.5 % trypsin-EDTA (Gibco) and reseeded in new T75 cell culture flasks
and kept at 37 °C with 5 % CO3. HepG2 is commonly used in studies of
lipid metabolism and hepatotoxicity (Pramfalk et al., 2016; Arzumanian
et al., 2021).

Undifferentiated HepaRG® human hepatic cell line (BIOPREDIC,
France; isolated from the female donor), also considered a surrogate for
primary human hepatocytes (Guillouzo et al., 2007), was cultured in the
basal hepatic cell medium supplemented with HepaRG® Growth Me-
dium Supplement with antibiotics (BIOPREDIC, France). Cells were
grown in T75 cell culture flasks until reaching 100 % confluency (usu-
ally 3-4 days). Later, cells were maintained in the same culture flask for
an additional 14 days in order to promote differentiation into
hepatocyte-like and biliary-like cells under DMSO-free conditions (Rose
et al., 2022). Complete cell medium was refreshed every 2-3 days. The
cells were maintained at 37 °C with 5 % CO, atmosphere.

2.3. Cell seeding, exposure, and sample collection

On day 1, cells were trypsinized and seeded in 24-well culture plates
(VWR, Sweden) at the high density of 10° cells per well in the volume of
500 pL and incubated for an additional 24 h. On day 2, cells were
exposed to PFAS mixtures set at 8 different concentrations. After 24-h
exposure, 300 uL of the culture supernatant was aspirated and centri-
fuged at 10 000 g for 5 min. Afterwards, supernatants were transferred
to new tubes and stored at —80 °C until extraction and analysis. Cells
were gently detached by the cell scraper and centrifuged at 500 g for 5
min. Supernatant fraction was carefully removed, and cell pellets were
stored at —80 °C until extraction and analysis. For each cell line, ex-
periments included 4 technical replicates, and 3 independent experi-
ments/biological replicates. PFAS stock solutions (0.02, 0.22, 1.12,
2.24, 4.49, 8.98, 13.46, and 22.44 uM) were prepared in DMSO (Sigma
Aldrich, Sweden). After diluting mixture in the cell culture media, the
final DMSO concentration in the wells was set at 0.1 %. Table 1. Shows
the exposure rations of individual PFAS in the mixture. Cell culture
media with 0.1 % DMSO (v/v) was used as a solvent control. In addition,
a non-treated control was also included in the experimental setup. For
metabolomic analyses, 12 individual samples/exposure concentration
were used.

2.4. Cell Painting assay: exposure, imaging, and data analysis

Cell Painting assay was performed as previously described by (Bray
et al.,, 2016) and (Alijagic et al., 2023). In brief, cells were seeded in
CellCarrier Ultra 96-well black-walled microplates (PerkinElmer) in a
final volume of 100 pL, excluding the outer wells to minimize the edge-
effect. HepG2 cells were seeded at a density of 20 000 cells/well and
HepaRG cells were seeded at density of 40 000 cells/well, respectively.
Following day, additional 100 uL of cell media containing PFAS mix-
tures set at 8 different concentrations (see section 2.3 and Table 1) was
added on top of the cells. The total volume in each well was 200 pL and
the final DMSO concentration was always set at 0.1 %. After 24 h of
exposure, Cell Painting protocol was applied. Cell media was discarded
by inverting the plates and mitochondria were live-labelled with Mito-
Tracker (Invitrogen; Thermo Fisher Scientific, Eugene, OR) in 30 pL of
prewarmed culture medium and cells were incubated for 30 min at 37 °C
ata5 % CO atmosphere. Afterwards, cells were fixed by adding 10 pL of
16 % paraformaldehyde (PFA) for 20 min at the room temperature.
Following the fixation, solution was discarded by inverting the plate and
cells were washed two times with PBS, and stained with 30 pL of the
stain cocktail containing Hoechst 33,342 (Thermo Scientific), SYTO 14
green (Invitrogen), Concanavalin A/Alexa Fluor 488 (Invitrogen),
Wheat Germ Agglutinin/Alexa Fluor 555 (Invitrogen) and Phalloidin/
Alexa Fluor 568 (Invitrogen) and 0.1 % Triton X-100 in 0.1 % bovine
serum albumin prepared in PBS. The concentration of each fluorescent
stain is reported in Bray et al. (2016). After 30 min of staining and four
washing steps, cells were imaged with the InCell 2200 HTS system (GE
Healthcare; Uppsala, Sweden) using a 20 x objective. The z-offsets for
each channel were fine-tuned by assessing randomly selected wells/
fields across the microplates, aiming to obtain clear and focused images
of the cell compartments of interest. In summary, nine images repre-
senting nine distinct fields of view in each well were captured across five
different fluorescence channels: DNA (Hoechst 33342), mitochondria
(MitoTracker), Golgi apparatus and plasma membrane (Wheat Germ
Agglutinin), F-actin (Phalloidin), nucleoli and RNA (SYTO 14), and the
endoplasmic reticulum (Concanavalin A/Alexa Fluor 488). Cell Painting
experiments were performed twice with six technical replicates for each
exposure condition. DMSO-free control was also included.

Morphological features were obtained using the image analysis
software CellProfiler v. 4.2.1 (https://www.cellprofiler.org) (Stirling
et al., 2021). CellProfiler was running illumination correction (JUM-
P_illum_LoadData_v1.cppipe) and analytical (JUMP_analysis_v3.cppipe)
pipelines (https://github.com/broadinstitute/imaging-platform-pipeli
nes/tree/master/JUMP _production).  After the extraction of
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morphological profiles, QC procedures, normalization, and feature se-
lection were performed. Detailed explanation of QC procedures is given
in (Alijagic et al., 2023). Normalization against DSMO control cells was
employed for morphological profiles using the algorithm presented in
(Bray et al., 2016). The total number of selected features was 3483 for
HepG2 and 3456 for HepaRG cells. The self-developed Python scripts
were used for the heatmap construction. MORPHEUS (https://software.
broadinstitute.org/morpheus/), an online matrix visualization and
analysis software, was used for profiling purposes and detection of
significantly altered features by t-test.

2.5. LC-MS analysis

All samples were randomized before sample preparation and anal-
ysis. 12 replicate samples for each concentration were extracted and
analyzed. The samples were analyzed using two parallel methods, one
aimed at analysis of polar and semipolar metabolites and the second one
for the analysis of lipids (Table 2). The cell pellets were first homoge-
nized by adding 150 uL 0.9 % NacCl solution, after which the samples
were vortex mixed and ultrasonicated for 3 min.

Two separate analyses were done, one covering PFAS and polar and
semipolar metabolites and the second one covering lipidomics. Both
analyses were done by an ultra-high-performance liquid chromatog-
raphy quadrupole time-of-flight mass spectrometry (UHPLC-QTOFMS).
Briefly, the UHPLC system used in this work was a 1290 Infinity II
system from Agilent Technologies (Santa Clara, CA, USA). The system
was equipped with a multi sampler (maintained at 10 °C), a quaternary
solvent manager and a column thermostat (maintained at 50 °C).
MassHunter B.06.01 software (Agilent Technologies, Santa Clara, CA,
USA) was used for all data acquisition.

2.5.1. Analysis of PFAS, polar and semipolar metabolites

For analysis of bile acids, PFAS and polar metabolites, a combined
target-non-target method for the analysis of semipolar metabolites and
pollutants was used. 80 pL of cell homogenate or 80 uL cell media was
extracted with 400 pL of cold MeOH/H>0 containing the internal stan-
dard mixture (Valine-d8, Glutamic acid-d5, Succinic acid-d4, Heptade-
canoic acid, Lactic acid-d3, Citric acid-d4. 3-Hydroxybutyric acid-d4,
Arginine-d7, Tryptophan-d5, Glutamine-d5, 1-D4-CA,1-D4-CDCA,1-D4-
CDCA,1-D4-GCA,1-D4-GCDCA,1-D4-GLCA,1-D4-GUDCA,1-D4-LCA, 1-
D4-TCA, 1-D4-UDCA). The tube was vortexed and ultrasonicated for 3
min, followed by centrifugation (10,000 rpm, 5 min). After centrifuging,
350 pL of the upper layer of the solution was transferred to the LC vial

Table 2
LC-MS conditions for the two methods used in the study.
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and evaporated under the nitrogen gas to the dryness. After drying, the
sample was reconstituted into 60 pl of MeOH: H20 (70:30) and kept at
—80 °C until analysis.

Quantitation was done using 6-point calibration (PFOA C =
3.75-120 ng/mlL, bile acids ¢ = 20-640 ng/mL, polar metabolites ¢ =
0.1 to 80 pg/mL). Quantification of other bile acids was done using the
following compounds: Chenodeoxycholic acid (CDCA), Cholic acid (CA),
Deoxycholic acid (DCA), Glycochenodeoxycholic acid (GCDCA), Gly-
cocholic acid (GCA), Glycodehydrocholic acid (GDCA), Glycodeox-
ycholic acid (GDCA), Glycohyocholic acid (GHCA),
Glycohyodeoxycholic acid (GHDCA), Glycolithocholic acid (GLCA),
Glycoursodeoxycholic acid (GUDCA), Hyocholic acid (HCA), Hyodeox-
ycholic acid (HDCA), Litocholic acid (LCA), alpha-Muricholic acid
(aMCA), Tauro-alpha-muricholic acid (T-a-MCA), Tauro-beta-
muricholic acid(T-p-MCA), Taurochenodeoxycholic acid (TCDCA),
Taurocholic acid (TCA), Taurodehydrocholic acid (THCA), Taurodeox-
ycholic acid (TDCA), Taurohyodeoxycholic acid (THDCA), Taur-
olithocholic acid (TLCA), Tauro-omega-muricholic acid (ToMCA) and
Tauroursodeoxycholic acid (TDCA) and polar metabolites was done
using alanine, citric acid, fumaric acid, glutamic acid, glycine, lactic
acid, malic acid, 2-hydroxybutyric acid, 3-hydroxybutyric acid, linoleic
acid, oleic acid, palmitic acid, stearic acid, cholesterol, fructose, gluta-
mine, indole-3-propionic acid, isoleucine, leucine, proline, succinic acid,
valine, asparagine, aspartic acid, arachidonic acid, glycerol-3-
phosphate, lysine, methionine, ornithine, phenylalanine, serine and
threonine. The curves had R values > 0.98 for most of the compounds.
Identification was done based on in-house library (m/z, MS/MS, reten-
tion times) that is based on analysis of authentic standards.

Standard solutions extracted blanks (n = 3), pooled QC samples (n =
3, an aliquot of each sample pooled), in-house serum QC and NIST SRM
1950 (human plasma) were analyzed together with the samples. Iden-
tification was done based on in-house library with retention time and
spectral data (level 1 identification, based on Metabolic Standard
Initiative (Sumner et al., 2007). For pooled samples, identified metab-
olites that could be detected in both cell lines have average RSD in the
pooled cell samples 20.4 % for HepG2 cells and 24.7 % for HepaRG cells.
The relative standard deviation of the identified compounds was < 10 %
for 38 % of the metabolites, <20 % for 25 % of the metabolites and < 30
% for 37 % of the metabolites%, and for the unidentified compounds the
corresponding % were 11 % (<10 %), 41 % (<20 %) and 48 % (<30 %).
For PFAS, the RSD was on average 9.6 %.

Conditions Polar/semipolar compounds: Method 1 Lipidomics: Method 2
Injection 10 pl 1l
volume
Column C18 precolumn (Waters Corporation, Wexford, Ireland) and an inline filter, pore =~ C18 precolumn (Waters Corporation, Wexford, Ireland) and an inline filter, pore
size 0,2 um (Waters Corporation, Wexford, Ireland). + ACQUITY UPLC® BEH size 0,2 pm (Waters Corporation, Wexford, Ireland). + ACQUITY UPLC® BEH
C18 column (2.1 mm x 100 mm, particle size 1.7 um) by Waters (Milford, MA, C18 column (2.1 mm x 100 mm, particle size 1.7 um) by Waters (Milford, MA,
USA) USA)
Mobile A Hy0:MeOH (v/v 70:30) with 2 mM ammonium acetate A 10 mM ammonium acetate and 0.1 % Formic Acid in H,O
phases B MeOH with containing 2 mM ammonium acetate B Acetonitrile:Isopropanol (v/v 1:1) with 0.1 % Formic Acid and 10 mM
ammonium acetate
Gradient e 0-1.5 min: B was increased from 5 % to 30 % e 0-2 min, B was increased from 35 % to 80 %
e 1.5-4.5 min, e 2-7 min, B increased to 100 %
e B increased to 70 %; e 7-14 min, B was held at 100 %.
e 4.5-7.5 min, e A post-time of 7 min
e B increased to 100 % and held for 5.5 min.
e A post-time of 6 min
Flow rate 0.4 mLmin-1 0.4 mLmin-1
MS Dual ESI ionization source with capillary voltage 4.5 kV, nozzle voltage 1500 V,  Dual ESI ionization source with capillary voltage 3.64 kV, nozzle voltage 1500
conditions N2 pressure in the nebulized was 21 psi and the N2 flow rate and temperatureas ~ V, N2 pressure in the nebulized was 21 psi and the N2 flow rate and temperature

sheath gas was 11 Lmin-1 and 379 °C, respectively. Drying gas flow was set to 10
Lmin-1 and temperature to 150 °C. m/z range 100-1700 in negative ion mode.

as sheath gas was 11 Lmin-1 and 379 °C, respectively. Drying gas flow was set to
10 Lmin-1 and temperature to 193 °C.
m/z range 100-1700 in positive ion mode
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2.5.2. Analysis of molecular lipids (lipidomics)

For lipidomics the samples were extracted using a modified version
of the previously-published Folch procedure (Sen et al, 2022). In short,
150 pL of CHCI3: MeOH (2:1, v/v) containing the internal standards (c
= 2.5 ug/mL) was added to 20 pL of sample homogenate. The standard
solution contained the following compounds: 1,2-diheptadecanoyl-sn-
glycero-3-phosphoethanolamine (PE(17:0/17:0)), N-heptadecanoyl-D-
erythro-sphingosylphosphorylcholine (SM(d18:1/17:0)), N-heptadeca-
noyl-D-erythro-sphingosine (Cer(d18:1/17:0)), 1,2-diheptadecanoyl-sn-
glycero-3-phosphocholine  (PC(17:0/17:0)), 1-heptadecanoyl-2-hy-
droxy-sn-glycero-3-phosphocholine (LPC(17:0)) and 1-palmitoyl-d31-2-
oleoyl-sn-glycero-3-phosphocholine (PC(16:0/d31/18:1)), were pur-
chased from Avanti Polar Lipids, Inc. (Alabaster, AL, USA), and tri-
heptadecanoylglycerol (TG(17:0/17:0/17:0)) was purchased from
Larodan AB (Solna, Sweden). The samples were vortex mixed and
incubated on ice for 30 min after which they were centrifuged (9400 x
g, 3 min). 60 pL from the lower layer of each sample was then transferred
to a glass vial with an insert and 60 pL of CHCI3: MeOH (2:1, v/v) was
added to each sample. The samples were stored at —80 °C until analysis.

Calibration curves using 1-hexadecyl-2-(9Z-octadecenoyl)-sn-glyc-
ero-3-phosphocholine (PC(16:0e/18:1(9Z))), 1-(1Z-octadecenyl)-2-(9Z-
octadecenoyl)-sn-glycero-3-phosphocholine (PC(18:0p/18:1(97))), 1-
stearoyl-2-hydroxy-sn-glycero-3-phosphocholine (LPC(18:0)), 1-oleoyl-
2-hydroxy-sn-glycero-3-phosphocholine  (LPC(18:1)), 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphoethanolamine (PE(16:0/18:1)), 1-(1Z-octa-
decenyl)-2-docosahexaenoyl-sn-glycero-3-phosphocholine (PC(18:0p/
22:6)) and 1-stearoyl-2-linoleoyl-sn-glycerol (DG(18:0/18:2)), 1-(9Z-
octadecenoyl)-sn-glycero-3-phosphoethanolamine (LPE(18:1)), N-(9Z-
octadecenoyl)-sphinganine (Cer(d18:0/18:1(9Z))), 1-hexadecyl-2-(9Z-
octadecenoyl)-sn-glycero-3-phosphoethanolamine (PE(16:0/18:1))
from Avanti Polar Lipids, 1-Palmitoyl-2-Hydroxy-sn-Glycero-3-Phos-
phatidylcholine (LPC(16:0)), 1,2,3 trihexadecanoalglycerol (TG(16:0/
16:0/16:0)), 1,2,3-trioctadecanoylglycerol (TG(18:0/18:0/18:0) and
3B-hydroxy-5-cholestene-3-stearate (ChoE(18:0)), 3f-Hydroxy-5-cho-
lestene-3-linoleate (ChoE(18:2)) from Larodan, were prepared to the
following concentration levels: 100, 500, 1000, 1500, 2000 and 5000
ng/mL (in CHCI3:MeOH, 2:1, v/v) including 1250 ng/mL of each in-
ternal standard. The curves had R values > 0.99 for all lipids. Identifi-
cation was done based on in-house library with retention time and
spectral data (level 1 and 2 identification, based on Metabolic Standard
Initiative). Lipid abbreviations are as follows: lipid headgroup followed
by the fatty acyl composition (number of carbons in the fatty acyl,
number of double bonds). Lipid headgroups: Ceramide (Cer), Sphingo-
myelin (SM), Phosphatidylcholine (PC), Alkylphosphatidylcholine (PC-
0), Phosphatidylcholine plasmalogen (PC-P), Lysophosphatidylcholine
(LPC), Phosphatidylethanolamine (PE), Akylphosphatidylethanolamine
(PE-O), Phosphatidylethanolamine plasmalogen (PE-P), Lysophospha-
tidylethanolamine (LPE), Phosphatidylinositol (PI), Phosphatidylserine
(PS), Cholesterol Ester (Ce), Diacylglycerol (DG), Triacylglycerol (TG).

Standard solutions extracted blanks (n = 3), pooled QC samples (n =
3, an aliquot of each sample pooled), in-house serum QC and NIST CRM
1950 (human plasma) were analyzed together with the samples. For
pooled samples, identified lipids that could be detected in both cell lines
have average RSD in the pooled cell samples 18.8 % for HepG2 cells and
26.1 % for HepaRG cells. Of the identified lipids, 29 % had RSD < 10 %,
21 % <20 % and 50 %<30 %, and for the unidentified compounds the
corresponding RSD values were 28 % (<10 %), 36 % (<20 %) and 35 %
(<30 %).

2.6. Data preprocessing

Processing of MS data was performed using the open-source software
package MZmine 2.53 (Pluskal et al., 2010). The following steps were
applied in this processing: (i) Crop filtering with a m/z range of 350 —
1200 m/z and an RT range of 2.0 to 12 min, (ii) Mass detection with a
noise level of 750, (iii) Chromatogram builder with a minimum time
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span of 0.08 min, minimum height of 1000 and a m/z tolerance of 0.006
m/z or 10.0 ppm, (iv) Chromatogram deconvolution using the local
minimum search algorithm with a 70 % chromatographic threshold,
0.05 min minimum RT range, 5 % minimum relative height, 1200
minimum absolute height, a minimum ration of peak top/edge of 1.2
and a peak duration range of 0.0- — 5.0, (v), Isotopic peak grouper with
a m/z tolerance of 5.0 ppm, RT tolerance of 0.05 min, maximum charge
of 2 and with the most intense isotope set as the representative isotope,
(vi) Peak filter with minimum 8 data points, a FWHM between 0.0 and
0.2, tailing factor between 0.45 and 2.22 and asymmetry factor between
0.40 and 2.50, (vii) Join aligner with a m/z tolerance of 0.009 or 10.0
ppm and a weight for of 2, a RT tolerance of 0.15 min and a weight of 1
and with no requirement of charge state or ID and no comparison of
isotope pattern, (viii) Peak list row filter with a minimum of 10 % of the
samples (ix) Gap filling using the same RT and m/z range gap filler al-
gorithm with an m/z tolerance of 0.009 m/z or 11.0 ppm, (x) Identifi-
cation of lipids and metabolites using a custom database search with an
m/z tolerance of 0.009 m/z or 10.0 ppm and a RT tolerance of 0.15 min,
and (xi) Normalization using internal standards: For lipids: PE(17:0/
17:0), SM(d18:1/17:0), Cer(d18:1/17:0), LPC(17:0), TG(17:0/17:0/
17:0) and PC(16:0/d30/18:1)) for identified lipids and closest internal
standard for the unknown lipids followed by calculation of the con-
centrations based on lipid-class concentration curves. For polar metab-
olites the following internal standards were used: Valine-d8, Glutamic
acid-d5, Succinic acid-d4, Heptadecanoic acid, Lactic acid-d3, Citric
acid-d4. 3-Hydroxybutyric acid-d4, Arginine-d7, Tryptophan-d5,
Glutamine-d5, 1-D4-CA,1-D4-CDCA,1-D4-CDCA,1-D4-GCA,1-D4-
GCDCA,1-D4-GLCA,1-D4-GUDCA,1-D4-LCA,1-D4-TCA,  1-D4-UDCA
and closest internal standard for the unknown metabolites followed by
calculation of the concentrations-based concentration curves. For data
filtering, we have removed compounds that were present at blank
samples (peak area > 5 times that of blank) and compounds that had
RSD > 30 % in the pooled quality control samples. MS/MS data was
done for the pooled quality control samples using auto MS/MS mode.
The two cell lines were analyzed separately but the data preprocessing
was done together. The data was adjusted by in-house pooled samples
that were analyzed in both batches to correct the difference between the
two batches.

2.7. Data analysis

Data analyses were conducted using Metaboanalyst 5.0 (Chong et al.,
2019) and the R statistical programming language (version 4.1.2)
(https://www.r-project.org/). In order to correct for heteroscedasticity,
the exposure datasets were pre-processed by log10 transformation and
scaling to zero mean and unit variance (autoscaled)as metabolomics
data is not normally distributed. The statistical analyses included prin-
cipal component analysis (PCA), analysis of variance (ANOVA), t-test
and fold-change between controls and individual PFAS concentrations,
Spearman correlations, and partial correlations between the PFAS and
metabolites.

Pathway enrichment analysis was performed using the Metab-
oAnalyst 5.0 web platform with the Functional Analysis (MS Peaks)
module (Pang et al. 2022 (Lu et al., 2022). This approach supports
functional analysis of untargeted metabolomics data generated from
high-resolution mass spectrometry. The pathway analysis was done with
the data of the polar and semipolar metabolites, as the pathway analysis
for lipidomics data is not sufficiently robust due to lack of exact struc-
tures of the lipids (fatty acid composition, including the position of the
double bonds, cis/trans configuration). However, our polar/semipolar
panel (Method 1) includes a large number of lipids, except for neutral
lipids (CE, DG, TG) that are not covered either by sample preparation
nor the negative ion mode. The input data for the pathway analysis
comprised complete LC-HRMS data, i.e. both identified and unknown
metabolites, obtained in negative ionization mode. First, we performed
statistical analyses using t-test between control and each exposure
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concentration between PFAS and polar metabolites, resulting in fold
change, p values and FDR values. The whole input peak list, with peak
names given as their numeric mass (m/z) values for putative annotation,
and the statistical results with False Discovery Rate (FDR)-corrected p-
values and t-score was used for the pathway analysis. Two algorithms
were applied separately, namely, Mummichog and Gene Set Enrichment
Analysis (GSEA) and two pathway libraries were used in the pathway
analysis, namely human scale metabolic model MNF (from Metab-
oAnalyst Mummichog package) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways for Homo Sapiens to determine the relative
significance of the identified pathways (Li et al. 2020). The mass toler-
ance for the pathway analysis was set at 7 ppm, and we also used an
advanced option to select representative adducts by removing isotopic
adducts as these have been already removed in our data preprocessing
step.

DMSO

PFAS mix

0]
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3. Results
3.1. Cell Painting unveils the phenotypic fingerprints of PFAS exposure

The exposure concentrations were chosen to reflect that of human
exposure, both in terms of PFAS ratios in the mixture as well as related to
the concentration range. Moreover, the maximum concentration was
chosen to be lower than what might cause toxic effects. During the
exposure, the cell viability was not altered in any significant manner.
The solvent did not cause any significant effects on the phenotypic or
metabolic profiles.

A non-targeted Cell Painting assay was used to detect (i) changes in
morphological phenotypes associated with the PFAS exposure and (ii)
differences between HepG2 and HepaRG phenotypic effects. The
phenotypic profiling disclosed prominent changes across various sub-
cellular sites upon exposure to the PFAS mixture. Either linear or non-
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Fig. 1. Phenotypic profiling of PFAS-exposed hepatocytes by the Cell Painting assay. (A) Representative Cell Painting images of the HepG2 and HepaRG control
(DMSO) and cells exposed to PFAS mixture (22.44 uM). All images were acquired at a 20 x magnification. (B) Heatmaps summarizing morphological features
organized by compartment — cytoplasm, nuclei, and cell; by feature group - correlation, intensity, radial distribution, and texture; and by fluorescent channel - nuclei
(DNA), actin cytoskeleton/Golgi apparatus/plasma membrane (AGP), endoplasmic reticulum (ER), RNA/nucleoli (RNA), and mitochondria (Mito). The number of
displayed HepG2 features: correlation — 351, intensity — 243, radial distribution — 327, and texture — 2160. The number of displayed HepaRG features: correlation —
361, intensity — 241, radial distribution — 318, and texture — 2153. The colors represent fold change in each measured feature, with respect to the DSMO control cells.
Columns display individual morphological features. Data were obtained from single-cell profiles distributed across six technical replicates (wells) distributed across

two biological replicates (plates).
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monotonic dose-dependent response was observed for a number of
phenotypic features. Cell Painting labelling patterns of HepG2 and
HepaRG cells and heatmaps summarizing the phenotypic profiles of
control and PFAS-exposed cells are presented in Fig. 1. The overall
comparison highlighted that similar feature clusters were affected by
PFAS exposure both in HepG2 and HepaRG cells.

Features related to the mitochondrial (Mito), and AGP (actin, Golgi
apparatus, and plasma membrane) phenotypes displayed the highest
degree of changes in both cell types (Fig. 1B, dotted rectangles). These
changes appeared to be interdependent as both cell types exhibited
significant alterations (p < 0.05) in the feature subset Correlation O-
verlap AGP_Mito, possibly hinting at crosstalk between these subcellular
structures in response to PFAS exposure. Notably, the highest PFAS
concentration (22.44 uM) had a severe impact on the Mito reducing the
large set of mitochondrial intensity- and texture-related measures. These
changes may indicate impaired mitochondrial potential, resulting in
reduced staining by MitoTracker. (Buckman et al., 2001) As the PFAS
concentration decreased, the response became less evident. However, at
the lowest PFAS concentrations (<1.12 pM), the similar set of Mito

A B
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features showed markedly opposite response and increase in a number
of intensity- and texture-related measures. This suggests that PFAS may
have opposite effects at lower concentrations, potentially unveiling
intensified mitochondrial activity. Some of the Mito-related features
significantly altered in both cell models were Cells Textur-
e InfoMeas2 Mito and Cells RadialDistribution RadialCV_mito_tubeness.
The feature Cells Intensity MinIntensityEdge Mito was found altered in
HepaRG, and Cytoplasm Texture_Entropy Mito in HepG2 cells, respec-
tively. Moreover, AGP alterations exhibited a clear dose-dependent
response, with HepaRG nuclear compartment being the most affected
across all feature groups.

Interestingly, a small subset of RNA-related intensity features in the
cytoplasmic compartment of HepG2 cells was found responsive to the
PFAS, for example, Cells Intensity MaxIntensity RNA or Cyto-
plasm_Intensity_LowerQuartileIntensity RNA, whereas this response was
not observed in HepaRG cells. The observed reduction in these RNA-
related intensity features may imply a decreased RNA content within
the cytoplasm in comparison to unexposed HepG2 cells. Limited changes
in DNA and ER features in both cell models were detected mainly at the
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Fig. 2. Comparison of the non-treated HepG2 and HepaRG hepatocytes. (A) PCA of the metabolic profiles on HepG2 (green) and HepaRG (red), (B) volcano plot,
showing that 180 metabolites were different between HepG2 and HepaRG (FC>=+1.25, adj. p < 0.05), (C) heatmap of metabolome in the two cell lines, showing that
the metabolic profiles have distinct patterns in HepG2 and HepaRG lines (p < 0.05), (D) bile acid pool composition (as % of the total bile acid concentration pool (ng/
mL)) showing clear differences between the bile acid composition in the two cell lines. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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highest PFAS concentration. Regardless, features Cells Intensity Mi-
nintensityEdge ER, Cells_RadialDistribution FracAtD ER and Cells Intensi-
ty_MinIntensity DNA were found to be PFAS-responsive. A negative fold
change in ER-related features compared to the control most likely in-
dicates impaired ER membrane integrity and reduced concanavalin A
binding to glycoproteins found in the ER membranes. (Alijagic et al.,
2023) Interestingly, PFAS enlarged the overall size of both HepG2 and
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HepaRG cells as seen in the significant increase of the Cytoplasm_ Area-
Shape_Area feature.

3.2. Metabolic profiles in the two hepatocyte lines show distinct
differences

Based on the Cell Painting results indicating PFAS exposure
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Fig. 3. (A) Correlation of PFAS exposure and lipid classes, bile acids, free fatty acids, amino acids and other polar metabolites in cells, only showing metabolites that
show significant correlation with at least a single PFAS on either of the cell lines. (B) Correlation of PFAS exposure and bile acids, free fatty acids, amino acids, and
other polar metabolites in supernatant, (C) examples of bile acids in HepG2 and HepaRG cells and (D) in the supernatant in HepG2 and HepaRG. * p < 0.05 (A and B),
C ctrl, S solvent control. For exposure concentrations, see Table 1. The branched isomers of the PFOS and PFOA are denoted by PFOS_B and PFOA_B, respectively.
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fingerprints in HepG2 and HepaRG cells, we have performed compre-
hensive metabolomic and lipidomic profiling to further identify me-
tabolites and pathways affected by PFAS exposure (identified
metabolites and their nomenclature shown in Supplementary Table 1).
The solvent did not have any significant effect on the metabolic profiles.
The two hepatocyte cell lines showed clear differences in their metabolic
profiles at the level of individual lipids and metabolites (Fig. 2). The
HepaRG cell line displayed less variation, something that was also
evident from their growth. The HepaRG cells showed a more uniform
growth trajectory compared to HepG2, suggesting less variable prolif-
eration rates, and consequently, biomolecular composition. However, at
the lipid class level, there were only minor differences, with only ether-
linked PEs (PEo, PEp) showing significant differences (fold change [FC]
= 1.7, p = 0.004). In the bile acid pool, there was a major difference
between the two lines of hepatocytes, especially in the CDCA and GDCA
percentage. While in both cell lines the CDCA and its conjugates rep-
resented ca 50 % of the total BA pool, in the HepaRG cell line uncon-
jugated CDCA made up ca. 30 % of the total bile acid pool but only 8.5 %
of the HepG2 hepatocyte pool. Glycine conjugated CDCA contributed
40.6 % in the HepG2 hepatocyte bile acid pool but only 5.0 % in the
HepaRG cell line. The supernatants showed differences in the bile acid
pool profiles, especially related to TDCA and TCDCA ratios: HepG2 cells
39 % of TCDCA and 8 % of TDCA while in HepaRG cell supernatant
TDCDA contributes with 34 and TCDCA of 23 % of the total bile acid
pool. This potentially reflects at least partially the differences in cell
culture media.

3.3. PFAS exposure causes dose-dependent changes in the metabolome

We separately investigated the impact of PFAS exposure in cells and
in the supernatant. PCA analysis showed no clear separation of the
exposure groups in either of the cell lines, while supernatant (media)
showed grouping in HepaRG cells (Supplementary Figure 2). In the cells,
the PFAS exposure resulted in a significant suppression of conjugated
primary bile acids (Fig. 3, Supplementary Table 2 and 3). At the level of
lipid classes, PFAS showed suppressive impact on acyl-carnitines and
lysophosphatidylcholines (LPCs), the latter only in HepG2. PFAS also
suppressed the majority of the free fatty acids, with the exception of
medium-chain fatty acids C6, C8, and C10, which all correspond to that
of chain length in the most widespread PFAS. In addition, several amino
acids and other polar metabolites were suppressed, with the impact
stronger in the male hepatocyte line. Carnosine and 2-hydroxybutyric
acid showed significant positive correlation in the HepG2 hepatocytes,
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while in the other cell line, no correlation was observed with the PFAS
exposure. Valeric acid, on the other hand, showed positive association in
the HepaRG but not in the HepG2 hepatocytes. In agreement with the
Cell Painting results, particularly related to mitochondrial features,
several metabolites also showed non-monotonic responses, with upre-
gulated levels at lower exposure concentrations and downregulated
levels at the highest exposure concentrations. (Fig. 3 C-D, Supplemen-
tary Figure 3).

In the supernatant, we primarily focused on the polar metabolites
(Fig. 3B, Supplementary tables 4-5, Supplementary Figure 2). The
PFAS exposure correlated strongly with several bile acids, with positive
correlations for CA, GCDCA, DCA, LCA and its conjugates, while the
taurine conjugates of both primary bile acids showed an opposite,
negative correlation with PFAS. Free fatty acids did not show many
associations with the PFAS in the supernatant, only C22:6 and methyl-
tetradecanoic acid showed negative correlations and octanoic acid
positive correlation with the PFAS.

Next, we investigated the intra-class partial correlations in the two
cell lines, by considering PFAS as well as the following classes of me-
tabolites: lipids, bile acid and polar metabolites (Fig. 4). The PFAS
showed notable associations with metabolites, and there was also a clear
difference between the associations between bile acids and lipids and in
bile acids and polar metabolites. Importantly, we also observed that the
two cell lines showed different types of interactions between the me-
tabolites and PFAS, but also between the different metabolic classes.

3.4. Pathway analysis

We next performed Metabolic pathway analysis (Lu et al., 2022; Li
et al., 2013) for both cell-lines, using the whole non-target data for cells
in the analysis, and investigating each individual exposure concentra-
tion against solvent control (t-test, fold-change). The data input for the
pathway analysis included mz values, retention times, fold change and p
values. The pathway analyses showed that over 50 metabolic pathways
were significantly dysregulated after PFAS exposure, in a dose-
dependent manner (Fig. 5, Supplementary Tables 6-7). The two cell
lines showed clearly distinct differences, with the female hepatocyte cell
lines demonstrating clearly stronger impacts of the exposure. Overall,
the main metabolic pathways that were dysregulated were related to
lipid and amino acid metabolism as well as sugar and carbohydrate
metabolism. Majority of the metabolites identified by the Pathway
analysis in the dysregulated pathways showed downregulation, as
shown in Supplementary Table 8, with the exposure group 7 in HepaRG
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tables 6-8.

as example, as this concentration level showed the strongest metabolic
pathway dysregulation. In the pathway of C21-steroid hormone
biosynthesis and metabolism, two of the metabolites were upregulated.

We also investigated the pathways using the supernatant, focusing
on the HepaRG cells, as HepG2 cells showed too few significant changes
in metabolites for reliable pathway analysis. The pathways that showed
dysregulation in multiple concentration levels were Steroid hormone
biosynthesis, Prostaglandin formation from arachidonate, Retinol
metabolism and Androgen and estrogen biosynthesis and metabolism as
well as Alanine, aspartate and glutamate metabolism.

4. Discussion

In this study, we investigated the impact of exposure to a mixture of
PFAS in two hepatocyte cell lines. We observed dose-dependent changes
in the phenotypic and metabolic profiles, with changes linked to dis-
turbances in lipid, steroid, amino acid and sugar and carbohydrate
metabolism. Importantly, we observed also non-monotonic response for
several phenotypic features and metabolites, highlighting the impor-
tance of investigating a sufficiently large concentration range when
investigating the biological responses of exposure. Moreover, as the
differences were observed both in cells and in media, with very sub-
stantial changes particularly in bile acids in the media, both sample
types should be included in the investigations.

Notably, we observed changes in the morphological phenotypes
which closely mirror cells’ state, outlining their functional requirements
and the future behavior (Severin et al., 2022). Moreover, the changes
showed similar response patterns to those observed in the metabolomics
analyses, especially related to mitochondrial features. Phenotypic
profiling by the Cell Painting assay disclosed that similar feature clusters
were affected by PFAS exposure both in HepG2 and HepaRG hepato-
cytes. Overall, HepaRG cells appeared to be slightly more susceptible to
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phenotypic alterations due to the PFAS exposure than HepG2 cells, in
line with the metabolomics data. Disruption of the mitochondrial
structure and function were, most probably, a consequence of oxidative
stress, as also suggested by the metabolic pathway analysis and in-line
with the recent study by (Pierozan et al., 2023). A number of altered
mitochondrial features, e.g., Cells Intensity MinIntensityEdge Mito or
Cytoplasm_Texture_Entropy Mito suggest hyperpolarization, loss of
membrane integrity, and fragmentation of mitochondria (Seal et al.,
2022; Laber et al., 2023). Observed effects on mitochondria are
consistent with previous mechanistic studies demonstrating that PFOS
can lead to elevated mitochondrial ROS in hepatocytes via calcium
overload. Consequently, ROS can cause alterations in mitochondrial
membrane potential and membrane permeability, which correlates with
the effects on the mitochondrial outer membrane observed in the Cell
Painting (Xiaopeng and Jin, 2023). Additionally, ROS released from
damaged mitochondria further diffuse into lysosomes, producing highly
reactive hydroxyl radicals that lead to lipid peroxidation (Wang et al.,
2022). This can further activate different inflammatory response path-
ways, e.g., mt-DNA-mediated NLRP3 or NF-kB/TNF-a-mediated
signaling pathway (Xiaopeng and Jin, 2023; Han et al., 2018). Inter-
estingly, finding that the feature Cytoplasm Intensity LowerQuarti-
leIntensity RNA was PFAS-responsive in HepG2 cells may have a number
of biological implications including cell cycle, PIK3CA signaling, meta-
bolism, proteasome activity, and Endoplasmic Reticulum (ER) stress
(Seal et al., 2024:mbcE23080298.). LowerQuartileIntensity describes the
pixel intensity value below which 25 % of the pixels within an object
exhibit lower intensity values. In addition, correlated intensity changes
between AGP and Mito objects, observed in both cell models (for
example feature subset Correlation_Overlap AGP_Mito), previously were
found associated with several cellular processes including DNA damage,
RTK signaling that regulates systemic glucose and lipid metabolism
(Zhao et al., 2020), and Hippo signaling pathway which has multiple
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points of crosstalk with the lipid metabolism (Seal et al., 2024:
mbcE23080298.; Ibar and Irvine, 2020). Finding that PFAS exposure
increased overall size of both cell lines may potentially have a number of
biological implications. For example, the augmentation in the average
size of hepatocytes, known as hepatocellular hypertrophy, resulting
from chemical toxicity and/or the activation of PPARa (peroxisome
proliferator-activated receptor alpha), a known target of PFAS (Evans
et al., 2022), may underscore profound changes in oxidative status, fatty
acid metabolism, and energy production of hepatocytes (Hall et al.,
2012). In addition, PFAS exposure induced alterations in the AGP-
related features, especially in the nuclear compartment of HepaRG
cells. This finding agrees with the study by Behr et al. (2020) (Behr et al.,
2020), which reported that PFOA or PFOS exposure induces disorgani-
zation of the F-actin cytoskeleton and a structural redistribution of the
tight-junctional protein ZO-1 in HepaRG cells. Overall, Cell Painting
results enabled identification of phenotypic changes, providing context
for the interpreting subsequent metabolic alterations in hepatocytes
exposed to PFAS.

On the pathway level, PFAS exposure was associated with pathways
indicating oxidative stress and inflammatory responses (Prostaglandin
formation from arachidonate, Arachidonic acid metabolism). While our
target list included only a few metabolites in these pathways, the
Metabolic pathway analysis tool was able to pick additional metabolites
in these pathways, however, we could not verify their identity due to
absence of authentic standards., while putative identification was
possible for several of the metabolites. Dysregulation of multiple glyc-
erosphingolipid (GSL) pathways by the PFAS exposure can also indicate
hepatic oxidative stress (Apostolopoulou et al., 2018). GSLs act as sec-
ond messengers in several cellular functions, such as in proliferation,
adhesion migration, autophagy, apoptosis, and mitochondrial function
in the cells, and thus, dysregulation in GSL can indicate adverse impacts
in these key cellular functions. Dysregulation in GSL has also been linked
with type 2 diabetes and metabolic syndrome as well as in drug-induced
liver damage (Balram et al., 2022; Gai et al., 2023). This observation is
further reinforced by the dysregulation of several key metabolic path-
ways related to sugar and carbohydrate metabolism by the PFAS, which
is also in line with previous studies in experimental models and in
epidemiological studies (Alderete et al., 2019; Cardenas et al., 2017;
Donat-Vargas et al., 2019; Sun et al., 2018; He et al., 2018; Lind et al.,
2014).

On the level of individual metabolites, bile acids showed strong
dysregulation, however, the changes were not monotonic, with several
metabolites showing either U-shaped or inverted U-shaped response
patterns, suggesting that at low PFAS doses the metabolic responses are
opposite to those observed at high doses. Our findings are in agreement
with studies in animal models which have reported non-monotonic
response pattern between PFAS exposure and profiles of multiple
amino acids (Kariuki and E.G., Lankadurai, B.P., Simpson, A.J., Simp-
son, M.J., 2017) as well as fatty acids and lipids (Geng et al., 2019). This
type of non-linear response could be due hormesis, the over-
compensation of different adaptive responses through cellular stress
(Kim et al., 2018; Rossnerova et al., 2020). It has been suggested that
hormesis could explain the findings showing that disease risk does not
increase linearly with increasing dose of chemicals, but often tends to
plateau or even decrease with increasing dose (Kim et al., 2018). This
clearly demonstrates the necessity to investigate a range of exposure
concentrations, as single dose experiments may fail to catch the relevant
changes.

While we observed similarities in the metabolic responses after PFAS
exposure in the HepG2 and HepaRG cell lines, there were also clear
differences between the two cell lines. In terms of cholesterol and bile
acid metabolism particularly, it has been stated that in HepaRG cells are
very similar to primary hepatocytes and the expression of CYP enzymes
and nuclear receptors involved in bile acid metabolism is close to the
pattern of human primary hepatocytes (Rogue et al., 2012). In HepG2,
genes involved in common metabolic processes, including CYP450s,
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have been shown to be underexpressed in comparison to HepaRG
(Jennen et al., 2010). PFAS, on the other hand, have been shown to
mediate metabolic impacts through multiple CYPs (Zhang et al., 2018),
particularly related to impact of PFAS on bile acid metabolism, and as
expected, the PFAS impact on bile acids was stronger in the HepaRG
cells while the changes were not as clear in the HepG2 cells. At a higher
dose, bile acids were downregulated by the PFAS, in line with reported
data showing that CYP7A1, the key enzyme of bile acid synthesis, is
suppressed by PFAS (Zhang et al., 2018). Our results agree well with
previous studies suggesting that the HepaRG cell line is a better model
for toxicity studies than to the HepG2 cell line (Jennen et al., 2010; de
Bruijn et al., 2022; Rogue et al., 2012; Mesnage et al., 2018). Our results
show stronger metabolic response in HepaRG cells after the exposure,
with responses resembling those observed in human studies, agreeing
with the data showing that this cell line possess metabolic activities that
closely resemble primary human hepatocytes. Indeed, HepaRG cells can
be differentiated into hepatocyte-like cells, acquiring functions and
morphology similar to primary hepatocytes. This differentiation process
enhances their metabolic activity and makes them more physiologically
relevant for toxicological studies.

Interestingly, we could also detect secondary bile acids in the he-
patocytes, such as lithocholic acid (LCA) as well as deoxycholic acid
(DCA), both in the cells as well as in the supernatant. We also observed
positive correlation of the LCA and DCA with PFAS exposure in HepaRG
cells, while in the HepaRG line, we observed strong positive correlation
between PFAS and both the glycine and taurine conjugated LCA as well
as with DCA in the supernatant. The changes observed in the superna-
tant indicate that the hepatocytes response to the exposure by change in
excreting patterns of these metabolites. In the HepaRG cells, PFAS were
positively correlated with the glycine conjugated DCA. LCA is consid-
ered to be hepatotoxic, however, it has also been suggested to have anti-
inflammatory effects at certain conditions (Sheng et al., 2022). We have
previously observed in both human studies and in animal models posi-
tive association between PFAS exposure and LCA and its conjugates (Sen
et al., 2022). While LCA is traditionally classified as secondary bile acid,
its presence in hepatocytes has been reported also previously (Shiffka
et al., 2020). It has been hypothesized that the production of secondary
bile acids is due to the accumulation of unconjugated CA and CDCA
within the cells, leading to insufficient conjugation and export and
further dihydroxylation of these bile acids, which is likely performed by
the same enzymes that rehydroxylate LCA and DCA in the normal liver,
as this enzymatic reaction is reversible (Shiffka et al., 2020). Moreover,
as we observed a clear PFAS exposure-associated increase of these bile
acids in the media, they must have been synthesized by hepatocytes.

Overall, the metabolic changes we observed are in agreement with
previous studies that have investigated PFAS associated metabolic
changes in hepatocytes (Li et al., 2023; Behr et al., 2020). Down-
regulation of the primary bile acids is in line with a recent study in
HepaRG cells (Behr et al., 2020), where exposure to PFOS and PFOA
were shown to trigger changes in genes regulating bile acid metabolism
and the primary bile acids both in the cells as well as in the supernatant,
pointing towards a feedback loop to prevent bile acid accumulation.

Our results are in several aspects in-line with those obtained in
human epidemiological studies, or with animal models with PFAS-
associated decrease in hepatic bile acids (Sen et al., 2022; McGlin-
chey, 2019; Sinioja et al., 2022; Sinisalu et al., 2021). However, there
were also some major differences. We have shown earlier that PFAS
exposure in humans is associated with sex-specific changes in the liver
lipidome, with females showing positive association between PFAS and
lipotoxic hepatic lipids while in males, inverse associations were
observed (Sen et al., 2022), with similar impact verified in mice model
(McGlinchey, 2019; Sinioja et al., 2022). However, in the current study,
we observed only relatively low association between PFAS and lipids.
This suggests, as we have earlier hypothesized, that a significant part of
the impacts of PFAS are not direct, but are mediated by changes in gut
microbial metabolites, such as secondary bile acids.
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In conclusion, our data showed that PFAS causes dose-dependent,
non-monotonic responses on cell phenotypic profiles and multiple me-
tabolites, particularly linked with bile acid and glucose metabolism, as
well as on pathways indicating oxidative stress and inflammatory re-
sponses. Moreover, our results demonstrated that PFAS exposure,
probably as a consequence of the oxidative stress, mediates effects on
structure and function of mitochondria, cytoskeleton, and lipid-rich
membranes. Together, these data demonstrate that the synergy of
metabolomic and phenotypic profiling in different hepatocyte models
yield cellular signatures of PFAS exposure. When compared with data on
animal models and epidemiological studies, there are clear indicators
that the cellular models cannot fully capture indirect impacts on the
metabolism, with these impacts being mediated, e.g., by the impact of
PFAS exposure on gut microbiotaurur results show that is important to
study the changes both in the cells, but also in the media, as strong
changes were observed in the media, suggesting that the hepatocytes
response to exposure be excreting specific metabolites, particularly bile
acids to the media. Our study also highlights the importance of studying
a sufficiently large concentration range of exposures, due to the non-
monotonic response.
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