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concentrations in human serum
correlate with elevated blood lipid levels
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Per- and polyfluoroalkyl substances (PFAS) are a large group of synthetic chemicals which have been

detected in the blood of >99% people worldwide. Currently, certain PFAS are linked to elevated

cholesterol levels in humans, but few studies have assessed changes in specific lipid species to assess

mechanistic changes. In this study, 78 serum samples were attained from 49 participants exposed to

elevated PFAS through drinking water and 29 occupationally exposed firefighters. PFAS serum

concentrations were initially assessed, and drinking water exposure participants illustrated higher PFAS

serum levels than both the firefighters and national median values from the National Health and

Examination Survey (NHANES). Participants were then regrouped for lipidomic analyses using their

summed serum concentration for 7 PFAS (S7 PFAS). Thirty-four participants in our study had S7 PFAS

concentrations $20 ng mL−1, a level that has been associated with increased risk of dyslipidemia, thyroid

dysfunction and cancer according to the National Academies PFAS Exposure Guidance Report. Statistical

analyses revealed that 24 lipids out of 387 detected in all participants were significantly higher in

participants with S7 PFAS values $20 ng mL−1. Triglycerides and phosphatidylethanolamines specifically

represented 62.5% of these 24 lipids, suggesting alteration of cellular membrane structures and energy

storage. A statistical assessment on the female-only samples from the drinking water cohort was also

performed to reduce bias due to sex, age and occupational covariates and further validated these trends.

This study therefore illustrates increased serum PFAS concentrations correlate with elevated lipid species

and molecular pathway alterations in highly exposed individuals.
Environmental signicance

Per- and polyuoroalkyl substances (PFAS) are a large group of synthetic chemicals that have polluted global water supplies for decades, and PFAS have been
detected in the blood of >99% of people worldwide. However, while current studies have linked PFAS to elevated cholesterol levels in humans, few studies have
assessed changes in specic lipid species to assess mechanistic changes. In this study, individuals with known PFAS-contaminated drinking water sources were
found to have $20 ng mL−1 of S7 serum PFAS levels, a level stated by the National Academies PFAS Exposure Guidance Report as concern for dyslipidemia.
These individuals also had increased triglycerides and phosphatidylethanolamines compared to lesser-exposed humans, revealing key molecular pathway
alterations in relation to heightened PFAS exposures.
1 Introduction

Per- and polyuoroalkyl substances (PFAS) are a large class of
synthetic organouorine chemicals incorporated in
manufacturing processes and consumer products since the
1940s for their thermal stability, resistance to degradation, and
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oil- and water-resistance.1 While there are multiple denitions
of PFAS, the Organisation for Economic Co-operation and
Development's (OECD) denition broadly denes PFAS as any
molecule having one fully uorinated methyl (–CF3) or methy-
lene (–CF2–) carbon atom.2,3 To date, this denition includes
more than 7 million chemicals from the PubChem library and
encompasses PFAS with a wide variety of chemical structures
and properties.2,4,5 For example, some PFAS, such as per-
uorooctanoic acid (PFOA) and peruorooctane sulfonic acid
(PFOS), are known to bioaccumulate in the human body and are
linked to an array of health concerns such as low birth weight,
weakened immune responses, cancer, and elevated cholesterol
levels.6 Despite these potential health effects, PFAS are
commonly used in a wide variety of consumer and industrial
Environ. Sci.: Adv., 2026, 5, 885–899 | 885
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products such as aqueous lm-forming foams (AFFFs), nonstick
cookware, cosmetics, and food packaging due to their unique
properties.7–12 PFAS are also frequently discharged into the
environment, with major sources including manufacturing
waste, landll leachate, and the application of AFFFs for
extinguishing hydrocarbon-fuel-based res and use by the
military and civilian re departments during controlled Class B,
or oil-based, re safety trainings and active burn scenes.13–18

While PFAS levels in blood serum are generally considered the
gold standard for monitoring exposure, the routes of exposures
as well as the magnitude of exposures vary greatly and drinking
water and occupational exposures are of particular concern and
are the focus of this study.19–21

Drinking water exposure to PFAS represents an area of great
concern for human health. In April 2024, the United States
Environmental Protection Agency (U.S. EPA) announced the
PFAS National Primary Drinking Water Regulation (NPDWR)
which they noted would establish limits for six PFAS, prevent
drinking water exposure for approximately 100 million people,
and reduce PFAS-attributable illnesses like thyroid, kidney, or
liver disease.22 The specic PFAS listed in the NPDWR include
PFOA, PFOS, peruorohexane sulfonic acid (PFHxS), per-
uorononanoic acid (PFNA), hexauoropropylene oxide dimer
acid (HFPO-DA or GenX), and mixtures containing two or more
of PFHxS, PFNA, GenX, and peruorobutane sulfonic acid
(PFBS).22 The NPDWR also gave public water municipalities
until 2027 to complete initial monitoring and 2029 to imple-
ment solutions to reduce PFAS if the initial results exceed the
current enforceable maximum contaminant levels (MCLs).
However, despite these intended regulations, the U.S. EPA
announced in May 2025 that MCLs for only PFOS and PFOA will
be kept, and the remaining four PFAS and mixtures will be
eliminated from regulation.23,24 They also noted that compli-
ance deadlines will be extended. While this regulation may
result in decreased exposure for these 2 PFAS, there are over 7
million other known PFAS structures that remain unregulated,
many with unknown health effects.4,25 Therefore, it is impera-
tive to increase our understanding of health effects and
molecular changes occurring in individuals exposed to these
and other PFAS.4,25,26

Occupational PFAS exposure is also an area of great concern,
particularly for reghters. Several studies have found that
reghters have higher blood PFAS levels compared to the
general population.27–31 While the exact source of this higher
exposure is unclear, there are some suggestions that historic
use and training with AFFFsmay be responsible.12,32 Exposure to
soot and smoke during reghting activities may also lead to
exposure to PFAS given their use in building materials and
furnishings. In addition, reghter turnout gear has been
shown to contain PFAS treatments to provide water repellency,
particularly in the outer shell; however, it is unknown whether
the use of PFAS in gear has led to signicant exposure among
reghters.12,21,33,34 In 2022, the International Agency for
Research on Cancer (IARC) changed reghting occupational
exposure from “Group 2B” carcinogen (possibly carcinogenic to
humans) to a “Group 1” (carcinogenic to humans) due to
a variety of exposures (e.g., PFAS, particulate matter, polycyclic
886 | Environ. Sci.: Adv., 2026, 5, 885–899
aromatic hydrocarbons (PAHs), volatile organic compounds
(VOCs), and asbestos), thus putting reghting exposure on par
with exposure to tobacco, benzene, and PFOA.21,35–40 Moreover,
studies have shown linkages between PFAS exposure and
a variety of cancers including kidney cancer, prostate and
testicular cancer, and non-Hodgkin's lymphoma, several of
which are cancer types that reghters have increased risk of
developing compared to the general public.21,41,42 It is therefore
crucial to test and monitor reghters for PFAS exposure and
biological responses.

Lipids are involved in a variety of cellular processes, such as
cell signaling, communication, and energy storage.43,44 Evalu-
ating changes in a broad variety of lipid species can provide
insights into the impacts of chemical exposure on biological
functions. This study therefore sought to interrogate human
blood serum for PFAS and conduct a lipidomic analyses to
assess associations. Currently, >50 000 known lipid species
spanning eight different categories are listed in LIPIDMAPS, yet
routine blood lipid panels evaluate total triglycerides and
cholesterol levels only.45 Recent studies have revealed that
triglycerides are positively associated with PFOA, PFNA, per-
uoroheptanoic acid (PFHpA), and peruorodecanoic acid
(PFDA).46 Additional work has also found that serum PFOA and
PFHxS are linked to increased total cholesterol and non-high-
density lipoprotein (non-HDL) cholesterol.19 Thus, a more
comprehensive lipidomic analysis on individuals exposed to
PFAS will provide greater insight into lipidomic differences and
concerns for those with high PFAS serum levels.44
2 Materials and methods
2.1 Study cohorts and serum collection

Two cohorts, subsequently referred to as the Drinking Water
Exposure (DW) and Fireghter Exposure (FF) cohorts, were
evaluated in this study and named for their primary suspected
PFAS exposure routes. For the DW cohort, between Fall 2019
and Summer 2020, individuals living in Pittsboro, North Caro-
lina (NC) were invited to participate in a study to evaluate PFAS
in their drinking water and in their blood. Further details on
recruitment and sample collection are described in Hall et al.
2023.19 In a separate study conducted between 2022–2023, for
the FF cohort, City of Durham, NC reghters were invited to
participate in a research study examining their exposure to
a range of contaminants, including PFAS. Further details on
this study, including recruitment and sample collection, are
described in more detail in Hoxie et al. 2025.20,47 The Duke
University Institutional Review Board reviewed and approved all
study protocols prior to recruitment, and all study participants
provided informed consent.
2.2 Experimental methods

For the 78 human serum samples collected, both PFAS targeted
and suspect screening analyses (SSA) were performed to provide
absolute concentrations for 13 PFAS and evaluate the presence of
126 other possible PFAS. Suspect screening of 877 lipids was also
performed to understand lipidomic differences in the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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participants studied. The PFAS and lipidomic evaluations
involved three unique extraction methods and three unique
instrumental analyses. In brief, for the targeted PFAS analyses,
serum samples were extracted by solid phase extraction (SPE) and
analyzed via LC-MS/MS using an inclusion list of 34 (FFs) or 19
(DWs) different PFAS. For PFAS SSA, serum samples were
extracted in acetonitrile and analyzed via liquid chromatography-
ion mobility spectrometry-mass spectrometry (LC-IMS-MS). For
lipidomic SSA, serum samples were extracted using a modied-
Folch lipid extraction and analyzed on the same platform as
the PFAS SSA.48 Detailed experimental methods for the targeted
PFAS analyses are provided in Hall et al. 2023 and Hoxie et al.
2025.19,20,47 The extraction methods for PFAS and lipidomic SSA
are provided in SI. Additionally, the instrumentalmethods for the
PFAS and lipidomic SSA are provided in Tables S1–S8. This
information includes chemicals used (Table S1), PFAS and lip-
idomic SSA instrumentation methods including liquid chroma-
tography (LC) gradients (Tables S2 and S5), electrospray
ionization (ESI) source conditions (Tables S3 and S6), ion
mobility spectrometry-mass spectrometry settings (IMS-MS)
(Tables S4 and S8), and collision induced dissociation (CID)
energy ramp method for the lipidomic analysis (Table S7).

2.3 PFAS targeted identication and statistical analysis
approaches

In the previous targeted studies, 19 PFAS were quantied in the
DW study and 34 were quantied in the FF study; however, only
13 PFAS were quantied in both groups (Table S9).19,20,47 The
sums for these 13 PFAS were calculated and aWilcoxon rank-sum
test with Bonferroni corrections was performed using RStudio
(v2024.04.2) to assess differences among groups. The National
Health and Nutrition Examination Survey (NHANES) of 2017–
2018 reports the concentration values for 5 of these PFAS in 1929
individuals as a reection of the U.S. national median serum
PFAS concentrations: PFOA, PFNA, PFDA, PFHxS, and PFOS.49 To
compare the exposure groups to these national values and to
each other, differences in median concentration values were
assessed using a Kruskal–Wallis test with a Benjamini–
Hochberg-adjusted Pairwise Wilcoxon rank-sum test. The sum of
the 5 PFAS concentrations included in the NHANES analysis, as
well as peruoroundecanoic acid (PFUdA) and methyl per-
uorooctane sulfonamido acetic acid (MeFOSAA), was calculated
for each sample to further inform lipidomic analyses. These S7
PFAS were selected according to the National Academies guide-
line that individuals with serum PFAS concentrations of 20 ng
mL−1 or higher (NHANES 5 PFAS + PFUdA +MeFOSAA) should be
encouraged by clinicians to reduce PFAS exposure and be prior-
itized for dyslipidemia screening, thyroid function testing,
kidney and testicular cancer screening, and ulcerative colitis
testing.50 Because MeFOSAA was not quantied in all samples, it
was reported as 0 ng mL−1 for all samples for consistency.

2.4 PFAS SSA identication and statistical analysis
approaches

While targeted analyses are useful for quantitative evaluations
of PFAS, they rely on the availability of standards and oen fail
© 2026 The Author(s). Published by the Royal Society of Chemistry
to capture other analytes that may be in the sample. Non-
targeted analyses (NTA) are useful approaches that allow
researchers to condently identify PFAS based on accurate mass
measurements and other characteristics of PFAS, thus
increasing the number of PFAS identications and information
for future studies.51,52 Suspect screening allows NTA data to be
compared to known PFAS libraries to see if any detected NTA
features are already known to exist. Thus, to complement the
targeted information, SSA were performed on the same samples
using a LC-IMS-MS platform to identify additional PFAS in the
serum samples. 126 PFAS from an in-house library were
assessed for their presence and relative abundance in the two
cohorts to understand if certain PFAS are more prevalent in one
cohort.53 In brief, PFAS detections were based on matching LC
retention time (RT) within the conservative integration band of
one minute of in-house library standards, as RTs have been
observed to shi beyond the library entries in different matrices
(e.g., solvent versus serum). Also, for consistent integrations
between samples, some PFAS examined in this work consist of
both branched and linear variants which also have shied RTs
(Table S10). Identications were furthermore based on collision
cross section (CCS) values based on dri times within the
resolving power window of 30, and mass-to-charge ratios (m/z)
with mass errors #10 ppm to obtain feature identications at
a condence level of 1 conrmed by reference standards
analyzed under identical conditions.54 Peak areas were ratioed
to the abundance of their corresponding internal standard
when exact matches were available by a light/heavy (12C/13C)
ratio to obtain normalized peak areas, or relative abundances.
When an exact match PFAS standard was not available,
a surrogate standard was assigned based on similarities of
class, chain length, and retention time (Table S10). Relative
PFAS abundances were calculated by subtracting the average of
the method blank peak areas from the normalized peak area
ratios. The limit of detection (LOD) was set as the average
detection in the method blanks plus 3 times the standard
deviation. Positive values following subtraction less than the
LOD were replaced with the LOD/2 and values that were nega-
tive following the subtraction were set to zero.19 Results were
imported into RStudio (v2024.04.2) for a Wilcoxon rank-sum
test with Bonferroni p-value corrections for group differences
for PFAS not previously targeted and detected in at least 3
samples in both groups.55,56
2.5 Lipid SSA identication and statistical analysis
approaches

Lipidomic SSA were also performed on all samples for 877 lipids
included in our in-house lipid library.57 Peaks were selected
based on RT, CCS, and m/z as previously described, as well as
fragmentation patterns for 387 lipid species found in all
samples. The corresponding peak areas were log2 transformed
for normalization to evaluate endogenous molecular changes
due to PFAS serum levels. Additional annotation details are
included in the Lipid Reporting Checklist in the SI. For the
assessment of lipid differences due to high PFAS serum levels,
all 78 samples were split into categories of $20 ng mL−1 and
Environ. Sci.: Adv., 2026, 5, 885–899 | 887
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<20 ng mL−1 based on the S7 values from the National Acade-
mies guidelines previously described.50 Of note, the National
Academies provides clinical guidance for treating individuals
with S7 PFAS serum levels between 2 and 20 ng mL−1, partic-
ularly pregnant individuals, whereas individuals with <2 ng
mL−1 should receive the usual standard of care. However, no
individual in this study had levels below 2 ngmL−1, therefore all
samples <20 ng mL−1 were grouped. A Mann–Whitney U test
was performed with Benjamini–Hochberg p-value corrections to
identify statistically signicant lipids and fold change compar-
isons between$20 ng mL−1 and <20 ng mL−1 exposure groups.
To determine if S7 PFAS concentrations, along with covariates
(sex and age), may be predictors of lipid abundance, a linear
mixed-effects model was applied with a random effect to
account for non-independence between lipid abundances from
the same individual. Statistical analyses were performed using
RStudio (v2024.04.2).

2.6 PFAS and lipid integration

PFAS SSA peak areas and lipid SSA peak areas were imported
into MetaboAnalyst 6.0 separately for data visualization by
Fig. 1 The workflow for analyses performed in this study. (A.1) Initially, 1
exposed cohorts: firefighter occupational exposure (n = 29, red) and drin
have been reported by NHANES (n = 1929) as median American serum
information was used to compare exposed groups to the national medi
unique PFAS species beyond the targeted analytes. (B.2) The relative abun
Lipid suspect screening analyses were performed. (D.1) For 7 PFAS, inc
Academies reports that participants with serum levels $20 ng mL−1 are
their S7 totals for risk assessment:$20 ngmL−1 (n= 34) or <20 ngmL−1 (n
groups, 387 lipid species were assessed for abundance changes. (E) Uns
PFAS and lipid species abundances to determine correlations and sampl

888 | Environ. Sci.: Adv., 2026, 5, 885–899
principal component analysis (PCA) to observe separations
between the $20 ng mL−1 and <20 ng mL−1 exposure groups.58

Additionally, further data visualization for the lipids was per-
formed using hierarchical clustering (based on Euclidean
distances and clustering with the Ward method) to see how
lipid abundances trend between the two exposure groups. All
lipid features were imported into RStudio (v2024.04.2) with
PFAS peak areas of 8 PFAS detected in $50% of samples for
Spearman correlation tests to assess signicant relationships
between analytes.
3 Results and discussion

In this study, we were interested in assessing whether correla-
tions exist between serum PFAS levels and endogenous mole-
cules, as previous work has shown correlations between PFAS
exposure and increases in certain lipid levels.44,59 Therefore, we
used samples from our drinking water (DW) and reghter (FF)
exposure cohorts to assess PFAS levels and then lipidomic
changes. Specically, the serum from DW individuals in the
town of Pittsboro, NC were assessed in this study. Pittsboro has
3 PFAS were quantified in the 78 human serum samples for two PFAS
king water exposure (n = 49, blue). (A.2) Five of the 13 quantified PFAS
concentrations, including PFOA, PFNA, PFDA, PFHxS, and PFOS. This
ans. (B.1) PFAS suspect screening analyses were performed to identify
dances of the SSA PFAS were compared between exposed cohorts. (C)
luding the 5 NHANES PFAS plus PFUdA and MeFOSAA (S7), National
at risk for health complications. Participants were regrouped based on
= 44). (D.2) Using the established$20 ngmL−1 and <20 ngmL−1 PFAS
upervised hierarchical clustering was then performed on all detected
e clustering.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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previously been documented as having PFAS contaminated
drinking water sourced from the Haw River and Jordan Lake
due to discharge by upstream industrial wastewater facili-
ties.19,60 In contrast, a cohort of reghters from Durham
County, NC have occupational exposures to PFAS as previously
described, but their drinking water supplies are not excessively
contaminated with PFAS and have been closely monitored since
2018.21,61 These reghters also live in a similar area of NC to
those in the DW cohort (although they have different drinking
water sources), so the groups have similar day-to-day environ-
ments. Previous work from Hall et al. 2023 and Hoxie et al. 2025
provided quantitative serum PFAS for the DW cohort (n = 49)
and FF cohort (n = 29) in separate studies; however, here we
wanted to assess both studies together to understand how the
PFAS serum concentrations from the targeted PFAS studies
compared.19,20,47 We also performed SSA on the serum from both
cohorts to evaluate the presence and changes in 126 additional
PFAS and 877 lipids. An overview of the study workow is
provided in Fig. 1.
3.1 Targeted PFAS analysis

In the targeted studies for both the DW and FF cohorts, a total
of 13 PFAS were previously quantied (Table S9) and are utilized
in the analyses herein.19,20,47 To understand the PFAS exposure
for both cohorts, all 13 PFAS were initially summed (S13 PFAS).
Interestingly, the median S13 PFAS value for the DW cohort was
more than 4× higher than the FF cohort (25.7 ng mL−1 versus
6.3 ng mL−1) and statistically signicant (Wilcoxon rank-sum
test, Bonferroni; padj < 0.05) (Fig. 2A). To further understand
how the PFAS levels compare to the national median, data from
the 2017–2018 National Health and Nutrition Examination
Fig. 2 PFAS concentration comparisons between the firefighter, drinkin
from the targeted study are shown for the firefighters (red) versus the d
a single asterisk (*) (Wilcoxon rank-sum test, Bonferroni; padj < 0.05). (B
charts, and statistically significant values are denoted a single asterisk (*) (K
sum test; padj < 0.05). Error bars represent the 25th and 75th percentiles

© 2026 The Author(s). Published by the Royal Society of Chemistry
Survey (NHANES) was used (Fig. 2B). In this survey, 1929 people
were evaluated and the median values (25th percentile, 75th
percentile) for 5 individual PFAS were reported including: linear
peruorooctanoic acid (L-PFOA, 1.3 (0.8, 2.0) ng mL−1), per-
uorononanoic acid (PFNA, 0.4 (0.3, 0.7) ng mL−1), per-
uorodecanoic acid (PFDA, 0.2 (0.1, 0.3) ng mL−1),
peruorohexane sulfonic acid (PFHxS, 1.1 (0.6, 1.8) ng mL−1),
and linear peruorooctane sulfonic acid (L-PFOS, 3.0 (1.7, 5.4)
ng mL−1). A comparison of the NHANES values to our cohorts
illustrated that the FF cohort was statistically higher for PFHxS,
but lower for PFNA and PFDA (Fig. 2B and Table S11). However,
all 5 PFAS were statistically higher in the DW cohort compared
to both the NHANES and the FF cohort. While we had expected
to see higher PFAS levels in the FF cohort due to their occupa-
tional exposure, this comparison suggests that drinking water
could be a more potent exposure route of the PFAS included in
the analysis for communities in this area.60,62–67 However,
because these targeted results do not account for all possible
PFAS, SSA were also performed to increase our comprehen-
siveness of unique and additional existing exposures.
3.2 PFAS suspect screening analysis

To further assess the extent of PFAS exposure to these individ-
uals, we leveraged LC-IMS-MS separations to perform SSA using
an in-house library of 126 PFAS.53 In total, 16 PFAS were iden-
tied in the serum for the participant samples, including 10
from the targeted study. Six new PFAS were detected in the
participants, and the 3 from the targeted study not observed
with SSA were at very low concentrations due to differences in
extraction methods and low abundance analytes not being
picked up by the different instrument used for SSA. Of the 16
g water and NHANES cohorts. (A) The sum of 13 PFAS concentrations
rinking water group (blue) and are statistically significant, denoted by
) The medians are shown for 5 PFAS from NHANES (purple) in the bar
ruskal–Wallis, Benjamini–Hochberg-adjusted PairwiseWilcoxon rank-
.
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Fig. 3 PFAS detections and comparisons in the firefighter and drinking water cohorts. (A) Venn diagrams of the 16 PFAS detected using suspect
screening analyses. PFAS that were detected with suspect screening analyses that were not previously targeted in one or both groups are shown
in purple. (B) The detection frequency of the 6 PFAS foundwith SSA for each exposure group. (C) Themedian relative abundances (MRA) obtained
by 12C/13C peak area normalization for the 6 PFAS found from suspect screening illustrate that the firefighters had a higher level of PFHxDA
(Wilcoxon rank-sum test, Bonferroni; padj < 0.05) while the drinking water cohort had more PFPeS and PFHpS. Statistical significance is denoted
by a single asterisk (*). Statistical testing for the remaining 3 PFAS was not applicable due to low or 0% detection frequencies. For FF and DW
median values that were 0, the mean values are displayed to differentiate medians of 0 versus non-detects.
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PFAS detected with SSA, 13 were detected in at least one sample
from both cohorts, including 6 peruoroalkyl sulfonic acids
(C4–C8, and C10 PFSAs) and 7 peruoroalkyl carboxylic acids
(C6–C11 and C16 PFCAs) (Fig. 3A). For the other 3 SSA PFAS,
peruorooctane sulfonamide (FOSA, C8) was only identied in
the FF samples (53.57% detection frequency), while 6:2 uoro-
telomer sulfonic acid (6:2 FTS) (6.12% detection frequency) and
peruoro(2-((6-chlorohexyl)oxy)ethanesulfonic acid) (9Cl-
PF3ONS) (4.08% detection frequency) were found in only
a few people in the DW cohort, suggesting the two cohorts had
unique exposures (Fig. 3B). Interestingly, FOSA has been used
for reghting AFFFs, as well as waterproof textiles, circuit
boards, and other consumer products and has previously been
detected in reghter serum samples by Dobraca et al., 2015
with signicantly elevated levels in individuals 50 years or
older.10,21,68–71 Statistical analyses were then performed for each
PFAS detected in at least 3 samples from both groups. The SSA
comparisons showed the median peak area relative abundance
of peruoropentane sulfonic acid (PFPeS, C5) and
890 | Environ. Sci.: Adv., 2026, 5, 885–899
peruoroheptane sulfonic acid (PFHpS, C7) were statistically
higher in the DW cohort, whereas peruorohexadecanoic acid
(PFHxDA, C16) was statistically higher in the FF cohort (Wilc-
oxon rank-sum test, Bonferroni; padj < 0.05) (Fig. 3C); however,
differences in relative abundances between analytes do not
necessarily mean differences in concentrations (e.g., a lower
ratio for FOSA does not necessarily mean it is present at a lower
concentration than PFHpS). Unfortunately, there is very limited
information available on the uses of PFHxDA and why the FF
cohort would have such high exposure aside from reports of its
presence in ski wax, so we hypothesize it could also be in re-
truck wax, and to our knowledge, no current studies have
demonstrated elevated levels of PFHxDA in reghters.10,72

Additionally, the ve PFAS included in the previous NHANES
comparison were again statistically signicant (Table S12),
further supporting previous ndings from the targeted quanti-
tative analysis. These results should therefore be used to
encourage the quantitation of additional PFAS in more human
samples to further assess their health effects.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.3 Lipid analysis

PFAS and lipids have been linked in multiple studies, including
the targeted study on the DW cohorts which showed positive
associations with serum PFAS levels and cholesterol.19,44,73

Additionally, PFOS and PFOA have demonstrated positive
correlations with total triglycerides and total cholesterol levels
in humans.74–79 Importantly, total cholesterol and non-HDL
cholesterol increased with serum PFOA and PFHxS exposure
for the drinking water cohort assessed in this study.19 However,
the full extent of how PFAS impact the broader human lipidome
beyond those included in traditional clinical tests, like total
triglycerides and cholesterol, is not well dened. Here, we
utilized multidimensional LC-IMS-CID-MS analyses and an in-
house lipid library of 877 lipids to perform SSA on lipids from
ve categories (fatty acyls, glycerolipids, glycerophospholipids,
sphingolipids, and sterols). 387 unique lipids were identied in
all samples at a Schymanski condence level of 2 or 3, and these
identications included lipids from all ve categories and 15
lipid classes (Table S13).80 Statistical analyses were then per-
formed to investigate potential correlations between PFAS
serum levels and lipid changes.
3.4 Lipid changes in exposure groups

A linear mixed-effects model was applied to assess if the S7
PFAS concentrations, age, or sex are predictors of the lipid
abundances while applying a random effect for the individual
samples to account for non-independence between lipid
abundances from the same individual. S7 PFAS concentrations,
age, and sex were found to be statistically signicant predictors
(p < 0.05, Table S14) meaning that each of these had
Fig. 4 Volcano plot illustrating lipids detected and differentially expresse
Colored dots represent statistically significant lipids by their indicated cla
deemed statistically significant. Of the statistically significant lipids with
phatidylethanolamines. The legend abbreviations correspond to lipid cla
(PC), lysophosphatidylethanolamine (LPE), phosphatidylethanolamine (PE

© 2026 The Author(s). Published by the Royal Society of Chemistry
a signicant relationship with lipid abundances when the other
two are held constant (e.g., PFAS sum had a signicant rela-
tionship with lipid abundance when holding the effects of age
and sex constant). To further explore if high PFAS serum
concentrations correlated with lipid changes, the participants
in this study were split based on their PFAS levels regardless of
their original exposure group. According to the National Acad-
emies PFAS Exposure Guidance Report, if summed PFAS serum
concentrations for 7 PFAS (S7 PFAS) in blood (NHANES PFAS +
peruoroundecanoic acid (PFUdA) + methylperuoroctane sul-
fonamideoacetic acid (MeFOSAA)) are$20 ngmL−1, individuals
should reduce PFAS exposures and talk to their physicians
about screening for dyslipidemia, thyroid function, and certain
cancers.50 The 78 participants in this study were split into
exposure cohorts with 34 having S7 values$20 ng mL−1 and 44
with less. When comparing the S7 PFAS exposure cohorts, 25
lipids of the 387 identied in all samples were deemed statis-
tically signicant (Mann–Whitney U test, Benjamini–Hochberg;
padj < 0.05 and log2 FC > j0.49j) (Table S15), and specically 24 of
the 25 increased in abundance in the $20 ng mL−1 group
(Fig. 4). The statistically signicant lipids cover 4 categories and
8 classes including 1 acylcarnitine (AC), 5 fatty acyls (FA), 1
phosphatidylcholine (PC), 1 lysophosphatidylethanolamine
(LPE), 6 phosphatidylethanolamines (PE), 1 phosphatidylino-
sitol (PI), 1 sphingomyelin (SM), and 9 triglycerides (TG). Of
particular interest, TGs comprise 19.1% of all detected lipids
but 37.5% of the lipids with increased levels due to higher PFAS
serum concentrations. This is an important nding as total TGs
are known to be associated with PFAS exposure and high TG
levels increase the risk of heart disease, strokes, and
obesity.46,81–85 This study was also able to identify the 9 specic
d in the $20 ng mL−1 versus <20 ng mL−1 PFAS in serum comparison.
ss (padj < 0.05 and log2 FC > j0.49j) and grey dots indicate species not
increased concentrations, 37.5% are triglycerides and 25.0% are phos-
sses as follows: acyl carnitine (AC), fatty acyl (FA), phosphatidylcholine
), phosphatidylinositol (PI), sphingomyelin (SM), and triglyceride (TG).
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TGs that correspond to this increase to further understand
potential molecular mechanisms (Table S15). In this study, PEs
were also found to comprise 10.3% of detected lipids but 25.0%
of the lipids with increased levels. While PEs have yet to be
associated with PFAS exposure in human serum, a study by
Stoffels et al. demonstrated that PEs, along with TGs, are
increased with PFOA exposure in mice liver.73–79,86–88 PEs are also
the second most abundant glycerophospholipid in mammalian
cells, following PCs, and are essential for cell membrane
structure, cellular division, and hepatic secretion of very low-
density lipoproteins (VLDL).89,90 Abnormal PC/PE ratios have
been linked to the development of non-alcoholic fatty liver
disease (NAFLD), liver failure, and reduced liver regeneration
Fig. 5 PFAS and lipid suspect screening data illustrate changes for the$2
analysis for (A) PFAS suspect screening data and violin plots showing key P
component analysis for lipid suspect screening data and violin plots fo
elevated levels for each analyte in the $20 ng mL−1 group.

892 | Environ. Sci.: Adv., 2026, 5, 885–899
post-surgery, so the $20 ng mL−1 group should be carefully
monitored for adverse health effects.89,91–93

One limitation to this study and the lipidomic analyses is
that the two cohorts are not evenly distributed by sex or age and
many of the highly exposed individuals were from the DW
cohort. For example, 83% of the FF samples are males whereas
the DW cohort is only 37% male. Furthermore, the median FF
age is 35.5 years compared to the DW median age of 58 years.
Because the DW cohort comprises 97% of the $20 ng mL−1-

group (33 of the 34 were from the DW cohort), the majority of
the $20 ng mL−1 group is both female and older in age, which
may lead to altered lipid levels compared to the younger males.
To account for these potential lipid differences, female-only
0 ng mL−1 and <20 ng mL−1 PFAS serum groups. Principal component
FAS, (B) PFOS and (C) PFOA, which distinguish the groups. (D) Principal
r key lipids including (E) TG(60:13) and (F) PE(18:0_22:6) which show

© 2026 The Author(s). Published by the Royal Society of Chemistry
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samples from the DW cohort were split into the $20 versus <20
ng mL−1 exposure groups and reassessed. This resulted in 21
DW females in the $20 ng mL−1 exposure group and 10 in the
<20 ng mL−1 group with age ranges that overlapped. Notably,
the DW females in the <20 ng mL−1 group have primarily lived
in their current homes for less than 7 years (70%) whereas the
females in the $20 ng mL−1 group have primarily lived in their
homes for more than 7 years (67%), therefore age and years in
home with contaminated drinking water sources cannot be
decoupled. A comparison of the DW female analysis to the all-
sample analysis illustrated 13 of the original 25 signicant
lipids had greater than a 1.4-fold increase in the $20 ng mL−1

individuals for both studies (Table S16), though not statistically
signicant (padj > 0.05). Specically, 3 PEs and 6 TGs (the classes
of previous interest) were upregulated with species including:
PE(16:0_22:6), PE(18:0_22:6), PE(O-18:0/22:6), TG(56:8),
TG(58:11), TG(60:10), TG(60:11), TG(60:12) and TG(60:13). Since
these overlapping lipids account for covariates such as occu-
pation, sex and age, they are of great interest for future mech-
anistic studies into lipid changes due to PFAS exposure and how
these could affect health beyond what is already known about
PE and TG dysregulation. In addition to sex and age, underlying
health conditions and metabolic behaviors may also vary
amongst these populations and could potentially be drivers in
Fig. 6 Unsupervised hierarchical clustering of the top 25 lipid features
include lipids from 7 classes, primarily triglycerides and sphingomyelins. T
red signifying higher values and blue signifying lower values. The exposur
All 25 lipid abundances shown trend higher in the $20 ng mL−1 group a

© 2026 The Author(s). Published by the Royal Society of Chemistry
bodily PFAS retention and excretion, as well as the observed
lipidomic changes. However, specic health data was not
included in the scope of this study and should be monitored in
future PFAS exposure studies.

3.5 Species correlations

To further understand PFAS/lipid correlations, we also assessed
lipid abundance relationships with individual PFAS. Here, peak
abundances for all 16 SSA PFAS were imported to Meta-
boAnalyst 6.0 for a log10 transformation prior to principal
component analysis (PCA) between the $20 ng mL−1 and <20
ngmL−1 exposure groups from all samples to determine if there
was any group separation (Fig. 5A).58 From the PCA plots, PFOS
and PFOA were determined to be key PFAS drivers which
separated the groups (Fig. 5B and C). Next, the log2 peak
abundances for all 387 SSA lipids were imported to Meta-
boAnalyst 6.0 to observe if lipids also separated the $20 ng
mL−1 and <20 ng mL−1 groups (Fig. 5D). Here, TG(60:13) and
PE(18:0_22:6) are shown as examples of key lipid drivers of
separation (Fig. 5E and F) but there were also additional lipid
drivers. For example, the PCA loadings plots reveal that of the
top 20 features with the largest magnitude loadings scores for
PC1, 18 were TGs (90%) along with 1 PE and 1 PC (5% each).
Similarly, of the top 20 features for PC2, 9 were TGs (45%) and 4
for the $20 ng mL−1 versus <20 ng mL−1 PFAS serum groups. These
he color gradient represents the magnitude of analyte abundance, with
e groups are shown in brown ($20 ng mL−1) and green (<20 ng mL−1).
nd all 387 detected lipids were used for Spearman correlations.
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were PEs (20%) with the remainder being 3 PCs (15%), 2 FAs
(10%), and 1 cholesterol ester (CE) (5%). These results further
support that TG and PE perturbations are linked to high serum
PFAS levels.

Another method for determining similarity between data
points, regardless of the assigned groups, is hierarchical clus-
tering. Hierarchical clustering was applied to all lipid abun-
dances from all samples to observe how the 20 ng mL−1 versus
<20 ng mL−1 samples differentiate.58 When observing the top 25
features based on hierarchical clustering (Fig. 6), the two
exposure cohorts separated by 8 TGs, 8 SMs, 3 PEs, 1 LPE, 1 AC,
1 FA, 2 PCs, and 1 ceramide (Cer) which trend with higher
abundances in the $20 ng mL−1 samples, although there is
some intermixing with the <20 ng mL−1 group. Spearman
correlation tests were then performed on all 387 lipid features
and 8 PFAS from SSA with detection frequencies $50%
including PFPeS, PFHxS, PFHpS, PFOS, PFHpA, PFOA, PFNA,
and PFDA to determine if correlations between individual PFAS
and lipid species exist. Here, 5 PFAS were found to positively
correlate with lipids, with Spearman rho values (rs) between
j0.4j and j0.69j (p < 0.05) amounting to 77 positive correlations
and 2 negative. Based on the Dancey and Reidy interpretation of
rs, these values suggest that there is a statistically signicant
and moderate linear relationship (positive or negative) between
these PFAS and lipid abundances (Table S17).94,95 PFNA had the
most positive correlations which included 37 lipids (14 SMs, 9
TGs, 5 PEs, 3 FAs, 3 LPEs, and 3 PCs). Of these, 16 lipids
previously had increased abundances with the $20 ng mL−1-

exposure group including all 9 TGs, 3 PEs, 1 SM, 1 FA, 1 LPE,
and 1 PC. PFOA had the second highest number of positive
correlations at 26 (11 SMs, 7 FAs, 3 LPEs, 2 ACs, 2 PCs, and 1
PE), followed by PFDA with 10 (6 SMs, 2 FAs, 1 LPE, and 1 PE),
PFHxS with 2 FAs, and PFHpS with 1 AC and 1 FA (Table S18).
PFHpA and PFOS had no positive correlations with any lipids;
however, PFHpA was the only PFAS with any negative correla-
tions, and they were with 2 FAs. Of specic note was the prev-
alence of PFCA correlations with sphingomyelins, as
sphingomyelins modulate cellular activity like immune
response, tissue development, and cell recognition and
apoptosis.96,97 Elevated levels of sphingomyelins may also lead
to increased risk for several disorders and diseases including
insulin resistance, coronary heart disease, fatty liver disease,
obesity, or age-related cognitive decline, making it crucial to
understand the how PFAS (and specically PFCAs) alter
sphingomyelins.98–100

4 Conclusions

In this study, PFAS and lipidomic analyses were performed on
serum samples collected from humans with elevated PFAS
exposures due to drinking water contamination and reghter
occupational exposure. When comparing the concentrations of
5 PFAS measured from NHANES, the participants with drinking
water exposure had PFAS serum concentrations greater than the
national median and reghter cohort. In contrast, the re-
ghters were higher than the national median for PFHxS, but
lower for PFNA and PFDA. Suspect screening analyses then
894 | Environ. Sci.: Adv., 2026, 5, 885–899
detected 6 additional PFAS in the participants not previously
measured in the targeted studies. These included PFPeS,
PFHpS, PFDS, and PFHxDA detected in both cohorts, FOSA
(detected only in the reghters) and 9Cl-PF3ONS (detected
only in the drinking water group). To understand if lipid
changes were associated with PFAS serum levels, the partici-
pants were regrouped into exposure cohorts in accordance with
the National Academies PFAS Exposure Guidance Report (S7
values being either $20 ng mL−1 or <20 ng mL−1). Lipidomic
studies revealed 24 statistically signicant and increasing lipids
for the participants with $20 ng mL−1 values, where triglycer-
ides and phosphatidylethanolamines comprised 62.5% of
these. Further investigation into individual PFAS species and
lipid correlations also revealed that PFOA, PFNA, and PFDA
(PFCAs C8-10) have 73 total positive correlations with lipids,
primarily sphingomyelins and triglycerides.

This study demonstrates the necessity for further research
into biological changes due not only to total PFAS levels, but to
individual PFAS classes and species, as the biological responses
may vary based on exposure proles. Moreover, this study
contributes to the ongoing efforts to characterize the impacts of
PFAS on human health and metabolic pathways. It also reveals
that total PFAS serum levels are linked to increased lipid
abundances, primarily TGs and PEs, whereas elevated PFCA
levels are associated with higher levels of TGs and SMs. These
ndings should be used to inform future clinical and toxico-
logical studies of specic PFAS of interest for health and disease
monitoring. Applying both PFAS and lipidomic analyses, in
addition to other omics, to future studies will also reveal more
information regarding altered biological mechanisms due to
PFAS exposure. While this study allowed for the assessment of
biological responses due to two distinct PFAS exposure path-
ways in humans, these individuals likely had otherwise over-
lapping lifestyles such as food and resource availabilities due to
their close geographical proximities. Therefore, further research
is encouraged to assess individuals from other geographical
regions with different exposure pathways, environments, and
lifestyles.
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