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ARTICLE INFO ABSTRACT

Keywords: Perfluorohexyloctane (F6H8) is a semifluorinated alkane recently approved for ophthalmic treatment of dry eye
HepaRG disease. Although considered locally safe for topical use, its structural similarity to persistent per- and poly-
Lipidomics fluoroalkyl substances (PFAS) raises concerns about systemic accumulation and long-term toxicity. To investigate
11;/1‘;:1;[216; ;lbigilsm potential hepatic effects, we examined the metabolic impact of FEH8 exposure in human HepaRG hepatocytes
Perfluorohexyloctane across a broad concentration range representing short- and long-term exposure scenarios. Combined targeted and

PFAS untargeted metabolic profiling by ultra-high-performance liquid chromatography-quadrupole time-of-flight
mass spectrometry (UHPLC-QTOFMS) was performed on intracellular extracts and extracellular media. F6H8
induced pronounced, concentration-dependent metabolic alterations, many of which exhibited non-monotonic
responses. Low concentrations primarily affected amino acid, fatty acid, and lipid metabolism, while central
carbon metabolism was disrupted only at the highest exposures. Notably, a putative biotransformation product,
perfluorohexyloctanoic acid, was detected, suggesting metabolic persistence and conversion to a PFAS-like
structure. This metabolite showed strong associations with cellular metabolic profiles and elicited metabolic
changes that only partially overlapped with those induced by the parent compound, indicating distinct biological
activity following biotransformation. These findings indicate that F6H8 elicits broad metabolic reprogramming
and may not be metabolically inert as previously assumed. Given its clinical use and structural similarity to
persistent fluorochemicals, the results highlight the need for comprehensive, long-term safety assessment of
F6HS8 and related semifluorinated alkanes.

1. Introduction shares physicochemical features with other highly fluorinated com-

pounds that are known to persist in biological systems and the envi-

Perfluorohexyloctane (F6H8) is a semifluorinated alkane approved
for ophthalmic use and increasingly incorporated into ophthalmic for-
mulations for the treatment of dry eye disease, particularly those asso-
ciated with meibomian gland dysfunction. Clinical studies have
demonstrated its efficacy and short-term safety following topical
administration (Steven et al., 2015; Tauber J.; Berdy G. J.; Wirta D. L.;
Krosser S.; Vittitow J. L.; Group G. S, 2023); however, its broader toxi-
cological profile remains poorly characterized. Owing to its classifica-
tion within the per- and polyfluoroalkyl substance (PFAS) class, FGH8

ronment, raising concerns regarding potential systemic accumulation
and long-term health effects.

Compared to well-studied PFAS such as perfluorooctanoic acid
(PFOA) and perfluorooctane sulfonate (PFOS), the metabolic fate,
biotransformation potential, and potential cellular effects of F6H8
remain poorly understood. Existing toxicological data are limited to
short-term clinical safety evaluations under ophthalmic exposure sce-
narios. Notably, structurally related semifluorinated alkanes with longer
hydrocarbon tails have been used in industrial applications such as ski
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waxes—a practice now restricted or banned in many countries because
of concerns over environmental persistence and bioaccumulation. An-
alyses of ski wax formulations have shown that semifluorinated alkanes
commonly contain fluorinated chains of F6H16, F10H16, F12H16,
F14H16 and F16H16 (Plassmann and Berger, 2010).

There is limited data on biological effects of FGH8 from vivo studies.
Reported nonclinical pharmacology and toxicology studies include two
studies in rabbits and two in rats (Rhea Lloyd and Chambers, 2023). The
endpoints analyzed were toxicity in two of the studies and embryofetal
developmental (EFD) toxicity in the other two. In a 26-week ocular
toxicity study in rabbits, ocular instillation of FOH8 ophthalmic solution
(427.8 mg/day, four times daily bilaterally for up to 26 weeks) was well
tolerated and did not induce any ocular or systemic signs of toxicity. In
another 28-day oral toxicity study in rats, daily oral administration of at
doses up to 2000 mg/kg/ for 28 days were well tolerated and did not
produce F6HS related toxicity. In an EFD toxicity study in rats, daily oral
administration of F6H8 at doses up to 2000 mg/kg/day to pregnant
Wistar rats during the period of organogenesis was well tolerated with
no toxicological effects on maternal or embryofetal parameters (Rhea
Lloyd and Chambers, 2023). However, in an EFD toxicity study in rab-
bits, following daily oral administration of F6H8 (0, 250, 500 and 1000
mg/kg/day) to pregnant female New Zealand white (NZW) rabbits
during the period of organogenesis, there were abortions in all treated
groups, compared with no abortion in the control group (Rhea Lloyd and
Chambers, 2023). In animals treated with F6H8, normal weight gain
from birth to adulthood was reduced in a dose-dependent manner.
Reduced food consumption was also noted at a dose-related trend. There
were higher incidences of reduced fecal output, soft feces and/or absent
urine in all groups during the dosing period compared with the control
group. Consistent with maternal toxicity, mean fetal weight was reduced
in all treated groups compared with the concurrent control group. There
was no increase in embryofetal death nor test article-related delay in
skeletal ossification in any treated group, however, there were more
fetal malformations (external, visceral, and/or skeletal) in the low, mid
and high dose treatment groups as compared with the control group. In a
rat study using F6H8-based propofol, elevation of liver enzyme alanine-
aminotransferase (ALT) after exposure to F6H8-based propofol was
observed in absence of histological changes in the liver, in comparison
with conventional propofol emulsion (Tsagogiorgas et al., 2015).
Viability and proliferation of cultured human corneal endothelial cells
and human retinal pigment epithelial cells were decreased after incu-
bation with F6H8, which was likely due to high lipophilicity of F6H8
interactions with cellular lipoprotein membranes (Mertens et al., 2002).
In a recent zebrafish model study, F6H8 was shown to induce a hypo-
active embryonic photomotor response, suggesting potential develop-
mental neurotoxicity (Truong et al., 2022). Clinical studies in humans
have been primarily focused on ocular endpoints and symptom relief,
lacking investigation of systemic and long-term chronic exposure
effects.

There is very limited data on adsorption, organ distribution, and
excretion of F6H8. In a rabbit study, labelled F6H8 was administered
into eyes of the rabbits, and the concentration of FOH8 was investigated
in ocular tissues, blood and plasma using radioactivity by liquid Scin-
tillation counting (Kroesser et al., 2018; Krosser et al., 2025). Following
a single dose, plasma concentrations increased to 973 ng/g at 4 h and
declined to 360 ng/g by 24 h, suggesting potential accumulation with
chronic dosing of multiple times daily. Compounds with similar struc-
ture to F6H8, namely C¢F13C =CHC;oH2; (F6H10E), has been investi-
gated with regards to the organ distribution and organ retention time in
rats (Zarif et al., 1994). The F6H10E content in the liver peaked one day
after administration (seven days for the spleen). At a dose of 3.6 g/kg
body weight, the hepatic half-life of FBH10E was estimated at 25 + 5
days (Zarif et al., 1994). In addition, saturated alkanes, i.e., compounds
with structure otherwise identical, but with no fluorine atoms, has been
shown to enrich in the liver, where they are metabolized into carboxylic
acids with the same chain length (Cravedi and Tulliez, 1986; McCarthy,
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1964; Tulliez and Bories, 1978). The liver concentrations were ca. two
times higher than in the blood. According to the FDA’s Report on the Use
of PFAS in Cosmetic Products and Associated Risks (2026), per-
fluorohexane, which shares structural similarities with F6HS8, was
observed to undergo metabolic transformation in vitro/in vivo, sug-
gesting limited but measurable biotransformation under certain
conditions.

Taken together, toxicological and chronic exposure data on F6HS8
remain scarce, particularly regarding its biological effects. Existing in-
vestigations have primarily focused on acute toxicity, which may be
insufficient to reveal the consequences of long-term chronic exposures,
as adverse health effects can take extended periods to develop. To date,
no published studies have addressed the metabolic effects of FEH8. The
US Food and Drug Administration (FDA) approval documents state that
F6H8 is not metabolized by human lisuver microsomes, however, no
supporting data or peer-reviewed studies have been published.

Related work has demonstrated that semifluorinated alkanes can
interact with phospholipids and integrate into lipid bilayers (Sabin et al.,
2006). When co-dispersed with phospholipids, the lipophobic fluori-
nated compounds have been shown to aggregate and form a phase-
separated fluorinated core within the membrane (Ferro and Krafft,
2002). Thus, even if F6HS itself were metabolically inert, it could still
alter cellular metabolism by modifying membrane structure and
function.

To address this critical knowledge gap, we investigated the meta-
bolic effects of FGH8 exposure in human hepatocytes, given the the liver
is a primary site of uptake, accumulation, and metabolism for lipophilic
xenobiotics, and as structurally related alkanes and semifluorinated
compounds have been shown to enrich in hepatic tissue. This makes
hepatocyte models particularly relevant for probing metabolic pertur-
bations and potential biotransformation of F6H8. Using comprehensive
mass spectrometry (MS) based, combined targeted and untargeted
metabolic profiling, we examined how F6H8 influences cellular meta-
bolism across a wide concentration range and assessed possible
biotransformation of the compound. Both intracellular extracts and
extracellular media were analyzed to provide an integrated view of
exposure-related metabolic changes. Our findings offer foundational
toxicological insight into this widely used but poorly understood com-
pound and inform future risk assessment of FOH8 and related fluorinated
substances.

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). MS grade ammonium 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 standards (1S), 13C.labeled perfor-
mance standards, and native calibration standards (perfluorocarboxylic
acids [PFCAs] and perflurosulfonic acids [PFSAs]) were purchased from
Wellington Laboratories (Guelph, Ontario, Canada). One native perfor-
mance standard, 7H-dodecafluoroheptanoic acid, was purchased from
ABCR (Karlsruhe, Germany). Cholic acid (CA), chenodeoxycholic acid
(CDCA), deoxycholic acid (DCA), dehydrocholic Acid (DHCA), glyco-
cjolic acid (GCA), glyco chenodeoxycholic 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), hyo-
deoxycholic acid (HDCA), hyocholic acid (HCA), murocholic acids o,
and o (aMCA, pMCA, oMCA), 7-oxohyodeoxycholic acid (7-oxo-HDCA),
7-oxodeoxycholic acid (7-oxo-DCA), 12-oxo lithocholic acid (12-oxo-
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Tablel

LC-MS conditions for the two methods used in the study.
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Conditions Polar/semipolar compounds: Method 1 Lipidomics: Method 2
Injection 2ul 1
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 um (Waters Corporation, Wexford, Ireland) + ACQUITY UPLC® BEH
C18 column (2.1 mm x 100 mm, particle size 1.7 pm) by Waters (Milford, MA, C18 column (2.1 mm x 100 mm, particle size 1.7 pm) by Waters (Milford, MA,
USA) USA)
Mobile A H;0: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: B increased to 70 % e 2-7 min: B increased to 100 %
e 4.5-7.5 min: B increased to 100 % and held for 5.5 min. e 7-14 min: B was held at 100 %
e A post-time of 6 min e A post-time of 7 min
Flow rate 0.4 mLmin~! 0.4 mLmin
MS ESI ionization source with capillary voltage 1.5 kV and cone voltage 40 V. N2 as  Dual ESI ionization source with capillary voltage 3.64 kV, nozzle voltage 1500 V,
conditions desolvation gas and cone gas. Desolvation gas temperature and flow was set to N2 pressure in the nebulized was 21 psi and the N2 flow rate and temperature as

550 °C and 1000 Lh™?, respectively. Source temperature was set to 150 °C and
cone gas flow was set to 50 Lh™'. m/z range 50-1200 in negative ion mode.

sheath gas was 11 Lmin-1 and 379 °C, respectively. Drying gas flow was set to 10
Lmin~! and temperature to 193 °C.

m/z range 100-1700 in positive ion mode.

LCA), tauromurocholic acid), murocholic acids «, § and ® (TaMCA,
TPMCA, ToMCA), 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 (Gibbstown, NJ, U.S.A), and glyco-
deoxycholic 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).

Perfluorohexyloctane was purchased from a local pharmacy. It was
analyzed by nuclear magnetic resonance (NMR) to verify its purity. The
main compound had both fluorine and protein peaks that aligned with
previous literature values (Stolowich et al., 2023). However, there was
smaller fluorine peaks observed (Supplementary Fig. 1) suggesting that
there is other fluorinated species contained in the eye drop solution. The
NMR was run on a Bruker Advance III 500 system equipped with a smart
probe. Both F19 and 1H NMR was performed to confirm the structure of
the eyedrop solution.

2.2. Cell culture maintenance

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 changed 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 106 cells per well in the volume of
1000 uL and incubated for an additional 24 h. On day 2, cell media was
removed and cells were exposed to perfluorohexyloctane (F6H8) in 500
uL of fresh media using five concentrations selected to approximate
estimated systemic levels corresponding to 1-, 7-, 14-, 21-, and 28-day

eyedrop use (D1, D7, D14, D21, and D28, respectively). F6H8 is a
pure liquid and was added directly to the culture medium without any
solvent or carrier. For each exposure level, the required volume of F6H8
was pipetted into a separate well of a 12-well plate containing fresh
medium, mixed thoroughly by pipetting up and down 10-15 times, and
immediately transferred onto the HepaRG cells. Control wells received
fresh medium without F6H8 and were handled identically. The rationale
for the selected concentrations was based on an estimated exposure
model. We assumed that approximately 5 % of the administered
ophthalmic dose could reach hepatic tissue. As per clinical usage, eye
drops are typically prescribed up to four times per day, with one drop
per administration. Given that a single drop contains approximately 11
uL of solution, this results in a total daily dose of 44 uL. Applying the 5%
systemic availability assumption, we estimated hepatic exposure and
calculated equivalent concentrations for use in the in vitro model. The
final concentrations applied in the 500 uL exposure volume were 0.44 %,
3.08 %, 6.16 %, 9.24 %, and 12.32 % v/v F6HS for the D1, D7, D14, D21,
and D28 groups, respectively. The 24-hour exposure was selected to
enable stable metabolomic measurements, and the concentration series
reflects estimated systemic levels rather than chronic exposure duration.
After 24-h exposure, 300 uL of the cell culture supernatant was aspirated
and transferred to a 96-deepwell microplate. The remaining cell media
was removed and 300 pL of pre-warmed PBS was added on top of cells.
Cells were gently detached by the cell scraper and transferred to a 96-
deepwell microplate. Samples were stored at —80 °C until extraction
and analysis. For each cell line, experiments included 4 technical rep-
licates, and 3 independent experiments/biological replicates, yielding in
total 12 replicates for each exposure condition.

2.4. Cell viability assessment

HepaRG cells were seeded at high density in 96-well black-walled
microplates (Revvity) at 50,000 cells/well and incubated at 37 °C
with 5 % CO5 for 24 h. Afterwards, the medium was removed by
inverting the plates, and the cells were exposed to the same concentra-
tions of perfluorohexyloctane as described in the section Cell seeding,
exposure, and sample collection. After 24 h of exposure, the alamarBlue
assay was performed as described previously (Alijagic et al., 2023). In
brief, the cell medium was removed, and 10 % alamarBlue™ HS Cell
Viability Reagent (Invitrogen; Thermo Fisher Scientific, Eugene, OR,
USA) in pre-warmed basal hepatic cell medium was added. The cells
were incubated for 3 h at 37 °C. Fluorescence was then measured using a
multi-mode microplate reader (FLUOstar Omega, BMG LABTECH,
Ortenberg, Germany) at 540/590 nm excitation/emission. Viability is
expressed as relative fold change compared to the negative (unexposed)
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control (Supplementary Fig. 2).
2.5. Analysis of lipids, polar and semipolar metabolites

All samples were randomized before sample preparation and anal-
ysis. 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 molecular lipids (Table 1). The cell pellets were first ho-
mogenized by adding 150 pL 0.9 % NaCl solution, after which the
samples were vortex mixed and ultrasonicated for 3 min. Both analyses
were done by an ultra-high-performance liquid chromatography quad-
rupole time-of-flight mass spectrometry (UHPLC-QTOFMS). In short, the
UHPLC system used for lipidomic analyses was a 1290 Infinity II system
from Agilent Technologies (Santa Clara, CA, USA. MassHunter B.06.01
software was used for data acquisition. For the analysis of polar and
semipolar compounds, analyzed using an Xevo G3 QTOF system (Waters
Corporation, Milford, Massachusetts, USA). The data acquisition was
done using MassLynx V.4.2 (Waters Corporation).

80 uL of cell homogenate or 80 uL cell media was extracted with 480
uL of monophasic MeOH:MTBE:IPA (20:15:15, v/v) containing the
following internal standards: Valine-d8, Glutamic acid-d5, Succinic
acid-d4, Heptadecanoic acid, Lactic acid-d3, Citric acid-d4. 3-Hydroxy-
butyric acid-d4, Arginine-d7, Tryptophan-d5, Glutamine-d5, CA-d4,
CDCA-d4, CDCA-d4, GCA-d4, GCDCA-d4, GLCA-d4, GUDCA-d4, LCA-
d4, TCA-d4, UDCA-d4, 1,2-diheptadecanoyl-sn-glycero-3-phosphoetha-
nolamine (PE(17:0/17:0)), N-heptadecanoyl-D-erythro-sphingosylphos-
phorylcholine (SM(d18:1/17:0)), N-heptadecanoyl-D-erythro-
sphingosine  (Cer(d18:1/17:0)), 1,2-diheptadecanoyl-sn-glycero-3-
phosphocholine (PC(17:0/17:0)), 1-heptadecanoyl-2-hydroxy-sn-glyc-
ero-3-phosphocholine (LPC(17:0)) and 1-palmitoyl-d31-2-oleoyl-sn-
glycero-3-phosphocholine (PC(16:0/d31/18:1)), and triheptadecanoyl-
glycerol (TG(17:0/17:0/17:0)). After vortex-mixing (30 s), the extract
was kept on an ice plate (45 min) and was filtered using filtration plates
(0.45 pm). For polar/semipolar metabolite analysis, a 100 uL-aliquot
was transferred to a vial, evaporated in a speed-vac system, and recon-
stituted with 50 uL. MeOH:H30 (7:3, v/v) for analysis. For lipidomics
analysis, the extracted sample was directly anayzed with no additional
step.

Quantitation was done using 6-point calibration (bile acids ¢ =
20-640 ng/mlL, polar metabolites ¢ = 0.1 to 80 pg/mL). Quantification
of other bile acids was done using the following compounds: CDCA, CA,
DCA, GCDCA, GCA, GDCA, GHCA, GHDCA, GLCA, GUDCA, HCA, HDCA,
LCA, aMCA, TaMCA, TBMCA, TCDCA, TCA, THCA, TDCA, THDCA,
TLCA, and ToMCA. Polar metabolites were quantified by 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, glutamine, 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 calibration curves had R values > 0.98 for most of the compounds.
For lipidomics, calibration curves using 1-hexadecyl-2-(9Z-octadece-
noyl)-sn-glycero-3-phosphocholine (PC(16:0e/18:1(9Z))), 1-(1Z-octa-
decenyl)-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-octadecenyl)-2-docosahexaenoyl-sn-glycero-3-phos-
phocholine (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(97))),
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-Phosphatidylcholine (LPC(16:0)), 1,2,3 trihex-
adecanoalglycerol (TG(16:0/16:0/16:0)), 1,2,3-trioctadecanoylglycerol
(TG(18:0/18:0/18:0) and 3p-hydroxy-5-cholestene-3-stearate (ChoE
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(18:0)), 3p-Hydroxy-5-cholestene-3-linoleate (ChoE(18:2)) from Lar-
odan, 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 internal standard. The curves had R values > 0.99
for all lipids. Identification was done based on in-house library (m/z, MS/
MS, retention times) that is based on analysis of authentic standards.
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), sphingomyelin (SM), phos-
phatidylcholine (PC), alkylphosphatidylcholine (PC-O), phosphatidyl-
choline plasmalogen (PC-P), lysophosphatidylcholine (LPC),
phosphatidylethanolamine (PE), akylphosphatidylethanolamine (PE-O),
phosphatidylethanolamine plasmalogen (PE-P), lysophosphatidyletha-
nolamine (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 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) and based on MS spectra using on-line
spectral libraries (level 2 identification). For pooled samples, identi-
fied lipids had an average RSD in the pooled cell samples 15.1 % and in
extracellular media RSD was on average 16.8 %. For polar and semipolar
compounds, the RSDs were 25.1 % and 26.5 % for cells and extracellular
media, respectively.

Additionally, we applied UHPLC fractionation system (Waters Cor-
poration, Milford, Massachusetts, USA) for isolation and concentration
of the putative biotransformation product, using the same chromato-
graphic conditions as above, and using fractionation windows of + 0.5
min of the actual retention time (5.67 min) and collecting the fraction
from 5 repetitive analyses. The fraction was then analyzed and the CCS
value of the compound was measured using the identical chromato-
graphic conditions using the same Waters UHPLC system as above
coupled to the Bruker timsTOF flex system (Bruker timsTOF, Bruker
Daltonik, Bremen, Germany). The instrument was set up to run in
prmPASEF negative mode with an MS1 scan of 0.1 ms and a Q1 set to
461.0781 for the PASEF scans. The prm window was defined for the
whole MS run. The source settings were as follows: ion spray voltage of
—3600 V, dr gas at 10 L/min, dry temperature at 220 degrees, The ion
mobility ramp was set between 0.55 V.s/cm? and 1.90 V.s/cm? and
ramped over 100 ms with an accumulation time of 100 ms. The MS was
scanned between 100 and 1350 m/z. The instrument was mass cali-
brated using sodium formate and the mobility calibrated using the
Agilent ESI tune mix (positive). The ion mobility was determined by
manual inspection of the data an matching the MS2 spectra in Data
Analysis (Bruker).

2.6. Data preprocessing

Processing of MS data was performed using the open-source software
package MZmine 4.5.0 (Schmid et al., 2023). 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 for MS 1 and 200 for MS 2 level, (iii) Chromatogram
builder with a minimum time 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 % mini-
mum relative height, 1200 minimum absolute height and minimum
ration of peak top/edge of 1.2, (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)
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,
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Fig. 1. (A) MS/MS spectrum of Compound 66 (m/z = 461.0781, rt 5.67 min) in

cells was linearly correlating with the FEH8 exposure concentration (R = 0.78, p =

1.81e7 '8 FDR = 1.94e'%). (B) MS/MS spectrum of Compound 203 (m/z = 301.1103, rt 2.98 min) in cells was linearly correlating with the F6H8 exposure con-

centration (R = 0.89, p = 1.5972°, FDR = 3.4e~ ).

(vii) Peak list row filter with a minimum of 10 % of the samples (viii)
Gap filling using the same RT and m/z range gap filler algorithm with an
m/z tolerance of 0.009 m/z or 10.0 ppm, (ix) Identification of lipids and
metabolites using a custom database search with an m/z tolerance of

0.007 m/z or 8.0 ppm and a RT tolerance of 0.25 min, and (x)
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



A. Alijagic et al.

CE

¢

CE|
CE
CE|
CE
Cel
Cel
Cer
Ce:
i

CE fragment
Ees

1
18:
18:
18:
(2¢

D1 D7 D14 D21 D28

B

CAR D C CE

CE fragment
CE(18:2)

DG(20:5/22:6)
9-decaenoylcarnitine

Environment International 208 (2026) 110112

D2 D7 D14 D21 D28
I

sovaleryl-camnitine
-Camitine

LPC| 14:0;

LPC(16:0
LPC(16:0e)
LPC(16:0p)
Lpc(16]
LPC(18:0)

16:0)

DT

VRVYY
QRNNNGD 2000

PC
B38B80883888838080560886008068060608608068060686606066060883832 T
A S N o N I e

PNNSSS0000nRERen@®@OR@NNNNNOI20IDDIA AN NNA B AL

00
2

PE

BEEOEN:
BEED S

T T SM(d16:1/18:1)
SM(d18:0/14:0}
= SM(d18:0/16:0
@D sM(d18:1/12:0)

14:0)

2 R MM M MMM

zrro0

55!
3388

3
DRR

Y IV

8:1/18:1
8:

SM

T

TG
o)

G(54:
T6(54:7)
TG(56:8)

TG

20
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the unknown lipids followed by calculation of the concentrations based
on lipid-class concentration curves. For polar metabolites 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, CA-d4, CDCA-d4,
GCA-d4, GCDCA-d4, GLCA-d4, GUDCA-d4, LCA-d4, TCA-d4, UDCA-d4
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 6.0 (Pang et al.,
2024) 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 each exposure concentration,
Spearman correlations between the biotransformation product and
metabolites.

Pathway enrichment analysis was performed using the Metab-
oAnalyst 6.0 web platform with the Functional Analysis (MS Peaks)
module (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 structures of the lipids (fatty
acid composition, including the position of the double bonds, cis/trans
configuration). However, our polar/semipolar panel (Method 1) in-
cludes 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 jonization mode. First, we performed statistical analyses using
t-test between control and each exposure concentration between F6H8
and polar metabolites and lipids, resulting in fold change, p values and
FDR values. Additionally, we analysed Spearman correlation between
the biotransformation product and with the metabolites. The whole
input peak list, with peak names given as their numeric mass (m/z)
values for putative annotation, and the statistical results with p-values
and t-score or correlation was used for the pathway analysis. Two al-
gorithms 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
MetaboAnalyst 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., 2013). In
addition, targeted pathway analyses were performed for the biotrans-
formation product. The mass tolerance 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.
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3. Results
3.1. Global metabolic responses to perfluorohexyloctane exposure

To evaluate the metabolic effects of F6H8, we performed compre-
hensive metabolomic analysis including lipidomic profiling of both he-
patocytes and their extracellular environment across a wide range of
non-cytotoxic exposure concentrations.

We observed a strong linear relationship with F6H8 concentration
and with several compounds, both in the cells as well as in the extra-
cellular media (Supplementary Table 1). Notably, three unknown
compounds in both cells and media showed a very strong (R > 0.78, FDR
< 1.9¢!%) correlation with the exposure concentration, and these
compounds were not detected in control cells nor in control media. For
two of the compounds, we could obtain mass spectra. Based on MS/MS
spectra, one of these compounds could be a derivative of F6HS, i.e.,
F6H8 biotransformation product. The compound was identified as a
carboxylic-acid derivative of F6H8, namely perfluorohexyloctanoic acid
(Fig. 1A). The deprotonated molecular ion, [M—H], matched that of
perfluorohexyloctanoic acid with a mass error < 1 ppm. In the negative-
ion MS/MS spectrum, the product ions arise from neutral loss of the
carboxyl group and from sequential, extensive HF eliminations. This loss
pattern has previously been observed both on H-substituted PFAS (e.g,
fluorotelomer carboxylic acids) (Wang et al., 2024; Zweigle et al., 2022)
and semi-fluorinated alkanes (Napoli et al., 1993). In addition to the
mass spectral data, also the retention time (rt) of the compound (5.67
min) was in line with the corresponding fully fluorinated carboxylic acid
(perfluoro-n-tetradecanoic acid, rt = 5.74 min) which had a slightly
higher retention time than partially fluorinated compound. We also
performed a retention time prediction, based on the logP value of per-
fluorohexyloctanoic acid, computed to be 6.9 according to Pubchem
model XlogP3 3.0 (Supplementary Fig. 3). Using the linear regression
equation, the predicted retention time of the compound is 5.77 min,
which is very close to the retention time measured, with Art = 0.07 min.
The compound was further isolated using LC fractionation and analyzed
by UHPLC coupled to ion mobility time-of-flight mass spectrometry
(IM-TOFMS) (Supplementary Fig. 4). The experimentally determined
mobility value was 0.883 V-s/cm?, corresponding to a collision cross
section (CCS) of 182.3 A% According to the ALICCS2 model (https://doi.
org/10.1038/541467-020-18171-8), perfluorohexyloctanoic acid is
predicted to have a CCS value of 173.5 A2, representing a 4.8 % devi-
ation from the experimental value. The second unknown compound of
interest showed a typical fragment of sulfonic group (Fig. 1B), and co-
clustered with other sulphate containing metabolites in ion network
analysis. However, majority of the compounds that correlated with the
F6HS8 concentration could not be identified.

Overall, 65 polar/semipolar compounds and 66 lipids showed sig-
nificant correlation (FDR < 0.05) with F6H8 concentration, among
which 23 were negatively and the remainder positively correlated. Of
the identified compounds, several free fatty acids (FFAs) were nega-
tively associated with the exposure as well as one amino acid, one
acylcarnitine, and two lipids. Large number of lipids, amino acids, two
bile acids, and some sugar derivatives were positively correlated with
the F6H8 concentration.

3.2. Lipidome alterations in hepatocytes and extracellular media

As we observed that the exposure to F6H8 caused concentration-
dependent, non-monotonic changes, we next investigated the impact
of exposure on each induvial concentration level, compared to the
control samples, as indicated by fold changes relative to the controls
(Fig. 2, Supplementary Tables 4-5). In the extracellular media, The
exposure caused a clear increase of lipids, except for hex-
adecenoylcarnitine, which was downregulated. Particularly phospho-
lipids and several TGs were upregulated in the media, and both
lysophospholipids and PC(35:4) exhibited increasing upregulation with
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Fig. 3. Partial correlation networks including lipid classes as node, in (A)
control HepaRG cells, (B) cells exposed to the lowest F6H8 concentration, and
(C) cells exposed to the highest FGH8 concentration. The networks illustrate
reduced interclass connectivity between lipid species following exposure. The
thickness of lines represents the strength of correlation, with red lines repre-
senting positive correlation, and blue lines negative correlation. Lipid class
abbreviations: CE - cholesteryl ester, LPC — lysophosphatidylcholine, PC —
phosphatidylcholine, PI — phosphatidyl inositol, PE - phosphatidylethanol-
amine, SM - sphingomyelin, TG - triacylglycerol, DG - diacylglycerol. For
phospholipids, OP states alkylether derivatives of parent phospholipid, for TGs
and phospholipids, SFA defines saturated fatty acyls, MUFA monounsaturated
fjitty acyls and PUFA polyunsaturated fatty acyls.

higher F6H8 concentrations. We also observed dose-dependent increase
in polyunsaturated FFAs, while the saturated FFAs were downregulated
with increasing F6H8 exposure.

In cells, there was even more substantial effect on lipid profiles, with
the lowest F6H8 concentration causing marked reduction of large
number of lipids, with inverse trend at the higher exposures, with
several lipids upregulated following exposure. For example, ceramide
Cer(d18:2/18:0) was consistently downregulated at all tested concen-
trations, while sphingomyelin SM(d18:2/14:0) was upregulated at the
higher exposure levels, but not at lower exposure levels.

Given the widespread lipid alterations, we also investigated the
impact of exposure on the level of lipid classes and lipid class ratios.
Lysophosphatidylcholines (LPCs) and (PC phosphatidylcholine (PC)
ratio (LPC/PC) had a significant positive correlation with the exposure
concentration. We also performed partial correlation analysis across the
exposure groups for the lipid classes, comparing the correlation patterns
in control cells and exposed cells (Fig. 3). Marked positive correlations
observed between different lipid classes in control cells were altered
following the exposure to F6H8, with less intra-class positive correla-
tions and strong negative correlations between polyunsaturated fatty
acid (PUFA)-containing TGs and (i) LPC/PC and PC_PUFA at the lowest
exposure concentration. and (ii) monounsaturated fatty acids (MUFA)
containing TG and saturated fatty acids (SFA) containing PCs at the
highest F6H8 concentration. Also, the association between phosphati-
dylethanolamines (PEs) and SMs was lost after the F6H8 exposure.

3.3. Effects on polar and semipolar metabolite profiles

We also investigated the impact of exposure on polar and semipolar
metabolites at each concentration level separately. Similarly as for
lipids, we observed concentration-dependent, non-monotonic changes
both in cells and extracellular media (Fig. 4, Supplementary Tables 2-3).
In cells, four amino acids (5-oxoproline, aspartic acid, ketoleucine, and
threonine) were significantly altered, with varying pattern of changes.
Aspartic acid and ketoleucine were downregulated at higher F6H8
exposure concentrations, with no significant changes at lower exposure
levels. Among FFAs, three were significantly affected, with eicosate-
traenoic acid showing a linear decrease with the increasing F6H8 con-
centration. In the extracellular media, FFAs showed patterns that were
linked with their saturation level: saturated FFAs were downregulated
while mviabioityonounsaturated (MUFA) and polyunsaturated (PUFA)
fatty acids were upregulated, particularly at the highest concentration.
Amino acids and their derivatives generally exhibited a downregulation
trend.

3.4. Pathway enrichment and functional analysis

We also performed both lipid enrichment and functional analysis at
the pathway level for the lowest and highest F6H8 concentrations,
which showed opposite metabolic patterns (Table 2). Four pathways
were affected at both concentrations (Biosynthesis of unsaturated fatty
acids, Fatty Acid Metabolism, Chondroitin sulfate degradation and
Heparan sulfate degradation) but showed opposite trends: all were



A. Alijagic et al.

A

Environment International 208 (2026) 110112

D1 D7 D14 D21 D28 D14

5-OXOPROLINE . . 1-AMINOCYCLOPROPANECARBOXYLATE
KETOLEUCINE LEUCIN/ISOLEUCIN
THREONINE N-ACETYLALANINE
C22:6 N-ACETYLGLUTAMATE
EICOSATETRAENOIC ACID N-ACETYLGLYCINE
DOCOSADIENOATE N-ALPHA-ACETYLLYSINE
LPC(18:1) - . PIPECOLATE
LPE(18:0) GCDCA *
LPG(22:6) GDCA *
LPI((20:4) ARACHIDONIC ACID
LYSOPE(16:0) DOCOSAHEXAENOIC ACID
LYSOPE(18:1) EICOSAPENTAENOIC ACID
RIBONIC ACID * GAMMA-LINOLENATE
1-METHULADENOSINE . LINOLEATE *
OXIDIZED GLUTATHIONE . OCTANOIC ACID
URIC ACID PALMITATE
T s

R ARACHIDATE
UNKNOWN_METABOLITE236 LPC(18:2)
NI SO, el
U | LI -3-7-TRIMETHYLURIC ACI
UNKNOWN_METABOLITE126 ;I\LSLOSE ETHYLURIC ACID -
UNKNOWN_METABOLITE115 MURAMIC ACID
UNKNOWN_METABOLITE220 N-ACETYLMURAMATE
UNKNOWN_METABOLITE129 PANTOTHENATE
UNKNOWN_METABOLITE255 SUCCINIC ACID *
UNKNOWN_METABOLITE26 MALEATE
UNKNOWN_METABOLITE22 TRIGONELLINE
UNKNOWN_METABOLITE35
UNKNOWN_METABOLITE216 .
UNKNOWN_METABOLITE81
UNKNOWN_METABOLITEB3
UNKNOWN_METABOLITE43 .
UNKNOWN_METABOLITE170 .
UNKNOWN_METABOLITE79 .
UNKNOWN_METABOLITE224 .
UNKNOWN_METABOLITE156 . .
UNKNOWN_METABOLITES4 . 3 3 .
UNKNOWN_METABOLITE64 < . 5 .
UNKNOWN_METABOLITE214 . . .
UNKNOWN_METABOLITE106 .
UNKNOWN_METABOLITES0 - . - B
UNKNOWN_METABOLITE74
UNKNOWN_METABOLITE118
UNKNOWN_METABOLITE263
UNKNOWN_METABOLITE244
UNKNOWN_METABOLITE181

UNKNOWN_METABOLITEE6
UNKNOWN_METABOLITE203
UNKNOWN_METABOLITES2

Fig. 4. Fold changes in polar/semipolar metabolites between F6H8-exposed samples and control cells and across different exposure concentrations in (A) HepaRG
cells, and (B) in extracellular media. Only those fold changes that are significant at least in one exposure level are shown. For extracellular media, only identified

compounds are shown. For detailed information, see Supplementary Table 3.

downregulated at the lowest concentration and upregulated at the
highest. At the lowest F6H8 concentration, a large number of pathways
related to fatty acid and lipid metabolism were altered as well as path-
ways related to amino acid and nitrogen metabolism. Majority of the
affected pathways were downregulated, only Keratan sulfate biosyn-
thesis was upregulated at the lowest exposure concentration. Notably,
sphingolipid metabolism was among the most prominently affected
pathways. At the highest FGH8 concentration, alterations were observed
in several amino acids and nitrogen metabolism-related pathways, along
with some fatty acid related pathways. In addition, the metabolic
pathways linked with central carbon metabolism were also affected.
Central carbon and energy metabolism related pathways were mainly
downregulated while amino acids and nitrogen metabolism-related
pathways showed alteration in both directions, indicating complex
regulatory responses at higher exposure levels.

3.5. Biotransformation product, perfluorohexyloctanoic acid, is
associated with metabolic alterations

We next examined whether the biotransformation product, per-
fluorohexyloctanoic acid, was associated with the metabolic patterns of
HepaRG cells or the extracellular medium. We found significant corre-
lations between this metabolite and more than 280 identified polar and
semipolar metabolites, as well as lipids, within the cells, and with 67
metabolites in the culture medium (Supplementary Tables 4 and 5). This
represents roughly a sevenfold increase in the number of metabolites
correlated with the biotransformation product compared with the
parent compound. In the cells, several amino acids and three conjugated
bile acids showed positive correlations with perfluorohexyloctanoic
acid, whereas two amino acids (ketoleucine and tryptophan) were
negatively correlated. Most free fatty acids and lipid species also

exhibited positive correlations. In the culture medium, five acylcarni-
tines and octanoic acid were negatively correlated with the metabolite,
while all other detected metabolites, including L-carnitine, showed
positive correlations.

Based on pathway analysis (Table 3), the main metabolic pathways
dysregulated in response to increasing concentrations of this compound
included nitrogen-related amino acid metabolism (arginine and urea
cycle pathways; alanine, aspartate and glutamate metabolism), path-
ways linked to mitochondrial flux (glyoxylate and dicarboxylate meta-
bolism; purine metabolism), and pathways involving lipid and bile acid
metabolism.

4. Discussion

In this study, we observed pronounced metabolic alterations in
F6H8-treated human hepatocytes. The choice of hepatocytes and the
exposure design were guided by evidence that structurally related hy-
drophobic alkanes and semifluorinated hydrocarbons preferentially
accumulate in the liver and exhibit prolonged hepatic retention, with
half-lives extending over several weeks in animal models (Zarif et al.,
1994; Cravedi and Tulliez, 1986; McCarthy, 1964; Tulliez and Bories,
1978). This supports the liver as a biologically plausible target organ for
systemic F6H8 exposure, despite its primary ocular route of adminis-
tration. Exposure concentrations were therefore selected to approximate
estimated hepatic burdens arising from repeated ophthalmic use rather
than acute systemic dosing. Importantly, this rationale is further sup-
ported by recent regulatory evidence. The U.S. Food and Drug Admin-
istration’s Report on the Use of PFAS in Cosmetic Products and Associated
Risks (2026) notes that perfluorohexane that was previously considered
biologically inert, exhibited evidence of metabolic transformation in
liver-based test systems, challenging the assumption that fluorinated
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Table 2 Table 2 (continued)
Summary of pathway enrichment .ana1y51s for the 10w§st (]?Dl‘).and hlg}}est Comment Pathway EDL o ED28  p
(ED28) F6H8 exposure concentrations. Pathways showing significant enrich- ED1 ED28
ment (p < 0.05) are listed along with their direction of change.
Lipid and fatty acid Glycosphingolipid down 0.042 ns
Comment Pathway ED1 2 ED28  p metabolism metabolism
ED1 ED28 Lipid and fatty acid ~ leukotriene down  0.004 ns
Amino Acid & Beta-alanine ns up 0.011 .H.letabOlism . biosyntl}esis
Nitrogen degradation I Lipid and fatty acid Leukotriene down 0.024 ns
Metabolism metabolism metabolism
Amino Acid & Aminosugars down  0.039 ns Lipid and fatty acid Linoleic acid down  0.023 ns
Nitrogen metabolism metabolism metabolism
Metabolism Lipid and fatty acid Phosphatidylinositol down 0.013 ns
Amino Acid & Arginine and proline ns up 0.028 metabolism phospha-te
Nitrogen metabolism metabolism
Metabolism Lipid and fatty acid Phytanic acid ns down  0.038
Amino Acid & Citrulline down 0.022 ns metabolism pe{‘oxi'somal
Nitrogen biosynthesis . 0x1datlor-1 .
Metabolism Glycosaminoglycan Chondroitin sulfate down  0.030 up 0.038
Amino Acid & Glutamate ns down  0.042 turnove}‘ degradation
Nitrogen metabolism Glycosaminoglycan Heparan sulfate down  0.030 up 0.038
Metabolism turnover degradation
Amino Acid & Glycine, serine and ns down  0.031 Glycosaminoglycan Hyaluronan down  0.017  ns
Nitrogen threonine turnover Metabolism
Metabolism metabolism Glycosaminoglycan Keratan sulfate up 0.031 ns
Amino Acid & Methionine and ns down  0.049 turnover biosynthesis
Nitrogen cysteine metabolism Glycosaminoglycan Keratan sulfate down 0.030 ns
Metabolism turnover degradation
Amino Acid & proline biosynthesis ns up 0.009 Protein . N—Glycan . down  0.019 ns
Nitrogen I (from arginine) glycosylation biosynthesis
Metabolism Protein O-Glycan down 0.045 ns
Amino Acid & threonine down 0.004 ns glycosylation biosynthesis
Nitrogen degradation 1T Cofactor and Porphyrin down 0.039 ns
Metabolism Vitamin metabolism
Amino Acid & Urea cycle/amino ns up 0.044 Metabolism oL
Nitrogen group metabolism Cofactor and Pyrimidine down 0.025 ns
Metabolism Vitamin metabolism
Central carbon and Butanoate ns up 0.029 Metab‘ohsm .
energy metabolism Nucleotide and tRNA charging down 0.026 ns
metabolism Translation
Central carbon and Citrate cycle (TCA ns down  0.029 Machllnery .
energy cycle) Nucleotide and Vitamin B6 down 0.045 ns
metabolism Translation (pyridoxine)
Central carbon and D-glucuronate ns up 0.009 Machinery metabolism
energy degradation I
metabolism X . X . X
Central carbon and Glyoxylate and ns down  0.024 hydrocarbons are universally resistant to biotransformation. In this
energy dicarboxylate context, our detection of a putative carboxylic acid derivative of FGH8
metabolism metabolism provides experimental support for the possibility that semifluorinated
Central carbon and  Propanoate ns down  0.025 alkanes may undergo hepatic metabolism, supporting the relevance of
energy metabolism . . P s
metabolism hepatocyte-based models for evaluating their systemic biological effects.
Central carbon and ~ Pyruvate metabolism  ns down  0.038 Indeed, we detected mass spectral features consistent with fluorinated
energy metabolites in FOH8-treated hepatocytes, including a compound tenta-
metabolism tively annotated as perfluorohexyloctanoic acid, suggesting oxidative
Lipid and fatty acid Biosynthesis of down  0.008 up 0.033 . . : . . . .
. biotransformation of F6HS8. This observation aligns with previous
metabolism unsaturated fatty R X i
acids studies showing that structurally analogous non-fluorinated saturated
Lipid and fatty acid ~ De novo fatty acid down  0.021 ns alkanes can undergo hepatic w-oxidation to yield carboxylic acids of the
metabolism biosynthesis same chain length. (Cravedi and Tulliez, 1986; McCarthy, 1964; Tulliez
Lli‘)‘itzgilf:gy acid  Fatty acid activation  down  0.029  ns and Bories, 1978) The proposed alkane oxidation pathway in hepato-
Lipid and fatty acid  Fatty Acid down  0.050 up 0.045 cytes involves sequential cytochrome P450-mediated hydroxylation of
metabolism Metabolism the terminal methyl group to a primary alcohol, followed by oxidation to
Lipid and fatty acid ~ Glycerolipid ns up 0.019 an aldehyde via alcohol dehydrogenase and subsequent conversion to
metabolism metabolism the corresponding carboxylic acid by aldehyde dehydrogenase. Given
Lipid and fatty acid Glycosphingolipid down 0.016 ns o e . .
. - - the structural similarity to alkanes, FGH8 may undergo biotransforma-
metabolism biosynthesis — K e
ganglioseries tion through an analogous pathway. Although definitive structural
Lipid and fatty acid  Glycosphingolipid down 0.013 ns confirmation was not possible due to the absence of analytical reference
metabolism biosynthesis — standards, the detection of fluorine-containing features challenges the
. . gl°b°sen,es . assumption that semifluorinated alkanes are biologically inert and
Lipid and fatty acid Glycosphingolipid down 0.031 ns . . . . . ) .
metabolism biosynthesis — highlights the importance of considering downstream metabolites in
lactoseries safety assessments, as carboxylic acid derivatives are often more
Lipid and fatty acid  Glycosphingolipid down  0.045 ns bioactive and persistent than their parent compounds.
metabolism biosynthesis - Exposure to F6H8 resulted in marked alterations in lipid homeosta-
neolactoseries
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sis, including elevated lipid levels in the extracellular medium across all
concentrations. This pattern suggests enhanced lipid efflux or membrane



A. Alijagic et al.

Table 3

Summary of pathway enrichment analysis and targeted pathway analyses
associated with the biotransformation product levels in cells. Pathways showing
significant enrichment (p < 0.05) are listed.

Approach Pathway p Direction

targeted Alanine, aspartate and 0.0158 upregulated
glutamate metabolism

targeted Alpha Linolenic Acid and 0.0145 upregulated
Linoleic Acid Metabolism

targeted Ammonia Recycling 0.0083 upregulated

targeted Arginine biosynthesis 0.0021 upregulated

BIOCYC Arginine biosynthesis IV 0.0109 upregulated

BIOCYC Arginine degradation I 0.0118 upregulated
(arginase pathway)

BIOCYC Arginine degradation VI 0.0111 upregulated
(arginase 2 pathway)

BIOCYC Aspartate degradation II 0.0118 upregulated

BIOCYC Bile acid biosynthesis, neutral 0.0111 upregulated
pathway

targeted Biosynthesis of unsaturated 0.00004  upregulated
fatty acids

BIOCYC Citrulline biosynthesis 0.0330 upregulated

targeted Glycerophospholipid 0.00081 upregulated
metabolism

targeted Glyoxylate and dicarboxylate 0.0029 upregulated
metabolism

KEGG, Histidine metabolism 0.00320 upregulated

targeted

targeted Lysine degradation 0.0398 upregulated

targeted Mitochondrial Beta-Oxidation 0.0071 Acylcarnitines
of Long Chain Saturated Fatty upregulated, saturated
Acids FFAs downregulated

KEGG Primary bile acid biosynthesis ~ 0.0225 upregulated

BIOCYC Proline biosynthesis II (from 0.0220 upregulated
arginine)

targeted Purine metabolism 0.0440 upregulated

targeted Sphingolipid metabolism 0.0006 upregulated

BIOCYC Urea cycle 0.0333 upregulated

remodeling rather than simple intracellular accumulation. Semi-
fluorinated alkanes are known to integrate into phospholipid bilayers
and form phase-separated domains due to the lipophobic nature of their
fluorinated chains, a process that can alter membrane fluidity, curva-
ture, and protein function (Sabin et al., 2006; Ferro and Krafft, 2002).
Such membrane perturbations provide a unifying mechanistic frame-
work for the observed lipidomic changes, including altered phospholipid
turnover, sphingolipid homeostasis, and mitochondrial membrane
integrity.This response may additionally reflect F6H8-induced meta-
bolic dysregulation, or indicate membrane perturbations that trigger
remodeling, breakdown, or stress responses such as endoplasmic retic-
ulum (ER) stress or oxidative stress. O Consistent with this interpreta-
tion, lysophospholipids displayed concentration-dependent, non-
monotonic responses, with decreased intracellular levels at low con-
centrations and marked accumulation at higher exposures in both cells
and media. This pattern may reflect altered phospholipase activity or
impaired reacylation via the Lands’ cycle, processes that are highly
sensitive to membrane integrity and oxidative stress.. Concurrently, the
consistent downregulation of acylcarnitines in both compartments
suggests suppression of mitochondrial f-oxidation, potentially compro-
mising energy metabolism and fatty acid homeostasis.

At the pathway level, F6H8 exposure induced concentration-
dependent alterations in multiple metabolic pathways, many of which
displayed non-monotonic responses. At the lowest concentration,
affected pathways were primarily related to lipid signalling and in-
flammatory activation, including perturbations in sphingolipid, glyco-
sphingolipid, and leukotriene metabolism. Sphingolipids are key
regulators of cell proliferation, adhesion, migration, autophagy,
apoptosis, and mitochondrial function (Apostolopoulou et al., 2018) and
their dysregulation has been implicated in type 2 diabetes, metabolic
syndrome, and drug-induced liver injury (Balram et al., 2022; Gai et al.,
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2023). At higher concentrations, disruption extended to central carbon
metabolism and amino acid degradation pathways, indicating loss of
metabolic compensation and broader cellular stress.

The non-monotonic dose-response patterns observed here align with
reports for conventional PFAS in in vitro, in vivo, and human studies and
are often interpreted within a hormetic framework (Rotander et al.,
2024; Alijagic et al., 2024; Rotander et al., 2024; Labine et al., 2022;
Kariuki et al., 2017; Geng et al., 2019; Andi Alijagic et al., 2024). At
lower exposure levels, adaptive responses may preserve cellular ho-
meostasis, whereas higher exposures overwhelm compensatory mecha-
nisms (Kim et al., 2018; Rossnerova et al., 2020). (Kim et al., 2018) For
membrane-active compounds such as F6H8, such biphasic behavior may
reflect threshold effects associated with membrane buffering capacity
and cumulative lipid perturbation.

Notably, the biotransformation product exhibited broader and
stronger metabolic associations than the parent compound, suggesting
that even limited conversion of F6H8 may substantially amplify bio-
logical effects. This observation aligns with the behavior of other fluo-
rinated carboxylic acids, which exhibit higher bioactivity and
persistence than their neutral precursors. Pathway analysis revealed
both shared and distinct effects compared with F6H8, with the metab-
olite uniquely affecting purine metabolism, bile acid metabolism, and
nitrogen-handling pathways. These findings suggest that even limited
metabolic conversion of F6H8 may substantially alter its biological
impact, reinforcing the need to consider metabolite-mediated effects
when evaluating semifluorinated compounds. Some differences between
the metabolite and parent compound may also reflect methodological
factors: the biotransformation product was analyzed using correlation
across the full dataset, whereas the parent compound was evaluated
concentration by concentration. Non-monotonic responses in certain
metabolites mean that these approaches can highlight different biolog-
ical signals. Thus, the observed divergence in pathway profiles likely
reflects both true biological differences and the influence of the
analytical strategy used.

Comparison with conventional PFAS highlights both similarities and
differences. While PFAS exposure is typically associated with suppres-
sion of bile acids and acylcarnitines through receptor-mediated mech-
anisms such as CYP7A1 inhibition, F6H8 predominantly affected lipid
and amino acid metabolism with minimal bile acid disruption. This
suggests that F6H8 acts primarily through membrane-associated
mechanisms rather than classical receptor-mediated pathways, consis-
tent with effects reported for structurally related alkanes that disrupt
membrane integrity and cellular viability. Pathway-level similarities
between the current findings and our previous study on PFAS-exposed
hepatocytes (Alijagic et al., 2024) were seen particularly at the lowest
exposure concentration, where both exposures affected fatty acid acti-
vation, de novo fatty acid biosynthesis, PIP metabolism, glyco-
sphingolipid metabolism, pyrimidine metabolism, and O-glycan
biosynthesis. In contrast, fewer overlaps were evident at the highest
F6HS8 concentration, with only p-alanine metabolism, butanoate meta-
bolism, and urea/amino group metabolism being commonly affected.

Several limitations should be acknowledged. Exposure levels were
estimated based on data from structurally related compounds due to the
absence of pharmacokinetic data on F6H8 absorption, distribution, and
tissue accumulation. A previous study in rabbits (Kroesser et al., 2018)
detected F6H8 in blood at high parts-per-billion (ppb) concentrations
and indicated that repeated administration could lead to systemic
enrichment. Given the lipophilic nature of F6H8 and evidence from
similar compounds, hepatic accumulation is plausible.While the 24-
hour exposure duration does not model chronic exposure per se, it
represents a validated approach in hepatocyte metabolomics to capture
stable metabolic reprogramming while minimizing secondary cytotoxic
effects.. Furthermore, because F6H8 is administered ocularly in clinical
use, our hepatocyte model does not replicate the initial site of exposure,
and the findings should therefore be interpreted as reflecting potential
systemic rather than local ocular effects. Nevertheless, this model has
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been validated in prior studies investigating PFAS mixtures, producing
metabolic patterns consistent with both in vivo animal data and human
exposure profiles [36].

In conclusion, this study provides the first comprehensive evaluation
of the metabolic effects of perfluorohexyloctane (F6H8) in human he-
patocytes. Our findings indicate that F6H8 is not metabolically inert,
may undergo biotransformation to PFAS-like carboxylic acids, and in-
duces concentration-dependent metabolic reprogramming consistent
with membrane perturbation, mitochondrial dysfunction, and oxidative
stress. While derived from an in vitro system, these results raise
important questions regarding the systemic safety of semifluorinated
alkanes used in medical applications and underscore the need for longer-
term in vivo studies addressing accumulation, metabolism, and chronic
effects. Although these findings advance our understanding of cellular
responses to F6H8, they derive from an in vitro system and should not be
interpreted as direct evidence of adverse effects in humans.
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