Open Access Article. Published on 25 February 2026. Downloaded on 4/7/2026 9:03:56 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

ROYAL SOCIETY

: : »
Environmental Science « OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue

Chronic PFOA and PFOS exposure triggers cellular
oxidative stress and alters lipid levels as revealed
through multi-omics analysis
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Per- and polyfluoroalkyl substances (PFAS), or “forever chemicals,” are linked to metabolic, immune, and
neurotoxic disorders, yet their long-term cellular effects remain unclear. Using a 24 week chronic
exposure model with non-transformed human epithelial cells, we examined responses to low,
environmentally relevant concentrations of perfluorooctanoic acid (PFOA) and perfluorooctane sulfonic
acid (PFOS). Integrated transcriptomic and lipidomic analyses revealed that despite minimal cellular
accumulation, molecular changes emerged around week 17, marked by transcriptional signatures
indicative of oxidative stress responses, cell survival pathways, and lipid metabolism. Our data suggests

a multi-faceted model in which long-term PFOA and PFOS exposure induces oxidative stress mediated
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Accepted 20th February 2026 by SESN2 and SOD3, increases lipid biosynthesis via SREBP pathway, and causes compound-specific

disruptions of membrane lipids. These findings highlight the importance of multi-omic, time-resolved

DOI: 10.1039/d5va00353a approaches in uncovering the mechanisms of chronic low-dose chemical exposure and provide

rsc.li/esadvances a foundation for future in vivo studies.

Environmental significance

Perfluorooctanoic acid (PFOA) and perfluorooctane sulfonic acid (PFOS) are persistent pollutants linked to various adverse health effects. Many research studies
focus on high doses, which overlooks the risks associated with real-world low-level exposure. This study aimed to address this gap by exposing human epithelial
cells to environmentally relevant concentrations of PFOA and PFOS (10 nM) over a six-month period. Our findings indicate that chronic, low-dose exposure to
PFOA and PFOS results in cumulative disruptions to lipid profiles and persistent cellular stress responses. These insights provide a solid framework for future in
vivo studies examining the relationship between genetic and lipid alterations and PFAS-induced toxicity.

levels in wildlife and human populations. This persistence has

1. Introduction

earned PFAS the nickname “forever chemicals”.*

Perfluorooctanoic acid (PFOA) and perfluorooctane sulfonic PFOA and PFOS have been detected in various human

acid (PFOS) are legacy per- and polyfluoroalkyl substances
(PFAS) that are no longer manufactured or used in several
countries, yet they persist in the environment“* due to their
stability.? Their remarkable resistance to degradation® has led to
the bioaccumulation of PFOA and PFOS in ecosystems over
decades, resulting in long-term contamination at detectable
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tissues, indicating their high potential for bioaccumulation.®
Exposure to these chemicals has been associated with meta-
bolic disorders,*’ immune dysregulation,®® and
neurotoxicity.’*" Despite being phased out globally due to
health concerns, their impacts continue to affect the environ-
ment and humans to this day. However, the molecular mecha-
nisms driving PFAS toxicity remain poorly understood. At the
molecular level, PFAS can interact with lipids,**'* proteins,*
and nucleic acids'® as evidenced in biochemical studies. Their
amphiphilic structure enables them to interact with lipid
membranes, potentially affecting membrane fluidity and
permeability.””** They can also bind proteins with hydrophobic
domains, such as serum albumin," peroxisome proliferator-
activated receptors (PPARs)," and fatty acid-binding
proteins,* potentially interfering with key regulatory func-
tions. Despite these known interactions, the specific cellular
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pathways and biological processes disrupted by PFAS remain
unclear.

One of the major challenges in understanding the biological
pathways affected by PFAS in living systems stems from the
discrepancy between laboratory exposure models and real-
world environmental exposure. Most experimental studies,
including in vitro models, employ short-term exposures at
relatively high concentrations of PFAS (5-125 pg mL™ ')
specifically 10-250 pM concentration range for PFOA and PFOS.
Meanwhile, concentrations at contaminated sites do not exceed
~150-200 nM for PFOA and PFOS? and concentrations of PFOA
and PFOS in human serum are typically even lower, ranging
from ~2.8-10.4 nM and ~9.0-104.2 nM, respectively.”>* As
a result, existing models may fail to capture the cumulative or
adaptive biological responses that emerge only with prolonged,
low-level exposure, limiting the translational relevance of these
findings to real-world conditions.

In this study, we employed integrated transcriptomic and
lipidomic analyses to investigate the cellular effects of long-
term, chronic PFOA and PFOS exposure. This approach, which
has not been extensively utilized in the study of PFAS in vitro,
allows for a comprehensive understanding of the molecular
alterations induced by these compounds. To better reflect real-
world exposure, we conducted a time-course experiment using
human retinal pigment epithelial cells (hnTERT RPE-1), exposing
them to environmentally relevant concentrations of PFOA or
PFOS over a six-month period. This cell line has been charac-
terized for genomic and transcriptomic stability over time,
confirming stability across batches and passage numbers.****
Using RNA sequencing and high-resolution mass spectrometry-
based targeted lipidomics, we profiled molecular responses to
realistic PFAS exposure across time.

Our findings offer new insights into the systems-level
response to prolonged, low-concentration PFAS exposure. We
found that rather than a single dominant pathway, PFOA and
PFOS toxicity arise from cumulative and multifactorial disrup-
tions in key cellular processes, including dynamic remodeling
of the lipidome and sustained activation of oxidative and
cellular stress responses. Together, our results provide specific
mechanistic hypotheses and a robust framework for future in
vivo studies aimed at linking genetic and lipid-level responses to
PFAS-induced toxicity.

2. Materials and methods

2.1. Chemicals and other reagents

hTERT RPE-1 cells were purchased from the American Type
Culture Collection (Manassas, VA). Dulbecco's modified Eagle
media (DMEM)/Ham's F-12 (50: 50), fetal bovine serum (FBS),
trypsin, and penicillin/streptomycin (p/s) antibiotic cocktail
were purchased from Corning (Corning, NY). Micro bi-
cinchoninic acid (BCA) assay kit was purchased from G Biosci-
ences (St. Louis, MO).

PFOA (95% purity) and PFOS (98% purity) were purchased
from Millipore Sigma (Burlington, MA). *C-labelled standards,
including M8PFOA, M8PFOS, M4PFOA, and M4PFOS, were
purchased from Wellington Laboratories (Guelph, ON).
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Ammonium acetate was purchased from ].T. Baker (Randnor
Township, PA). Liquid chromatography-mass spectrometry (LC-
MS) grade methanol (MeOH), isopropanol, and acetonitrile
were purchased from Millipore Sigma (Burlington, MA). LC-MS
grade chloroform was purchased from Honeywell Research
Chemicals (Morris Plains, NJ). Type I water (18.2 MQ cm) was
generated using a Barnstead Nanopure Diamond (Waltham,
MA) purification system. The LC-MS columns and guard
columns used for PFAS analysis and lipidomics analysis were
obtained from Restek Corporation (Bellefonte, PA) and
Phenomenex (Torrance, CA), respectively. MassHunter™ Qual-
itative analysis, which was utilized for data analysis, was ob-
tained from Agilent Technologies (Santa Clara, CA).

2.2. Cell culture, PFAS exposure, and cell collection

The culturing, PFAS exposure, and subsequent collection of
hTERT RPE-1 cells were conducted following a recently pub-
lished protocol.*® Briefly, hTERT RPE-1 cells were cultured in
DMEM/F-12 (50 : 50) with r-glutamine and 15 mM HEPES. The
media was supplemented with 10% (v/v) FBS and 1% (v/v) p/s.
Cells were grown at 37 °C and 5% CO, until they reached 80-
90% confluency for use. Cells were treated with 0.01% MeOH
(vehicle control), 10 nM PFOA or 10 nM PFOS in 0.01% MeOH in
separate 10 cm polystyrene-treated culture dishes and cultured
by passaging twice a week (i.e. every 3—-4 days) for 24 weeks (n =
3). At designated time points (24 hours, 7 weeks, 17 weeks, and
24 weeks), cells treated with MeOH, PFOA, and PFOS at 80-90%
confluency were collected. Cells were washed with cold 1x
phosphate-buffered saline (PBS) and collected by centrifugation
at 300 relative centrifugal force (rcf) for 5 min at 4 °C. The media
was decanted, and the cells were washed two more times with
cold 1x PBS to remove residual media using the centrifugation
protocol previously described. The cell pellet was resuspended
in 500 pL of cold 1x PBS. For PFAS uptake analysis, 50 pL
aliquots were set aside for protein quantification through the
BCA assay. Afterward, the cell pellets were collected by centri-
fugation and stored at —80 °C for subsequent analysis: bi-
oaccumulation, lipidomics, and transcriptomics. At every
exposure time point, each treatment group included at least
triplicate samples (n = 3) for each analysis.

2.3. PFOA and PFOS extraction and liquid chromatography-
tandem mass spectrometry (LC-MS/MS) data acquisition for
cellular uptake

The PFAS-treated cells were extracted following a published
protocol.™ Cell pellets at various time points that were treated
individually with PFOA and PFOS, along with their corre-
sponding MeOH as vehicle control, were resuspended in 1 mL
of cold MeOH spiked to contain corresponding 90 ppb mass-
labelled PFAS standards (MS8PFOA and MSPFOS) as surro-
gates. The cell suspension was sonicated using Fisherbrand
Model 120 Sonic Dismembrator probe sonicator, set at 40%
power with 30 second pulses and 30 second rests while on a cold
metal block. After sonication, samples were centrifuged at 16
900 rcf for 12 min at 4 °C. Carefully, 900 pL of the resulting
supernatant was transferred into a 4 mL dram vial. The

© 2026 The Author(s). Published by the Royal Society of Chemistry
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remaining pellets were subjected to a second extraction by
adding 1 mL of cold MeOH and repeating the sonication and
centrifugation steps. The supernatants from both extractions
were combined and evaporated to dryness using a nitrogen
evaporator. Final extracts were reconstituted with the mobile
phase system of 50:50 (A) 5 mM ammonium acetate in water
with 5% acetonitrile, pH 3.8; and (B) 50 : 50 MeOH : acetonitrile
(v/v) spiked with 50 ppb of internal standards, M4PFOS and
M4PFOA.

PFOA and PFOS samples, along with their corresponding
MeOH controls, were analyzed following a published method>®
via liquid chromatography-tandem mass spectrometry (LC-MS/
MS) using a Thermo TSQ Quantum Ultra™ triple quadrupole
mass spectrometer and Agilent 1200 liquid chromatography.
Separation of each 10 pL injection was achieved using a Raptor
C18 analytical column (100 mm, 2.7 pm), equipped with a 5 mm
guard column containing identical stationary phase material,
using an elution gradient and 0.37 mL min~' flow rate. The
gradient profile consisted of 50% (B), ramped to 95% (B) over
8 min and was held for 3 min before returning to the starting
mobile phase of 50% (B). The total run time for each injection
was 18 min. The mass spectrometer was operated in negative
mode as [M — H] using an electrospray ionization voltage of
—3000 V and capillary temperature of 220 °C. Selected reaction
monitoring mode were employed, and two transitions (Table
S1) were monitored for each analyte to ensure specificity.

2.4. Limit of quantification (LOQ) and limit of detection
(LOD) determination for PFOS and PFOA

Ten-10 cm plates of confluent hTERT RPE-1 cells were collected,
protein quantified, and extracted following the above protocol.
To create the matrix-matched calibration curves, for each PFOA
and PFOS, seven-point calibration with replicates (n = 3) were
prepared using serial dilution starting with 1 ppb to 64 ppb in
a diluent matrix containing 50 ppb each of M8PFOA and
MSPFOS as internal standards for normalization. The slope (S)
was then obtained from the calibration curves (Fig. S1). For the
lowest concentration (1 ppb), seven replicates were made to get
the standard deviation of the response (Sy). Prepared solutions
were analyzed using LC-MS/MS as described above. Finally, the
limit of detections (LODs) and limit of quantifications (LOQs)
were calculated using the formula LOD = 3(Sy/S) and LOQ =
10(Sy/S) (Table S2).

2.5. RNA extraction, library preparation, sequencing, and
analysis

Frozen cell pellets treated individually with PFOA and PFOS for
24 hours, 7 weeks, 17 weeks, and 24 weeks (n = 3) that were
previously stored at —80 °C were transported on dry ice to
Azenta Life Sciences (South Plainfield, NJ) for RNA extraction
and RNA-seq analysis. Azenta's RNA-seq workflow comprises
five steps, including experimental design, extraction, library
preparation, sequencing, and data analysis. RNA from cells was
extracted, and RNA molecules of interest were purified to ensure
high quality and sufficient quantity prior to proceeding with
analysis. After which, single-stranded RNA was converted to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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double-stranded complementary DNA (cDNA) strands in
a reverse transcription reaction. Sequencing adapters and
barcodes were then added to create RNA-seq libraries which
were subsequently analyzed with Next Generation Sequencing
(NGS) using Illumina NovaSeq™6000 or Illumina Hiseq®X. The
data were then evaluated, and biologically relevant information
was extracted. Briefly, sequencing reads were pre-processed and
trimmed to remove adapter sequences and low-quality bases.
Trimmed reads were then mapped to the reference genome,
followed by expression quantification and transcripts per
million (TPM) calculation. Differential expression analysis was
performed using DESeq2,” comparing treatments to the
control: PFOA vs. MeOH, PFOS vs. MeOH, and PFOA vs. PFOS.
Note that MeOH 24H was used as a control for all time point
comparisons involving both PFOA and PFOS. Gene Ontology
(GO) enrichment analysis was conducted for significant genes
(Jlog,fold change| >1 & adjusted p < 0.05) in each comparison
using gProfiler.>® To investigate shared gene expression patterns
between PFOA and PFOS at 24 weeks, we identified differentially
expressed genes (DEGs) common to both PFOA vs. MeOH and
PFOS vs. MeOH comparisons at 24 weeks and performed GO
enrichment analysis on this shared gene set. We also conducted
an analysis of highly differentially expressed genes specific to
PFOA and PFOS at 24 weeks.

2.6. Lipid extraction and liquid chromatography-mass
spectrometry (LC-MS) data acquisition for lipidomics analysis

Lipid extraction, sample preparation, and analysis were carried
out as described in a published protocol.>?° Cell pellets were
resuspended in 550 pL of cold 1x PBS, and 50 pL of aliquots
were set aside for protein quantification. An additional 500 pL
of cold 1x PBS was added, and the cell pellets were transferred
to a 7 mL Dounce homogenizer. To the suspension, 1 mL of cold
MeOH and 2 mL of cold chloroform were added, and the
mixture was homogenized with 30 strokes. The homogenized
solution was transferred to a 4 mL dram vial and centrifuged at
500 rcf for 10 min at 4 °C. The chloroform layer, containing the
lipids, was carefully extracted and transferred to a new dram
vial. This layer was evaporated to dryness using a nitrogen
evaporator and subsequently stored at —80 °C until further
analysis by LC-MS.

Lipid extracts were spiked with C17:0 Ceramide (C17-Cer),
C17 Sphingomyelin, d’-oleic acid, C17 Glucosyl(b) Ceramide
(C17 GluCer), C39:0 triacylglycerol (C39-TAG), C18-d”-sphingo-
sine as internal standards and reconstituted with chloroform.
Analysis was carried out in negative and positive modes via an
Agilent 1260 HPLC system in tandem with an Agilent 6530 Jet
Stream ESI-QToF-MS system. Separation of each 15 pL injection
was achieved using a Gemini C18 column (5 pm, 4.6 mm x 50
mm) for negative mode, while a Luna C5 column (5 pm, 4.6 mm
x 50 mm) was used for positive mode. The mobile phase system
consisted of: (A) 95:5 water:MeOH and (B) 60:35:5 iso-
propanol : MeOH : water for both modes, with the addition of
ammonium hydroxide for negative mode, and formic acid and
ammonium formate for positive mode. The gradient profile
consisted of 0% (B) ramped to 100% (B) over 65 min and was
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held for 7 min before returning to the starting mobile phase of
0% (B). The total run time for each injection was 80 min. The
mass spectrometer was operated using a DualJSI fitted electro-
spray ionization source with voltage of 3500 V. The drying gas
temperature was set to 350 °C with a flow rate of 12 L min™".
Lipid species were targeted by extracting the corresponding m/z
(Table S3) for each ion in MassHunter™ Qualitative Analysis
software (v11). Peak areas for each ion were integrated and
represented as abundance. Relative abundances used in heat-
maps for the PFAS treatments (n = 3) were normalized to the
individual MeOH control.

2.7. Statistical analysis

All statistical analyses were performed using GraphPad Prism
(v10.4.2) or R software (v4.2.2). The data presented are the
averages of three independent replicates. For PFAS bi-
oaccumulation studies, p-values were calculated using an
unpaired t-test. Lipidomics analysis used a paired two-tailed ¢-
test with directly matched sample and vehicle control within the
same biological replicate, with p < 0.05 considered significant.
In GO enrichment analysis for transcriptomics, |log,fold
change| > 1 & adjusted p-value < 0.05 were set as the threshold
for significant genes in gProfiler.

3. Results and discussion

3.1. A novel in vitro model of prolonged PFAS exposure
reveals limited cellular accumulation

To investigate the cellular effects of PFAS at concentrations
reflecting realistic environmental exposure, we exposed hTERT
RPE-1 cell line to either 10 nM of PFOA (4.14 pg L™ ') or 10 nM
PFOS (5.00 pg L), individually, over 24 weeks (Fig. 1A). This
experimental design provides a suitable framework for
modeling the long-term cellular impact of exposure. First, the
exposure levels fall within the range detected in contaminated
groundwater sources,”> and human blood serum.?*** Second,
hTERT RPE-1 cells are a non-cancerous model that more accu-
rately recapitulate normal cellular homeostasis than commonly
used transformed, cancer-derived cell lines”® and have often
been used to investigate the normal physiological roles of
human genes.*' Studies have also confirmed the genomic and
transcriptomic stability of hTERT RPE-1 cells over time>**
making this system ideal for chronic exposure. Over the 24 week
period, vehicle control-treated cells and PFOA/PFOS-treated
cells consistently displayed stable cell morphology and growth
characteristics, indicated by passage numbers. Thus, hTERT
RPE-1 is robust to effects of senescence and passage-based bi-
ases over a 24 week period.

To assess the cellular accumulation of PFAS, we quantified
intracellular levels of PFOA and PFOS at 24 hours, 7 weeks, 17
weeks, and 24 weeks (Methods, Tables S2 and S4). We selected
24 hours to capture acute, short-term exposure and 24 weeks to
model chronic, long-term accumulation.’® While human expo-
sure to PFAS is lifelong, we used the 24 weeks in vitro exposure
as it was feasible to do in the laboratory setting. The interme-
diate time points at 7 weeks and 17 weeks were selected
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arbitrarily to provide resolution of temporal trends and to
capture potential nonlinear or progressive changes in PFAS
accumulation that might not be evident from short- and long-
term endpoints alone. Surprisingly, we observed no signifi-
cant accumulation of PFOS over time (Fig. 1B and Table S4).
Specifically, PFOS exhibited an initial uptake within the first 24
hours, reaching a mean concentration of 0.40 ng mg ' of
protein, followed by a slight decline at 17 weeks and stabiliza-
tion at 24 weeks (Table S4). In contrast, we were unable to detect
PFOA, as its concentrations at the cellular level were below the
limit of detection of our method (LOD = 0.75 ng PFOA per mg
protein, Fig. S1 and Tables S2, S4). The observation that PFOS
does not accumulate in cells over time suggests that
organismal-level bioaccumulation of PFOS may depend on
mechanisms beyond direct intracellular uptake, such as accu-
mulation in extracellular components or the presence of
multiple cell types that may accumulate PFOS via different
mechanisms within complex tissue environments.

3.2. Comparative gene expression profiles reveal time-
dependent, system-level responses to prolonged PFAS
exposure

Our findings of minimal or undetectable intracellular bi-
oaccumulation prompted us to investigate whether low-level
exposure could still elicit a biological response over time. To
address this, we performed comparative transcriptomic analyses
across multiple time points under prolonged PFAS exposure
(Fig. 1C and Table S5). Using a conservative threshold (adjusted
p-value < 0.05, |log,fold change| > 1; see Methods), we observed
virtually no differentially expressed genes at the 24 hour and 7
week time points for either PFOA or PFOS. However, at 17 weeks,
we detected a significant increase in transcriptional activity, with
442 and 356 differentially expressed genes for PFOA and PFOS,
respectively, compared to MeOH-treated controls (Fig. 1D and
Table S5). Thus, the transcriptomic response starts between 7-
and 17 week time points, intensifying further with 1415 and 1368
genes being differentially expressed at 24 weeks for PFOA and
PFOS, respectively. We note that the genes involved in cell cycle
arrest, including CDKN1A, CDKN2A, and TP53, were not signif-
icantly upregulated across the four treatment time points, sup-
porting both the transcriptomic stability of the hTERT-RPE-1 cell
line and the absence of cell cycle arrest. Overall, our results
suggest that even in the absence of significant intracellular
accumulation, prolonged low-level PFAS exposure induces
a delayed but robust transcriptomic response, affecting hundreds
to thousands of genes over time.

3.3. Cellular stress is the major driver of convergent
transcriptional responses to PFAS exposure

We observed a similar total number of differentially expressed
genes in response to both PFOA and PFOS treatments over 24
weeks. To determine whether these transcriptional changes
reflected a shared molecular response, we compared the
magnitude and trends in the changes in gene expression upon
PFOA and PFOS exposure (Table S5). This analysis is critical, as
PFOA and PFOS, although structurally related, differ in key

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1

In vitro model of chronic PFAS exposure and overview of gene expression changes in hTERT RPE-1 cells. (A) Experimental design

investigating the uptake, lipidomic, and transcriptomic alterations in hTERT retinal pigment epithelial ('TERT RPE-1) cells exposed to PFOA (red)
and PFOS (blue) over 24 weeks. (B) PFOS uptake in hTERT RPE-1 cells. Data are represented as the mean of three independent replicates. p-
values were calculated using an unpaired t-test, with p < 0.05 considered as significant. (C) Volcano plots showing differentially upregulated (right
arrow) and downregulated (left arrow) genes with prolonged exposure to PFOA and PFOS. Colored dots indicate adjusted p < 0.05 and |log,FC| >

1. (D) Total differentially regulated genes observed over 24 weeks.

biological properties, including half-life,® tissue accumulation,
and interaction with host biomolecules.*® For example, PFOS
exhibits a longer half-life, accumulates more readily in tissues,
and binds more strongly to proteins, with well-established
effects on lipid homeostasis in liver cells.>**

Despite these differences, we found a strong positive corre-
lation in gene expression fold changes between PFOA and PFOS
treatments compared to vehicle-treated control cells (Pearson's
r = 0.788; Fig. 2A). This high correlation suggests a core tran-
scriptional response to PFOA and PFOS exposure that is largely
independent of the specific chemical characteristics of indi-
vidual compounds.

To understand the biological processes underlying this
response, we performed Gene Ontology (GO) enrichment anal-
yses (see Methods, Table S6). The enriched categories shared
between PFOA- and PFOS-responsive genes included several
biological processes broadly associated with external stress,
including oxidative stress, lipid metabolism, and cell death
(Fig. 2B). To further dissect the pathways involved in chronic
cellular response to PFAS exposure, we conducted a targeted
literature review of genes*™*° (Fig. 2C) contributing to these

© 2026 The Author(s). Published by the Royal Society of Chemistry

enriched categories. This analysis yielded a shortlist of five key
genes involved in oxidative stress response and the regulation of
lipid metabolism: Superoxide dismutase 3 (SOD3), Sestrin 2
(SESN2), stearoyl-CoA desaturase (SCD), acyl-CoA synthetase
long-chain family member 5 (ACSL5), and Chac glutathione-
specific gamma-glutamylcyclotransferase 1 (CHAC1). We
discuss their regulation and potential relevance to exposure in
the following section.

Among genes associated with oxidative stress listed in
Fig. 2C, two stood out as central players: Superoxide dismutase
3 (SOD3) and Sestrin 2 (SESN2), both showing high correlation
and consistent upregulation across the exposure period. SOD3
encodes an extracellular enzyme activated by oxidative stress
that converts superoxide radicals, major inducers of cellular
damage, into less reactive hydrogen peroxide.** SESN2, in
contrast, functions intracellularly. It is also induced by oxidative
stress and acts as a direct scavenger of reactive oxygen species
(ROS), while also regulating broader intracellular stress
responses to maintain homeostasis.*

The coordinated upregulation of SESN2 and SOD3 exem-
plifies a robust antioxidant defense response to prolonged PFAS
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Fig. 2 Comparative analysis of gene expression highlighting the transcriptional responses to prolonged PFOA and PFOS exposure of hTERT
RPE-1 cells. (A) Similarity and consistency in gene expression changes for PFOA and PFOS when compared to the control at 24 weeks. Yellow
dots represent genes that are differentially expressed between PFOA and PFOS. (B) GO terms related to cellular response and chemical exposure
identified from DEGs (p < 0.05 and log,FC > 1) in both comparisons (PFOA vs. MeOH and PFOS vs. MeOH) at 24 weeks. The y-axis shows selected
GO terms, the x-axis indicates fold enrichment, and color transparency represents adjusted p-values. (C) Heat map showing expression trends
across time of enriched genes related to the following GO terms: “response to stress’, “response to stimulus’, “regulation of response to
stimulus”, and “response to chemical”. Genes shown were identified as differentially expressed at 24 weeks and displayed to depict temporal
expression patterns.

exposure (Fig. 3 and Table S5). As we expand upon below, including lipid biosynthesis and activation of cell death

oxidative stress likely serves as a central axis that integrates pathways.

multiple downstream effects of chronic PFAS exposure, We performed a parallel differential expression analysis
comparing PFOA- and PFOS-treated cells at the 24 week time
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point (Fig. S2 and Table S7). Gene ontology (GO) analysis of
these differentially expressed genes revealed both shared and
compound specific pathways perturbed by chronic PFAS expo-
sure. Notably, PFOS highly enriched pathways related to
inflammatory signaling, response to xenobiotic stimulus, and
membrane-associated processes. However, without accompa-
nying phenotypic evidence or functional assays, the biological
implications of these PFOS specific pathway enrichments
remain uncertain, and their mechanistic relevance requires
further investigation.

3.4. Lipid and cell death-related gene expression is driven by
PFAS-induced oxidative stress

We next investigated key genes involved in lipid biosynthesis
among the enriched categories shared between PFOA- and
PFOS-responsive genes (Fig. 2B, C and Table S5). Two enzymes
stood out for their central roles in lipid metabolism: stearoyl-
CoA desaturase (SCD) and acyl-CoA synthetase long-chain
family member 5 (ACSL5). SCD1, which catalyzes the conver-
sion of saturated fatty acids to monounsaturated fatty acids,*>**
was among the most highly upregulated genes following PFAS
exposure (Fig. 3 and Table S5). This observation is especially
compelling in the context of oxidative stress. Prior studies have
shown that oxidative stress is associated with the intracellular
accumulation of unsaturated fatty acids, a condition that
promotes cell death.*® Thus, SCD-mediated desaturation may
act as a protective mechanism to restore lipid homeostasis and
reduce lipid-induced apoptotic signaling under oxidative stress
conditions.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Similarly, ACSL5, which converts long-chain fatty acids (16-
20 carbons) into their corresponding acyl-CoA derivatives,*® was
also upregulated. Long-chain fatty acid oxidation is a well-
known source of ROS due to electron leakage during mito-
chondrial B-oxidation.*” By converting free fatty acids into acyl-
CoA forms, ACSL5 may help limit the availability of substrates
for ROS-generating oxidation processes, thereby alleviating
lipotoxic stress. Together, these changes suggest that shifts in
lipid biosynthetic gene expression during chronic, low-level
PFAS exposure represent a broader adaptive response to PFAS-
induced oxidative stress.

Lastly, ChaC glutathione-specific gamma-glutamyl cyclo-
transferase 1 (CHAC1), a gene involved in glutathione metabo-
lism and linked to oxidative cell death pathways, was among the
genes that the enrichment analysis revealed (Fig. 2C). CHAC1
catalyzes the degradation of glutathione into 5-oxo-proline and
a cysteinyl-glycine (Cys-Gly) dipeptide.**** Similar to the lipid-
related genes, CHAC1 was significantly upregulated in
response to PFAS exposure (Fig. 2C and 3). Its increased
expression is commonly associated with oxidative stress, where
it either reflects or promotes redox imbalance. Thus, CHAC1
upregulation in our system is consistent with activation of
oxidative stress and supports a model in which chronic expo-
sure induces redox disruption. Therefore, upregulation of
CHACI1 can contribute to the glutathione depletion, promoting
susceptibility to cell death.

It is important to note that, in addition to CHAC1, we
observed upregulation of activating transcription factor 3
(ATF3), a transcription factor that is acutely induced under
oxidative and cellular stress conditions (Fig. 2C).**** Both
CHAC1 and ATF3 are downstream targets of the integrated

Environ. Sci.: Adv., 2026, 5, 1081-1094 | 1087
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Fig. 4 Heatmap representation of lipidomic alterations in hTERT RPE-1 cells following prolonged PFOA and PFOS exposure. The profiles reveal
changes across major lipid classes, including phospholipids [phosphatidic acid (PA), phosphatidylethanolamine (PE), and phosphatidylserine (PS)],
glycerolipids [monoacylglycerol (MAG), diacylglycerol (DAG), and triacylglycerol (TAG)], and sphingolipids [ceramide (Cer), dihydroceramide
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in PFOA- and PFOS-treated cells. The log,fold changes were calculated

by dividing individual abundances by the average of each corresponding time point vehicle (MeOH) control. The log; of this ratio was taken and
averaged across three replicates (refer to Table S3 for individual values).

stress response pathway and are commonly upregulated in
response to ROS accumulation and glutathione depletion.** The
coordinated induction of these genes suggests activation of
a redox-sensitive transcriptional program.*®

Altogether, gene expressions in Fig. 3 peak at 24 weeks for both
PFOA and PFOS treatments, indicating a shared oxidative stress
response pattern. Taken together, these findings suggest that
cellular stress, lipid metabolism, and cell death pathways are
modulated during PFAS exposure as part of an integrated cellular
response to oxidative stress. Our findings align with a recent study™
indicating that PFAS can induce oxidative stress and DNA damage
in human liver cells, with PFOA being particularly significant.

1088 | Environ. Sci.. Adv, 2026, 5, 1081-1094

3.5. PFAS exposure rewires the cellular lipidome in a time-
and compound-specific manner

Studies have shown that both PFOA and PFOS can induce
changes in lipid homeostasis in vitro,**** albeit primarily under
high concentrations and short-term treatments. Further,
transcriptomic data indicate that several lipid metabolism-
related genes are differentially expressed. These observations
prompted us to investigate whether these transcriptional
changes translate into alterations in the cellular lipidome. We
performed lipidomic profiling following prolonged exposure to
PFOA and PFOS. Similar to our transcriptomics experimental
design, we treated cells with PFOA or PFOS for 24 hours, 7
weeks, 17 weeks, and 24 weeks, and collected them for

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Representative time plots of changes in lipid levels over time following PFOA and PFOS exposure. (A) Levels of representative long
unsaturated diacylglycerols (DAGs) (C40:6) as precursors for triacylglycerol (TAG) biosynthesis, and polyunsaturated TAGs (C54:6) are shown. (B)
A representative peaking of lipid levels at 17 weeks for both PFOA and PFOS in dihydroxyceramides (diHCer) (C22:0), and ceramides (Cer) (C26:1).
(C) Opposite trend on lipid levels observed in PFOA and PFOS in sphingomyelin (SM) (C22:1) and in hexosylceramide (HexCer) (C24:0), (D)
compound-specific trend observed in phosphatidylserine (PS) (C32:0), and phosphatidylethanolamine (PE) (C38:5), where PFOA shows upre-
gulation until 24 weeks while PFOS peaks at 17 weeks. Data are presented as log,fold change + SEM from three independent replicates.

lipidomics analysis. Because lipid changes over time in this cell
line have not been previously characterized, we obtained vehicle
controls for each corresponding time point. Consequently, our
comparative lipidomics analysis focused on evaluating the lipid
composition of PFOA- and PFOS-treated samples relative to
their matched vehicle (MeOH) controls.

We targeted members from major mammalian lipid classes
(Fig. 4, S3 and Table S3). We found that both PFOA and PFOS
reshape the cellular lipidome over time. This finding is

© 2026 The Author(s). Published by the Royal Society of Chemistry

consistent with a recent study showing that PFAS exposure
alters lipid metabolism and cholesterol regulation in human
liver microtissues and differentiated neuroblastoma cells.>®
Among the lipid alterations observed, phosphatidic acid species
exhibited a transient increase in both PFOA- and PFOS-treated
cells at the 24 hour time point, followed by a return to base-
line levels at later exposure durations (Fig. 4). Phosphatidic acid
is a central intermediate in membrane lipid metabolism and
a known target of lipid peroxidation under oxidative stress. Its

Environ. Sci.: Adv,, 2026, 5, 1081-1094 | 1089
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fatty acid 5 (ELOVL5), Acyl-CoA synthetase long chain family member 5 (ACSL5)], and Sterol Regulatory Element Binding Protein-2 (SREBP2) [3-
hydroxy-3-methyl-glutaryl-coenzyme A reductase (HMGCR), Lanosterol synthase (LSS), and 7-dehydrocholesterol reductase (DHCR27)]. Data
are presented as log,fold change + SEM from three independent replicates.

accumulation has been associated with membrane destabili-
zation and increased susceptibility to oxidative damage.*” Thus,
the observed changes in phosphatidic acid levels can indicate
a mechanism to mitigate oxidative stress.

In parallel, we observed persistently low levels of long-chain
unsaturated diacylglycerols, which serve as precursors for tri-
acylglycerol synthesis (Fig. 4). Notably, this decrease was most
pronounced for polyunsaturated diacylglycerol species. This
trend may reflect another protective cellular strategy, as sup-
ported by a previous study.*® Specifically, the upregulation of
Diacylglycerol O-Acyltransferase 1 (DGAT1) (Table S5), which
catalyzes triacylglycerol synthesis, could indicate a mechanism
to sequester polyunsaturated fatty acid-containing lipids away
from membranes. Consistent with this interpretation, diversion
of polyunsaturated acyl chains into triacylglycerols has been
reported as an adaptive response to oxidative stress. Such
sequestration is known to reduce oxidative damage®® during cell
death by preventing lipid peroxidation of unsaturated fatty acyl
chains. Taken together, our results suggest that PFOA and PFOS
induce a chronic lipotoxic environment characterized by early
and persistent neutral lipid storage and reduction in phos-
phatidic acids. In this context, the reduction in polyunsaturated
diacylglycerols and increased neutral lipid storage is consistent
with a stress-driven redistribution of lipids. This stress-driven

1090 | Environ. Sci.: Adv, 2026, 5, 1081-1094

remodeling helps explain deviations from the otherwise
general trend of increased lipid biosynthesis in PFAS-exposed
cells and underscores the complexity of the cellular lipid
response under chronic chemical stress.

3.6. Lipid remodeling evident by 17 weeks highlights
distinct effects of PFOA and PFOS

In contrast to the relatively linear patterns observed in gene
expression, lipid abundance followed complex, compound-
specific trajectories (Fig. 4). Rather than a consistent accumu-
lation or depletion across the lipid family, many lipid species
showed dynamic, time-dependent changes, with the 17 week
time point emerging as a divergent point among the sampled
time points.

One of the most notable and unexpected trends we observed
was the initial accumulation of multiple lipid species, which
peaked at 17 weeks and declined at 24 weeks (Fig. 4 and Table
S3). For example, PFOA exposure led to a sustained buildup of
glycerolipids, particularly triacylglycerols, from early exposure
through 24 weeks (Fig. 4). This pattern suggests a diversion of
fatty acids into storage lipid droplets that persists for PFOA
expression. In contrast, the triacylglycerol levels, such as C54:6
TAG, in PFOS-treated samples declined after 17 weeks,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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returning to or dropping below baseline levels by 24 weeks
(Fig. 4, 5A and Table S3).

A comparable temporal pattern was also observed for
ceramides and dihydroceramides, such as C26:1 Cer and C22:0
diHCer, which were elevated at 17 weeks in both PFOA- and
PFOS-treated cells but declined by 24 weeks (Fig. 4 and 5B).
These compound-specific, time-dependent differences may
arise from distinct membrane interactions driven by differing
headgroup chemistry, carboxylate (PFOA) versus sulfonate
(PFOS), which influence membrane penetration, orientation,
and affinity. Supporting this, PFOS exposure increased levels of
representative sphingomyelin (C22:1 SM) and hexosylceramide
(C24:0 HexCer), peaking at 17 weeks and then normalizing by 24
weeks, whereas PFOA exposure markedly reduced both lipids at
17 weeks and normalized them by 24 weeks (Fig. 4 and 5C).

Phosphatidylserines (e.g. C32 PS) and phosphatidylethanol-
amines (e.g. C38:5 PE) also exhibited a distinct temporal
pattern. PFOA exposure resulted in a gradual increase in these
lipid species, reaching peak levels at 24 weeks. In contrast, PFOS
exposure induced more dynamic fluctuations, with levels
peaking at 17 weeks before declining (Fig. 4 and 5D). This
suggests PFAS interact with cellular membranes, and the timing
of cellular responses influences long-term exposure. The
exposure-specific, time-dependent differences observed in lipid
species may arise from distinct interactions between PFOA or
PFOS cellular membranes. Further studies are warranted to
identify the mechanisms that result in these distinct regula-
tions and their consequences for PFAS exposure.

3.7. PFAS exposure leads to a general increase in lipid
biosynthesis

Previous studies have suggested that PFAS can interact with
membranes and interfere with membrane structure and func-
tion, triggering compensatory responses through lipid biosyn-
thesis pathways.®®** One mechanism involves the activation of
peroxisome proliferator-activated receptors (PPARs), which
regulate transcriptional programs that promote lipid synthesis
(Fig. 6A).°* Consistent with this, we observed upregulation of
multiple PPARs (Fig. 6B) and key lipid biosynthesis regulators
downstream of PPAR signaling, including Sterol Regulatory
Element Binding Transcription Factor-1 (SREBF1) and Sterol
Regulatory Element Binding Transcription Factor-2 (SREBF2).
The upregulation of SREBF1 and SREBF?2 is critical in lipid
biosynthesis pathways. These genes encode the precursors of
the transcription factors SREBP1 and SREBP2, which are master
regulators of de novo fatty acid, phospholipid, and sterol
biosynthesis (Fig. 6A, C and Table S5).°> Their function depends
on spatial translocation from the endoplasmic reticulum
membrane to the Golgi apparatus,” where they undergo
proteolytic cleavage to generate their active DNA-binding forms.
These active forms then translocate to the nucleus to initiate
lipid synthesis gene expression. Further, we found a concurrent
upregulation of SREBP Cleavage-Activating Protein (SCAP),
which encodes an adaptor protein essential for activation of
these two SREBPs, further corroborating the involvement of
SREBPs in PFOA- and PFOS-mediated lipid modeling.*

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Activation of SREBP downstream targets could result in
complex alterations in lipid species, including those involved in
glycerolipid and phospholipid synthesis that we observed upon
PFOA and PFOS exposure (Fig. 6A). Consistent with this idea,
PFAS exposure leads to increased expression of the downstream
targets of SREBP1 (Fig. 6C). These targets include key enzymes
involved in fatty acid synthesis (FASN), activation (ACSL5),
elongation (ELOVL5), and desaturation (SCD). The expression
shifts in these enzymes could underlie the observed increases in
glycerolipid and phospholipid species in our lipidomic data.
Similarly, SREBP2 target genes were also upregulated, including
those encoding enzymes required for sterol biosynthesis
(Fig. 6C). Notably, HMGCR, which encodes HMG-CoA reduc-
tase, the rate-limiting enzyme in sterol synthesis,** was upre-
gulated alongside downstream enzymes involved in sterol
formation, such as lanosterol synthase (LSS).*® Together, these
findings suggest a coordinated increase in lipid production
through de novo synthesis pathways, regulated by the SREBP
signaling axis, in response to chronic PFOA and PFOS exposure.

4. Conclusions

This study centers on defining time-resolved molecular and
lipidomic responses to chronic PFOA and PFOS exposure and
provides a framework for future functional investigations.
Altogether, our study reveals that prolonged exposure to envi-
ronmentally relevant concentrations of PFOA and PFOS elicits
robust, time-dependent cellular responses in the absence of
significant intracellular PFAS accumulation. These findings
suggest that chronic PFAS toxicity may not require sustained
intracellular buildup but instead may arise from persistent
cellular interactions, including perturbation of membrane
biophysical properties. Importantly, we show a divergence in
lipid profiles between PFOA- and PFOS-treated cells, particularly
among sphingolipids and membrane phospholipids. These
compound-specific trends support a model in which subtle
differences in PFAS headgroup properties can lead to distinct
biophysical membrane interactions and different cellular
outcomes over time.

Overall, these findings suggest a multilayered, systems-level
response involving oxidative stress, transcriptional regulation
of lipid metabolism, and membrane remodeling following
chronic PFAS exposure. The use of hTERT RPE-1 cells enabled
long-term exposure under stable, non-transformed conditions,
allowing resolution of delayed molecular responses that are
difficult to capture in short-term or cancer-derived models. At
the same time, we acknowledge that this single-cell-type in vitro
system cannot fully recapitulate the complexity of PFAS tox-
icokinetics or tissue-specific responses observed in vivo,
particularly in organs with high PFAS burden or specialized
barrier functions. Nevertheless, the molecular signatures iden-
tified here provide a framework for understanding how low-
dose PFAS exposure can drive cellular stress responses inde-
pendent of overt accumulation. While the transcriptomic and
lipidomic signatures identified here may suggest associations
with oxidative stress, membrane remodeling, and adaptive
cellular responses, future studies that integrate additional cell

Environ. Sci.: Adv., 2026, 5, 1081-1094 | 1091
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types, functional phenotypic assays, and in vivo models will be
essential to elucidate how membrane-associated PFAS interac-
tions and adaptive lipid remodeling contribute to long-term
health outcomes.
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