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ABSTRACT: Determining how environmental contaminants localize within tissues is Exposure  MSI: PFOS and lipids
essential for understanding the consequences of sublethal exposures. Therefore, we optimized @ olfactory
a mass spectrometry imaging (MSI) workflow to study the distribution and biological effects e g epithelium
of contaminants in an environmentally relevant frog tadpole model. We applied the method @

to the entire tadpole head postexperimental exposure to the legacy contaminant,
perfluorooctanesulfonic acid (PFOS; 0.1—100 pg/L, 48 h). At 10 ug/L, PFOS unexpectedly l pineal

localized mainly to the olfactory epithelium. At 100 ug/L, PFOS was distributed throughout prog %3, gland

all tissues except for the brain, where only the pineal gland showed significant accumulation. T
The pineal gland, a neuroendocrine organ regulating the circadian rhythm, is not protected

by the blood—brain barrier. Together, these findings indicate that PFOS did not readily cross the blood—brain barrier. In both the
olfactory epithelium and pineal gland, effects of PFOS were reflected in changes in the abundances of endogenous lipids. The results
open questions for the most adverse outcomes of PFOS exposure, including effects on the olfactory-mediated behavior and circadian
rhythm. The present study exemplifies how MSI advances our analytical toolbox. The ability to localize contaminants within
biological compartments is critical for the characterization of their toxic effects and risks to wildlife and humans.

KEYWORDS: mass spectrometry imaging, MALDI-MSI, PFOS, PFAS, amphibians, tissue distribution, lipidomics, olfactory system

1. INTRODUCTION biomagnification in animal tissues are of great concern and
have been linked to numerous deleterious health effects in
animals and humans.®~"" These effects include disruption of
the endocrine system (especially the thyroid axis),'” altered
immune system function,” behavioral and cognitive disor-
ders,'" and adverse reproductive and developmental out-
comes.” The last category includes a link to neurodevelop-

Mass spectrometry imaging (MSI) is an exciting technology
that adds spatial information to mass spectrometry analysis,
allowing the mapping of specific molecules in the tissue. This is
particularly interesting in the brain and olfactory sensory
system, where different regions of the brain have distinct

functions. Herein, we utilized a matrix-assisted laser .. . .
desorption/ionization (MALDI) MSI method and the mental toxicity, such as disrupted neurotransmitter levels,

cosmopolitan American bullfrog (Rana [Lithobates/Aquarana] myelination, and interneuronal signalir}%, which has been

catesbeiana) and created a highly relevant biological model to corcl)nec’;ed to ;lgzgn Sp eﬂctrum dtlsordelrfs. »_ id (PEOS)
study the tissue distribution of environmental contaminants. nelegacy » perfuorooctanesuiionic act » Was

The conventional mass spectrometry-based analytical .extensivelyused in numerous consumer productg For example,
methods to investigate bioaccumulation of contaminants it was added as a.stam repellent for. carpets, fa.brlcs, upholstery,
involve tissue homogenization to extract and quantify the and _fOOd P ackagmg, R su.rfactant n _ﬁreﬁghtmg .foams., and a
compound in question. These techniques are powerful key 1ngred1ent in ﬁre-r§s1stant. aviation hydraulic fluids and
However, the tissue heterogeneity is lost in the process.. photolithographic chemical mixtures. Although the use of

Additionally, extremely small tissues or tissue regions can be PFOS 'S now p ro}.nblted ot restr.lcted o many pllalces, its
difficult to extract without contamination from the surrounding production persists in some global industries. In addition, the

tissues; for example, the functional regions of the brain and its

associated glands. In contrast, MSI circumvents these Received: December 4, 2025 E@l“ﬁgl&l[ﬂ‘gmlﬂl
limitations, profiling the spatial distribution of molecules in Revised:  December 17, 2025 ;
the tissue, including pollutants.”™” Accepted: December 18, 2025

Per- and polyfluoroalkyl substances (PFAS) make up a large, Published: January 21, 2026

diverse group of synthetic chemicals that are widely used in
consumer products. Their persistence, bioaccumulation, and

© 2026 The Authors. Published b
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. . 14-16
degradation of PFOS precursors can also act as its source.

The compound is highly resistant to degradation and
biotransformation, it bioaccumulates in animal tissues, and
can be transferred to offs.pring.n_22 As a result, PFOS
continues to be detected in the environment at very high
concentrations, especially after its release from point sources,
such as firefighter training grounds.”»** For instance, sampling
of wastewater and runoff from a major firefighter training
ground in France contained an average and a maximum PFOS
concentration of 57 and 892 ug/L, respectively (n = 22
samples).” In the wastewater treatment plant outlet from the
same training area, an average PFOS concentration of 25 ug/L
was detected (n = 7 samples).25

Amphibians are exceptional models to study developmental
toxicology, as they are extremely sensitive to changes in their
surrounding environment.”*"** Their eggs lack a protective
shell or membrane, and their developing larvae are exclusively
aquatic. Therefore, amphibians are directly exposed to surface
water contaminants throughout their development. Tadpole
metamorphosis, where a tadpole transitions into a frog,
requires extensive reprogramming and reorganization of organs
and tissues.””>*" This process has direct parallels to the
developmental transition of other vertebrates, including
humans.”” Hence, interspecies extrapolations are possible
during this highly sensitive developmental window. Taken
together, amphibians are excellent sentinels for the study of the
tissue distribution of the environmental contaminants and their
impact on the organism’s development. Herein, we utilized a
representative of true frogs, the cosmopolitan tadpole model
American bullfrog (Rana [Lithobates/Aquarana] catesbeiana),
to create an environmentally relevant model that can be used
as a bioindicator.

MALDI-MSI has been previously used to determine the
distribution of PFOS in murine liver, kidney, and cardiac tissue
upon experimental exposure by oral gavage or gastric
infusion.’ ® Liquid extraction surface analysis mass spectrom-
etry (LESA-MS) at a resolution of 600 um has furthermore
been applied to whole adult zebrafish.®> Another related
compound of known health concern, perfluorooctanoic acid
(PFOA), has also been successfully detected by MALDI-MSI
in mouse skin after dermal application to show tissue
penetration®” and in zebrafish to show whole-organism tissue
distribution.®® To the best of our knowledge, MALDI-MSI has
not been applied to investigate PFOS distribution and effects
in an environmentally relevant animal model following an
exposure that mimics a realistic scenario during a critical
window of development. Therefore, we developed an MSI
workflow suitable for the investigation of the spatial
distribution of contaminants in tadpole tissues and the
associated biological effects. It enabled us to analyze 10 pm
sections of the entire tadpole head, including the olfactory
system, eyes, and brain. We then validated the method via a
PFOS exposure study. Five PFOS concentrations were used,
ranging from the European limit for the maximum total PFAS
in drinking water (0.1 ug/L)36 to the worst-case scenario of
PFOS release from a point source (100 ug/L).”* The approach
expands the analytical toolbox for the unbiased screening of
contaminants and their distribution and effects in wildlife
biological compartments. The novel biological insights
reported herein will allow the formulation of new hypotheses
on developmental neurotoxicity caused by PFOS exposure,
advancing environmental and toxicology research.
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2. MATERIALS AND METHODS

2.1. PFOS Exposure

2.1.1. Animal Housing and Care. Premetamorphic Rana
[Lithobates/Aquarana] catesbeiana tadpoles of mixed sex were
caught locally, around Victoria, British Columbia, Canada
(approximate 48.472285, —123.473600). They were housed at
the University of Victoria Outdoor Aquatics Unit in 100-gallon
covered fiberglass tanks containing recirculated dechlorinated
municipal water at 15 + 1 °C, pH 6.8, and 96—98% dissolved
oxygen. The tadpoles were fed daily with Spirulina (Aquatic
ELO-systems, Inc., FL). The care and treatment of animals was
in accordance with guidelines established by the Canadian
Council on Animal Care, and Animal Ethics Protocol AE-23—
005—01 was approved by the Animal Care Committee of the
University of Victoria.

2.1.2. Animal Exposure. The exposure was conducted in
12 L polypropylene buckets that were aerated with an air stone
and maintained at 24 °C by standing them in shallow,
temperature-controlled water trays. Each bucket contained 8 L
of treatment water and three premetamorphic tadpoles
(average body weight reported in Table S2). There were 2
buckets per treatment, giving a total of six animals per
treatment (see Figure S1 for experimental setup). The nominal
exposure concentrations were: 0, 0.1, 1, 10, 50, and 100 ug/L
PFOS. The animals were not fed during acclimation or
exposure. The water tray temperature was measured daily, and
water quality parameters (pH, ammonia, nitrate, and nitrite)
were tested daily with test strips (HACH, London, ON,
Canada) (Table S1).

Prior to exposure, the tadpoles were acclimated in
dechlorinated water in their respective buckets for 24 h. All
tadpoles were then injected with a low dose of thyroid
hormone thyroxine (T4) to start their metamorphic trajectory.
They were briefly immobilized on dechlorinated ice and
weighed on a digital laboratory scale in preparation for the T4
injection. Then, 1 uL/g bw rounded to the nearest 0.5 uL of 5
uM T4 (Sigma-Aldrich, purity > 98%) in 400 yM sodium
hydroxide (NaOH) solvent®” was injected intraperitoneally via
the tail muscle®® using a 50 uL Hamilton syringe with 26 G X
1/2” sterile needles. While the animals were out of the bucket,
the treatment solution was added to the buckets in a 10 mL
stock solution (0.08—80 mg/L PFOS) (CAS: 2795-39-3,
purity >95%, Toronto Research Chemicals, Canada) in
ultrapure water (LC/MS grade, Optima, Fisher Scientific) or
plain ultrapure water for controls. To avoid operator bias, the
experiment was performed blinded by color-coding the
treatments. The blinding was maintained through the data
collection for physiological end points (i.e., weight and
morphological characteristics) and serum analysis by LC-
TIMS-MS. However, for the MSI and brain homogenate
analysis, it was necessary to know the treatments.

2.1.3. Sample Collection. At termination, the animals
were anaesthetized and euthanized by immersion in 0.1% (w/
v) tricaine methanesulfonate (TMS; Syndel Laboratories, BC,
Canada) and 25 mM sodium bicarbonate solution, followed by
exsanguination. Weight and morphological characteristics were
recorded. Blood samples were then collected from an incision
made in the tail proximal to the body, allowed to coagulate for
at least 15 min at room temperature, and spun down at
10,000g for 10 min at 4 °C. The serum was transferred to a
new microcentrifuge tube and stored at —80 °C until analysis.

https://doi.org/10.1021/acs.est.5c17483
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The tadpole heads for MSI analyses were dissected with a
focus on preserving the tissue integrity of the brain. Hence, the
entire section from the mouth to the top of the head was
embedded in M-1 Embedding Matrix (Epredia, Netherlands;
<1% carboxymethylcellulose) using plastic molds. Samples
were then snap frozen by floating in vapors of liquid nitrogen
and stored at —80 °C until analysis.

To verify the PFOS exposure concentrations, water samples
(1 mL) were collected from all buckets immediately after
treatments were added, before the animals were released back
to the buckets (t0) and again at project termination after 48 h
(t48). The water samples were stored at —80 °C until analysis.

2.2. Mass Spectrometry Imaging of Tadpole Tissues

2.2.1. Sample Preparation. We selected three treatment
groups for MSI analysis: controls (0 ug/L), 10 ug/L, and 100
ug/L of PFOS; n = S animals per group. Samples were
cryosectioned horizontally to 10 pm thickness using a
cryotome (CM1950, Leica Biosystems) set to —12/—10 °C
(chamber/specimen head) and C-35 microtome blades
(Feather Safety Razor Co. Osaka, Japan). Tape transfer
(Tesa FILM double-sided, Tesa SE, Norderstedt, Germany)
was used to maintain the structural integrity of these highly
heterogeneous and friable samples. The taped sections were
mounted on ITO slides (part no. CB-90IN-S111, Delta
Technologies, Loveland, CO) and excess tape cut away with a
scalpel. Each slide contained three samples, one from each of
the treatments: control, 10, and 100 ug/L, and five slides were
analyzed (n = S animals analyzed per treatment, N = 15
animals analyzed in total). Furthermore, one animal from the
highest exposure group (100 pg/L) was used to investigate the
extent of the PFOS signal detected in the brain. In this case,
three sections from that same animal at different sectioning
planes were mounted on the same slide. See Figure S2 for slide
overview.

One microliter of Splash Lipidomix standard mix (1 uL,
Avanti Research, Alabama) was spotted on all slides to monitor
instrumental fluctuations. Additionally, a small area of tape-
mounted tissue from below the brain region was cut into five
separate rectangles, and 1 yL of PFOS standards (0.1, 1, 10,
100, and 1000 pg/L) was spotted onto them. It was important
to spot the standards on the tissue to account for ion
suppression and enhancement due to the tissue matrix.

The slides were then sprayed with norharmane matrix
solution for nontarget analysis in negative ionization mode.
Norharmane (98% TLC, Sigma-Aldrich) was dissolved in
chloroform:methanol (2:1) at a concentration of 7 mg/mL and
applied with an automated sprayer (HTX MS Sprayer, HTX-
Technologies LLC) using the following settings: solvent flow
rate of 120 yL/min; nitrogen pressure of 10 psi; nozzle spray
temperature of 30 °C; plate temperature of 25 °C; 12 passes
(criss-cross pattern) with 30 s drying time; nozzle spray head
height set to 40 mm; nozzle head velocity of 1200 mm/min;
and track spacing of 3.0 mm.

Prior to the slide being placed in the instrument, the
adhesiveness was evaluated by applying compressed air to the
tape. This is why some of the small rectangles containing
PFOS standards are absent on certain slides (see Figure S8D
for example).

Investigation of signal suppression and enhancement by
different tissue types in the sample was performed by spraying
a nonexposed tadpole section with norharmane matrix
containing 0.5 mg/L PFOS (Figure S4). Linearity and
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sensitivity of the method were assessed using a 10-point
standard curve (2—1000 ug/L) spotted on a nonexposed
tadpole section (Figure SS). Using the quantitation module in
SCiLS Lab software (Version 2025a Pro, Bruker Daltonics),
the limit of detection (LOD) was estimated by the standard
deviation (SD) of the blank and of the lowest standard (2 ug/
L). First, the limit of the blank, LoB, was calculated as LoB =
meany,,; + 1.645 X SDy, and then LoD = LoB + 1.645 X
SDjg

2.2.2. Data Acquisition. Matrix-assisted laser desorption/
ionization (MALDI)-MSI analysis was performed on a
timsTOF fleX MALDI-2 instrument (Bruker Daltonics
GmbH, Germany). The mass range was set to m/z S00—
1500, and trapped ion mobility (TIMS) was used. The broad
mass range was selected to make a versatile method, with
applicability to a range of contaminants, and to be able to also
study effects on biomolecules. To ensure method trans-
ferability to other instruments, only the primary laser was used
(i.e., no secondary ionization). A pixel size of SO ym X 50 um
was used in all experiments, except those reported in Figure 3.
In this subset of samples, the olfactory epithelium and pineal
gland regions were imaged at 20 pm spatial resolution. The
laser frequency was set to 10 kHz with 999 shots accumulated
at each pixel. Custom laser focus was manually adjusted to
account for the extra height added to the tape. Table S4 lists
the method parameters.

Before each imaging experiment, calibration was performed
in electrospray (ESI) mode using a direct infusion of the
Agilent electrospray ionization (ESI) liquid chromatography—
mass spectrometry (LC-MS) tuning mix (Agilent Technolo-
gies, Santa Clara, CA). Ions in the scan range were used for
calibration (m/z = 666.01879, 1033.9881, and 1333.9689). In
addition, an online calibration was utilized to correct for any
mass shifts that could occur during the imaging run. The

following ions were used for the online calibration: m/z
885.5499 (monoisotopic mass of [PI(38:4)-H] ), m/z
515.1620 (monoisotopic mass of [NOR-H]7), m/z

1447.9650 (monoisotopic mass of [CL(72:8)-H]7), and m/z
1449.9806 (monoisotopic mass of [CL(72:7)-H]™). The
resulting mass accuracy was evaluated using the [PI(38:4)-
H]™ ion (m/z 885.5499) and was 2.5 ppm across the data set.
On all slides, small areas of matrix only (no tissue, embedding
medium, or tape) and matrix on embedding medium and tape
(no tissue) were analyzed as negative controls (Figure S2).
Splash Lipidomix standard mix (Avanti Research, Alabama)
was spotted on all slides to monitor fluctuations between runs.
Some minor fluctuations were observed, but there were no
clear trends of increasing or decreasing sensitivity over the
scanned range (Figure S3). Finally, PFOS standards (0.1—
1000 ug/L) were spotted on small squares of tissue on each
slide as positive controls.

2.2.3. Postacquisition Hematoxylin/Eosin Staining.
After MSI data acquisition, the samples were hematoxylin/
eosin (H&E) stained to visualize the morphological features of
the tissue. Modifications were necessary to facilitate staining on
the samples mounted with the adhesive tape. Initially, the
matrix was removed in 3 changes of ice-cold methanol
(Optima LC/MS grade, Fisher Chemical), and samples were
fixed for 1 h in 10% formalin (Sigma-Aldrich, Oakville, CA).
The tissue was then rehydrated with changes in ethanol series
(2 min each): 100%, 100%, 90%, 70%, 50%, followed by 2 min
in water. The slides were stained in Gills No. 2 hematoxylin for
30 s (Sigma-Aldrich, St. Louis) and rinsed quickly in 2 changes

https://doi.org/10.1021/acs.est.5c17483
Environ. Sci. Technol. 2026, 60, 3121-3134


https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c17483/suppl_file/es5c17483_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c17483/suppl_file/es5c17483_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c17483/suppl_file/es5c17483_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c17483/suppl_file/es5c17483_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c17483/suppl_file/es5c17483_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c17483/suppl_file/es5c17483_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c17483/suppl_file/es5c17483_si_001.pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c17483?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

of water, followed by 3 dips in 1X Scott’s modified tap water
solution (0.02% sodium bicarbonate, 0.2% anhydrous
magnesium sulfate), followed by 30 s in acidified eosin Y
(0.25% in 80% Ethanol, Fisher Chemical, India). The slide was
washed and dehydrated with an ethanol series (2 min each).
Further dehydration in xylene is not compatible with the tape.
Finally, coverslips were mounted directly on the tape, and the
slides were scanned at 10,000 dpi with a PathScan Enabler §
scanner (Meyer Instruments, Houston).

2.2.4. Data Analysis. Data were processed and analyzed in
SCiLS Lab (Version 2025a Pro, Bruker Daltonics). The PFOS
ion images were created upon root-mean-square (RMS)
normalization. To uncover the effects of PFOS on endogenous
lipids in tissue, three regions of interest (myelin layers of the
brain, olfactory epithelium (OE), and the pineal gland) were
outlined based on the postacquisition H&E staining using the
brush tool in SCIiLS. Next, the non-normalized data from these
regions were exported in the imzml format and imported into
R (version 4.4.3),> where the package Cardinal (ver 3.8.3)%
was applied using R Studio (version 2023.12.1.402).*" Mass
spectra from the individual regions were grouped according to
the tissue type. Data were then normalized by RMS, and the
peaks were processed using the default settings for peak
picking (threshold of signal-to-noise of 3, mass tolerance of 10
ppm, and filtering away the 10% lowest intensity peaks).
Treatment groups (control, 10 ug/L, and 100 ug/l) were
defined based on sample location on the slide, and a linear
mixed model was fitted to identify statistically significant
differences (FDR < 0.1) between treatments. The high false
discovery rate was accepted for this initial screen of interesting
compounds. For the OE, this approach gave more than 300
molecular features that differed significantly between the
controls and groups exposed to PFOS, so FDR < 0.05 was used
instead.

A list of molecular features of interest displaying significant
changes in abundance in response to PFOS exposure was
manually curated by checking the peak shape, intensity, and
integration. All molecular features that did not meet the quality
control criteria were excluded. Additionally, molecular features
that were identified as part of the exposome were taken out of
the effects analysis (see Section 3.5, Figure S15—S16, and
Table S10 for these PFOS impurities). The compounds
remaining after filtration were analyzed by a linear mixed
model of the R-package “lme4”** adjusted for possible batch
effect (e.g, slide). Model checking was performed by visual
assessment of QQ-plots and residual plots followed by a
posthoc pairwise comparison by ¢ tests (Tukey contrasts).*
For each analysis, a prespecified significance level of p < 0.05
was used. Abundance of significantly affected molecular
features was visualized as heatmaps with Euclidean clustering
on rows and no clustering on columns using the Pheatmap R-
package.™*

2.2.5. Annotation of Molecular Features. Molecular
features remaining after data filtration were annotated
according to the identification level system specified in Viant
et al.*® Initially, the MSI data was analyzed in Metaboscape
with a search for Lipid Species (Version 2022b Pro, Bruker
Daltonics) using the m/z, collision cross section (CCS, as
measured using TIMS), and mSigma (deviation of a measured
isotopic pattern from the predicted one) values. The resulting
lists were matched to the annotated lipidomics data sets
obtained from tadpole brain homogenates by liquid
chromatography tandem mass spectrometry (LC-MS/MS;
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see Section 2.3 below) and in-house tandem mass spectrom-
etry libraries. If the annotations were inconsistent, then the
annotation was based on mass spectrometry results directly
from tissue.

2.3. High-Resolution Mass Spectrometry Analysis of Brain
Homogenate and Serum

2.3.1. Sample Preparation. 2.3.1.1. Brain Homogenate.
After the sections for MSI were obtained, the rest of the brain
was extracted from the cryopreserved tissue blocks and
transferred to 2 mL Safe-Lock tubes (Eppendorf, Mississauga,
CA) for bead beating (n = 6 per concentration, N = 36 in
total). The samples from groups not used for MSI (exposure
concentrations 0.1, 1, and 50 pg/L) were sectioned to the
same depth to ensure nonbiased comparison between the
samples. The extraction followed the procedure published in
Post et al.*® All solvents used were of LC/MS grade (Optima,
Fischer Scientific). In brief, the samples were homogenized by
bead beating with two metal beads (2 s X 30 s, 25 Hz) in 800
uL of ice-cold methyl-t-butyl-ether:methanol (10:3) contain-
ing butylated hydroxyltoluene (12.5 pg/mL) as an antioxidant
and S uL of internal lipid standard mix (Splash Lipidomix).
Subsequently, 200 yL ice-cold 0.1% formic acid was added to
induce phase separation. After further bead beating (3 s X 30's,
25 Hz), the samples were left on ice for 10 min before
centrifugation (15,000g, 15 min). The supernatant was
transferred to a high-performance liquid chromatography
(HPLC) vial (Agilent, Mississauga, CA), evaporated under
nitrogen (37 °C), and reconstituted in mobile phase A (see
below in Section 2.3.2).

2.3.1.2. Serum. Serum samples (n = 6 per concentration, N
= 36 in total) were extracted, as specified for plasma in Post et
al.*® In brief, 20 uL of serum was combined with 1 mL of ice-
cold MTBE:MeOH (10:3), and 5 uL of Splash Lipidomix
standard mix was added. After vortexing for 1 min (4 °C, 1400
rpm), 250 uL of water was added, and the samples were
vortexed for 45 min (4 °C, 1400 rpm). After leaving the
samples to equilibrate on ice for 10 min, the samples were
centrifuged (4 °C, 15,000g, 10 min), and the supernatant was
moved to an HPLC vial, evaporated under nitrogen (37 °C),
and reconstituted in mobile phase A (see below in Section
2.3.2).

2.3.2. Data Acquisition and Analysis. The samples were
analyzed on a UHPLC-TIMS-MS platform, which consisted of
a Bruker timsTOF flex MALDI-2 (Bruker Daltonics GmbH,
Germany) hyphenated with a Thermo Fisher Vanquish
ultrahigh performance liquid chromatography (UHPLC)
system (binary pump, degasser, and autosampler; Thermo
Fisher Scientific). The analytical column (Avantor ACE Excel
2, 2.1 mm X 100 mm, 2 pm, C8-phase) was maintained at S5
°C. The injection volume was set to 10 yL. Mobile phase A
was water:isopropanol:acetonitrile 2:1:1 with 0.05% acetic
acid, 20 uM phosphoric acid, and S mM ammonium acetate.
Mobile phase B was isopropanol:acetonitrile 1:1 with 0.05%
acetic acid and S mM ammonium acetate. The flow rate was
0.6—1 mL/min, and the gradient was as specified in Table S3.
The timsTOF flex was operated in negative ionization mode
with settings as in Table S4. Like the MSI method, the mass
range was set to m/z 500—1500. Also, here, a broad mass range
was selected to make a versatile method with applicability to a
range of contaminants and to be able to also study effects on
biomolecular levels. An online recalibration was performed at
the beginning of each sample acquisition using the Agilent ESI

https://doi.org/10.1021/acs.est.5c17483
Environ. Sci. Technol. 2026, 60, 3121-3134


https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c17483/suppl_file/es5c17483_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c17483/suppl_file/es5c17483_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c17483/suppl_file/es5c17483_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c17483/suppl_file/es5c17483_si_001.pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c17483?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

Control
0 pg/L PFOS

Exposed to

10 pg/L PFOS 100 p

Exposed to
/L PFOS

T
m—149% |
100%

m/z 528.27 + 10 ppm |
PP 0%

Figure 1. Image quality obtained with the developed MSI methodology. (A) distribution of a phosphoinositol (m/z 885.55, [P1(38:4)-H] ™) and
(B) distribution of an unidentified molecular feature (m/z 528.27). Root-mean-square normalization was applied. The colored bar gives a visual
map of the ion intensities; 100% on the scale represents a 95% quantile threshold, and the maximum measured intensity is displayed as a percent
value relative to the 95% cutoff (i.e., all pixels with measured intensity above >95% appear bright yellow). (C) Postacquisition hematoxylin and
eosin (H&E) stain of the tissue. Arrows point toward the following distinguishable tissue structures: 1: retinal layers of the eye, 2: olfactory
epithelium, 3: telencephalon, 4: diencephalon, 5: tectum, and 6: pineal gland.

LC-MS tuning mix injected directly into the ESI source via a
syringe pump. For this, the 15 min LC-MS runtime was
divided into two segments, with the first segment (0.0 to 0.3
min) used for the injection of tune mix, and the last segment
(0.3—15 min) used for the sample data acquisition. The switch
between the segments was achieved using a conventional 6-
port divert valve.

Data was processed and analyzed in MetaboScape (Version
2022b Pro, Bruker Daltonics). Annotation was based on a
search for Lipid Species using the m/z, CCS, and mSigma
(deviation of a measured isotopic pattern from the predicted
one) values. The resulting lists were matched to a lipidomics
data set obtained from another tadpole data set (UHPLC-
TIMS-PASEF-MS data acquisition on serum and brain), which
was annotated using the spectral libraries from MSDIAL and
Bruker NIST incorporated in MetaboScape. A cutoff criterion
of MS? score >600 was used. Lipids were classified based on
the LIPID MAPS system."’

For dose—response modeling, the log-transformed peak
areas were exported from MetaboScape and imported into R.
After missing value imputation by the half minimum method,
the R-package DRomics™*” was applied to uncover features
with a dose—response relationship. Features that significantly
changed in abundance in responses to increasing PFOS
exposure were preselected using a quadratic trend test with an
FDR < 0.1, and subsequently, dose—response models were
fitted to these features. The method used to select the best fit is
based on an information criterion as described in Larras et al.*
The benchmark dose (BMD) was calculated as the so-called
BMD-zSD, which considers the residual standard deviation of
the fitted concentration—response curve.*’

2.4. Exposure Verification by LC-MS/MS

Ten microliters of isotopically labeled *Cy—PFOS (cPFOS,
650 pg/L) (purity >99%, Cambridge Isotope Laboratories,
Tewksbury, MA) was added to 250 uL water samples collected
before and after the animals were added to the buckets. After a
quick vortex to mix, the sample was transferred to a filtration
tube (Nanosep with 0.2 ym Bio-Inert, Life Sciences) and
centrifuged (10 min, 14,000 rpm). Two hundred and 50
microliters of the sample were then transferred to HPLC vials.
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The quantification was performed on an Agilent 6495c¢ triple-
quadrupole system with a hyphenated Agilent 1290 Infinity II
ultrahigh performance liquid chromatography (UHPLC)
system (binary pump, degasser, and autosampler; Agilent
Technologies). Targeted analytes were PFOS and cPFOS
(Limit of detection 0.01 ng/mL; Limit of quantification 0.03
ng/mL). A neat standard ten-point calibration curve (0.01 —
100.0 pug/L) was prepared in Milli-Q water. All vials contained
a fixed amount of internal standard (25 pg/L). See Supporting
Information S2 and Table S5 for further details on the
analytical method. Data was analyzed in Agilent MassHunter —
Quantitative Analysis (QQQ) version 10.1.

3. RESULTS

3.1. Optimization of the MSI Methodology

We first developed an MSI methodology that enabled us to
analyze 10 pm sections of the entire tadpole head, including
the olfactory system, eyes, and brain. The optimized sample
preparation method made it possible to obtain these
cryosections with an intact morphology, despite the high
heterogeneity of the sample. An application of tape for
transferring the tissue section to the slide was the primary
factor contributing to this improvement (Figure S6).
Phospholipids are structural components of cells and were
also captured using our data acquisition method. Spatial
distribution of some of these molecules, such as phosphatidy-
linositol, PI (38:4) with m/z of 885.55, correlated with
morphological features of the tissue sample. Therefore, we
used this molecule to showcase the general tissue structure and
integrity (Figure 1A). Another, yet unidentified, molecular
feature (m/z 528.27) also consistently provided a clear
structural definition of this complex region (Figure 1B). The
postacquisition H&E staining allowed further unambiguous
identification of tissue structures, including individual brain
regions (e.g, telencephalon, diencephalon, tegmentum, and
gray and white matter), the olfactory epithelium, and the
retinal layers of the eyes (Figures 1C and S10D—F). In
conclusion, the sample preparation method is appropriate for
investigating the distribution of contaminants in the tissue
along with their potential localized effects on biomolecules.
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Figure 2. Distribution of PFOS. (A) PFOS (m/z 498.93 + 10 ppm) recorded by MSI in three treatment groups (from the left: negative control, 10
ug/L PFOS, and 100 pg/L PFOS exposure). The data were recorded in negative ionization mode on a Bruker timsTOF fleX MALDI-2 at a spatial
resolution of SO ym. Root-mean-square normalization was applied. The colors indicate scaled ion intensity from blue (low) to yellow (high). The
color bar gives a visual map of these intensities, and the maximum intensity is displayed as a percent value relative to the 95% quantile intensity
cutoft. Arrow 1 points toward the olfactory epithelium. Arrow 2 points out the pineal gland. The triangles show PFOS standards spotted on the
tissue (0.1—1000 pg/L). (B) Absolute intensity of the recorded PFOS signal (m/z 498.93 + 10 ppm) in tadpole sections and in the spotted
standards. (C) Intensity box plots showing the signal intensity of PFOS in tadpole sections and in the spotted standards. The box shows the median
intensity of the recorded region, the lower and upper bounds of the box represent the second and third quantiles, and whiskers represent the lower
(0%) and upper (95%) quantiles. The dots show the distribution of the measured PFOS intensities; blue and red dots represent pixels with

intensity below and above the 95% quantile, respectively.

3.2. Distribution of PFOS in the Tadpole Nervous System

Our second objective was to validate the developed method
within the context of a PFOS exposure study. We tested five
concentrations, ranging from 0 ug/L (control group) to a
worst-case scenario of PFOS release from a point source (100
ug/L). Altogether, six treatment groups with six animals per
group were included. Of those, three treatment groups were
selected for MSI analysis: 0 ug/L (controls), 10 pg/L, and 100
ug/L of PFOS, with five animals analyzed per treatment group.
The resulting tissue sections were distributed across five
microscopic slides, so that each slide contained one tissue
section per treatment group (0 pg/L, 10 ug/L, and 100 pg/L).
A representative image of one of the five slides is shown in
Figure 2A. The remaining images can be found in the
Supporting Information (Figures $7—S10).

First, a nonexposed tadpole section was sprayed with
norharmane matrix containing 0.5 mg/L PFOS to investigate
signal suppression and enhancement by different tissue types in
the sample. The signal showed a minor signal suppression in
the myelin-rich area of the brain and minimal variation across
the sample, except from two smaller spots, and this could be
attributed to microbubbles and texture differences in the tape
(Figure S4). The linearity and sensitivity of the method were
then assessed using a 10-point standard curve (2—1000 ug/L)
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spotted on a nonexposed tadpole section (Figure SS). The
initial linear range was estimated to be 0—30 ug/L PFOS; a
higher concentration led to signal saturation (Figure SSC,D).
At 2 pug/L PFOS, the signal intensity was still distinguishable
from the noise. The LOD was estimated to be 1.5 pg/L. The
tape did not introduce any interfering impurities (Figure S11).

Using our refined MSI method, we then obtained
unprecedented and unbiased information about the distribu-
tion of PFOS in tadpole tissue upon experimental exposure
(Figures 2A and S7A—S10A). Surprisingly, the legacy
contaminant was localized mainly to the olfactory epithelium
of tadpoles exposed to both 10 and 100 ug/L PFOS (Figure
2A, arrow 1). In tadpoles exposed to 100 ug/L PFOS, the
compound was further distributed throughout all tissues
(Figure 2A, arrow 1 and Figures S7—S10). Interestingly, little
to no PFOS signal was detected in the brain of these animals,
with the exception of the pineal gland, which showed
substantial accumulation of PFOS (Figure 24, arrow 2 and
Figures S7A—S10A, arrow 2). The pineal gland is a
neuroendocrine organ responsible for the synthesis of
melatonin and regulation of the circadian rhythm. Unlike the
rest of the brain, the gland is not protected by the blood—brain
barrier.° Collectively, our findings suggest that either PFOS
did not cross the blood—brain barrier or its concentration in
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Figure 3. High-resolution (20 ym) images of PFOS hotspots overlaid on H&E stain. (A) Olfactory epithelium (OE) imaged in a tadpole exposed
to 10 ug/L PFOS. Arrow 1 points to the OE. (B) Brain region containing the pineal gland imaged in a tadpole exposed to 100 pg/L PFOS. Arrow
2 points to the pineal gland, and arrow 3 points to the edge of the brain. To clarify how deep into the brain the PFOS signal went and to ascertain
the association with the pineal gland, sections were sampled further down through the tissue at the following depths below the image shown in
panels (C, D) —100 um, (E) —150 pm, (F) —200 pm, and (G) —300 um.

the majority of brain tissue was below the limit of detection of
the method.

The quality of the PFOS signal in tissue was confirmed by
examining the peak shape and its alignment with those of
spotted PFOS standards (Figures 2B and S7B—S10B).
Visualization of the median signal intensity of PFOS in the
recorded regions by box plots (Figure 2C) showed the
expected increase with concentration in both spotted standards
and exposed tadpoles. Dot plots illustrating the distribution of
individual spectral intensities (each dot representing one
spectrum from one S0 um pixel) also revealed the
heterogeneity of the signal in the exposed tadpoles. Bearing
in mind that the MSI is inherently not quantitative (Figure
SS), the distribution of the spectral intensities recorded in the
tadpoles exposed to 100 pg/L surpassed those recorded from
the 1,000 pg/L standard, indicating a bioconcentration factor
above 10 for certain tissue structures (Figure 2C). Overlaying
the H&E stain with the MSI data to define tissue structures
such as the pineal gland, olfactory epithelium, myelin layers of
the brain, and retinal layer of the eye further facilitated a
comparison of the PFOS signal intensities in different tissue
structures within and between each exposure concentration
(Figure S11).

Based on the results of the five replicates, we identified two
areas of particular interest that warranted further investigation
at higher spatial resolution: the olfactory region and the brain
region around the pineal gland. Hence, a serial section was
analyzed at a 20 um resolution (Figure 3). First, PFOS
localization to the olfactory epithelium was confirmed by
overlaying these data with the H&E stain (Figure 3A). The
localization to the pineal gland was also further confirmed by
data acquisition at a 20 um resolution (Figure 3B). To clarify
how deep into the brain the PFOS signal went, additional
sections were sampled deeper into the tissue. At 300 ym below
the original sampling level, the distinguishable tissue structure
disappeared together with a high PFOS signal (Figure 3C—G).

3127

Overall, this analysis confirmed that the PFOS signal in the
center of the brain was localized specifically to the pineal gland.

3.3. PFOS in Brain Homogenate and in Serum

To validate the MSI model, we analyzed brain homogenate
and serum by UHPLC-TIMS-PASEF-MS. We detected PFOS
using this platform. As the exposure dose increased, the
measured PFOS signal increased in brain homogenates (Figure
4) and serum samples (Figure S12). It is important to note
that the pineal gland and meninges of the brain were sampled
and included in the homogenates. Based on our MSI data
showing a high concentration of PFOS in the pineal gland and
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Figure 4. PFOS in brain homogenate, including the pineal gland. (A)
Box plot of the relative PFOS signal intensity (compared to the
control average and normalized to sample weight) as a function of the
nominal exposure concentrations. The lower and upper hinges
correspond to the first and third quartiles. The whiskers extend from
the hinge to the largest/smallest value no further than 1.5 times the
interquartile range. Circles show individual biological replicates (n = 6
per concentration). Outliers are indicated in red. (B) Ion mobility
peaks and (C) chromatographic peaks exhibiting the non-normalized
signal intensity.
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Figure S. Effects of PFOS on the tadpole lipidome in target regions. (A) Visualization of the regions (olfactory epithelium (OE), myelin layers of
the brain, and the pineal gland) that were defined based on H&E staining and used in statistical comparisons. (B) and (D) Heatmaps showing the
endogenous molecular features displaying a significant difference in abundance in response to PFOS exposure in the pineal gland (B) and OE (D).
Each column represents a replicate and each row a compound, for which the annotation is given (for details, see Table S7). Asterisks indicate a
significant difference between the controls and tadpoles exposed to 10 ug/L (before the slash) and 100 ug/L (after the slash) of PFOS. (C)
Example boxplot showing the levels of the lipid PG 36:1 in the OE-region in the control, 10, and 100 ug/L. (E) PG 36:1 (m/z 775.55 + 10 ppm)
signal recorded by MSI in a control tadpole and a tadpole exposed to 100 pg/L of PFOS. (F, G) Dose—response curve of the relative signal of an
unidentified biomolecule of m/z 527.17 in the brain homogenate (F) and serum (G) across all tested concentrations of PFOS exposure. The
estimated benchmark dose (BMD) based on the fitted model is listed. ***p < 0.001, **p < 0.01, *p < 0.0S, and — p > 0.0S.

next to none in the rest of the brain (Figures 2A and S7—S10),
the measured PFOS signal in the homogenate was likely
stemming from the gland.

3.4. Biological Effects of the PFOS Exposure

In addition to the distribution of contaminants, our MSI
method allowed us to investigate localized effects on
biomolecules. Linear mixed models were applied to the MSI
data to statistically compare the effects of PFOS within the
three regions: myelin tissue in the brain, the pineal gland, and
OE revealed effects on several lipids in the pineal gland (Figure
5B) and OE (Figure SD). Effects could be visually confirmed
in the MSI data (Figure SE). No myelin-specific effects were
observed.
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The nontarget UHPLC-TIMS-MS data for brain homoge-
nate and serum further allowed investigation of dose—response
relationships across all exposure concentrations. The analysis
identified 21 biomolecular features in serum and 17 in brain
homogenate that were significantly modulated by PFOS
exposure in a dose-dependent manner, allowing for the
application of dose—response modeling to the data. Figures
S13 and S14 show the fitted dose—response models, and
Tables S8 and S9 display the model parameters and
benchmark doses (BMD) for these biomolecular features.
The BMD is the dose corresponding to a predefined
benchmark response (BMR), which indicates a significant
change from the baseline. Some features were found to be
affected in a dose-dependent manner in both serum and brain
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homogenate, as exemplified by a compound with m/z 527.17
(Figure SF,G). Even though this particular compound could
not be annotated, its consistent response to PFOS exposure in
two biological matrices underlines its potential utility as a
biomarker.

3.5. Molecular Features Corresponding to PFOS Impurities

Trapped ion mobility (TIMS) was used to distinguish features
belonging to the tadpole metabolome from those of the
exposome. The technology separates molecules in a gas phase
based on their mobility through an electric field, which is
largely determined by their shape and size. Here, it allowed us
to distinguish between endogenous biomolecules and halo-
genated xenobiotics (Figure S15). In total, eight features were
found to be significantly affected by the PFOS exposure when
compared to controls grouped in the space of halogenated
xenobiotics. These compounds also had a close to identical
spatial distribution to that of PFOS, as determined by MSI
(Figure S16), and their measured intensity in tissue increased
with the increasing PFOS exposure. However, these xeno-
biotics were also present in the PFOS standard, and their
measured abundance increased proportionally to the increasing
concentration of the spotted PFOS standard in positive
controls (Figure S16). Hence, we concluded that they were
not PFOS biotransformation products, but impurities in the
PFOS standard used for exposure (95% purity standard used).
Two features were part of the PFOS isotopic envelope (M + 1
and M + 2). Likewise, 11 features showing a significant dose—
response relationship with PFOS exposure in the serum and
brain homogenate were found to belong to the exposome
(Figure S15 and Table S10).

4. DISCUSSION

An MSI methodology was developed, which enabled us to map
contaminant and biomolecule distribution in the entire tadpole
head, including the olfactory system, eyes, and brain. Despite
the high heterogeneity of the sample, intact morphology was
maintained during our workflow (Figure 1). The localization of
contaminants is key to determining the molecular interactions
that ultimately lead to adverse toxic effects.”’ This type of
spatial mapping is particularly valuable in the brain, where
small adjacent tissue regions have very distinct functions.

In the optimization of the MSI sample preparation, the main
factor for maintaining sample integrity was the application of
double-sided tape for transferring the tissue section to the
slide. The application of tape transfer for MSI is not new,”” and
has, for instance, been applied to the MSI of bone™ and mouse
embryos.”* To the best of our knowledge, this is the first
application to obtain detailed images of the tadpole nervous
system. To facilitate replication of our method, we have
described special considerations for the tape transfer technique
in the Supporting Information (Figure S6).

To estimate the analytical performance of our method, serial
dilutions of the PFOS standard were spotted on a tadpole
tissue section (2—1000 ug/L; Figure SS). The estimated limit
of detection (LOD) was 1.5 ug/L PFOS. The linear range was
estimated to be 0-30 ug/L PFOS (R* = 0.95). The
applicability of MSI to detect and quantify PFOS has been
previously investigated by Reynolds et al,> utilizing a similar
MSI platform to that in the present study. The authors
assessed the linearity and limit of detection by spotting PFOS
standards on a stainless steel MALDI plate. In contrast, the
present method was assessed with standards spotted directly

3129

on tadpole tissue, accounting for biological matrix effects (e.g.,
ion suppression). The on-tissue detection range of our method
was similar to that reported by Reynolds and colleagues.” Our
linear range was narrower but more reflective of the biological
matrix. Yang et al.’® used PFOS standards spotted on murine
kidney sections, but the concentration range was about 1000
times higher than here. To truly extend MALDI MSI methods
to quantitative ones, a tissue mimetic model is needed.
Development of such a model would lead to a significant loss
of life due to the small size of the individual tadpole tissues. To
comply with the 3 Rs (replace, reduce, refine) for animal
experimentation, we deemed the model beyond the scope of
the present study.

Our method enabled simultaneous detection of PFOS and
endogenous biomolecules to determine exposure responses
and toxicity. Among all five replicates, the 10 pg/L-treatment
consistently resulted in localization of PFOS to the olfactory
epithelium and minimal distribution to the other tissues.
Additionally, the abundance of several lipids was significantly
affected by PFOS in the olfactory epithelium. This finding is
particularly noteworthy, as it suggests that the primary hazard
of short-term PFOS exposure at environmentally relevant
levels is associated with the olfactory system. This includes
olfactory-mediated behavior (based on sensing of environ-
mental cues) and remodeling of the olfactory epithelium that is
essential during the metamorphic transition. Response to food
and predator olfactory cues from the environment is essential
for the survival and fitness of both tadpoles and frogs.”” The
olfactory epithelium, where PFOS accumulates, is a major
component of the olfactory system. It lines the principal cavity,
projecting inward from the animal’s nares. The outer surface is
covered with receptors that bind olfactory molecules,
propagate the signal to the brain, and trigger a behavioral
response.”” To accommodate the transition from an
herbivorous, aquatic tadpole to a carnivorous terrestrial frog,
extensive remodeling of the olfactory system is needed.”® This
means that the olfactory system is one of the tissues that must
undergo the most extensive remodeling during metamorpho-
sis,”” and this remodeling is dependent on the tissue-specific
action of thyroid hormones. In fact, olfactory epithelium has
been found to be one of the most thgrroid hormone responsive
tadpole tissues investigated to date’>” and may be employed
as a sensitive bioindicator for the evaluation of disruption of
the thyroid hormone system. Whole animal studies are
required to investigate the behavioral implications of PFOS
accumulation in the olfactory epithelium. Given the critical
role of this tissue in mediating responses to food and predators,
an impairment of its function could lead to decreased animal
fitness and survival.

Following the highest tested exposure concentration (100
ug/L), PFOS was distributed throughout all tissues, while the
signal was below the detection limit in the brain. This finding
suggests that PFOS did not cross the blood—brain barrier
during the 48 h exposure. A previous study used MSI to detect
PFOS in dissected murine tissues (liver, kidney, and brain)
after gastric infusion with 1000 pg PFOS/kg/day for 2 months.
The authors also did not detect PFOS in the brain.’ The
blood—brain barrier is a biochemical border of endothelial cells
that are linked with tight junctions.”” Transporters facilitate
the movement of biomolecules across this boundary, and the
tight junctions limit paracellular leakage.”” Without facilitated
transport, PFOS should not be able to enter the brain.®’ Yet,
previous studies using brain homogenates indicated that PFOS
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does accumulate in the brain of various exposed organ-
isms.'”*' =% Our results provide a plausible explanation for
this discrepancy due to the intriguing observation of PFOS
accumulation in the pineal gland. This neuroendocrine gland is
located in the center of the brain in all vertebrates, including
humans, and it is not protected by the blood—brain barrier.*’
Similar to our UHPLC-TIMS-PASEF-MS analysis of brain
homogenate (Figure 4), the gland could have been included in
brain homogenates used in the other studies, resulting in a
strong PFOS signal in the homogenate. Further investigation
of this possibility is warranted to truly assess the ability of
PFOS to cross the blood—brain barrier.

The main function of the pineal gland is to produce and
secrete the hormone melatonin in response to information
about the light-dark cycle perceived within the environment.
The secreted melatonin in turn regulates the circadian
rhythm.’® Apart from this well-characterized biological
function, melatonin also mediates other processes.50 These
functions include developmental regulation® and anti-
inflammatory properties, and the ability of melatonin to
scavenge free radicals and reactive oxygen species as an
antioxidant with high affinity.”~®” A recent study showed that
melatonin exerted a protective effect against PFOS-induced
reproductive toxicity via anti-inflammatory and antioxidant
pathways.”® Melatonin also plays an important role in
neuroprotection and neuronal plasticity. In fact, the maximum
secretion of melatonin in humans happens during childhood
and adolescence where also brain development and neuronal
plasticity is at its highest.® Abnormal melatonin secretion has
been connected to autism spectrum disorders (ASD).%577
Since PFOS exposure has also been associated with ASD,”” the
evidence of PFOS accumulation in the pineal gland may very
well be the missing link between these observations. Based on
the results presented herein, future research focusing on the
connection between the effects of PFOS and melatonin
homeostasis is urgently warranted.

It is important to mention that our experiment was
terminated after 48 h, so redistribution past this time point
was not captured. Studies suggest that over time, PFOS may be
able to interfere with the tight junctions between the
endothelial cells of the blood—brain barrier and allow PFOS
to cross it.”> The study duration presented here may not have
been long enough to capture such an effect. Nevertheless, it is
notable that PFOS bioaccumulation occurred within this
relatively brief time frame at concentration ranges that were
environmentally relevant.

All annotated lipids disrupted by PFOS in the olfactory
epithelium and pineal gland were glycerophospholipids (GPs).
As a principal component of cell membranes, GPs play an
essential role in brain and systemic metabolism. In the human
central nervous system, diverse GP species comprise 20—25%
of adult dry brain weight and their relative ratio in membranes
influence properties such as curvature, reactivity, and
hydration.”* Beyond their structural role, GPs also participate
in diverse cellular functions such as signaling, membrane
transport, DNA replication, apoptosis, and necrosis.”’
Phosphatidylcholines (PCs) and phosphatidylserines (PSs)
have been implicated in cognitive and neurological function,”
highlighting the importance of lipid homeostasis for brain
health. Indeed, dysregulation of GP metabolism has been
associated with neurodegenerative’®”” and developmental
disorders.”®
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Certain GPs appear to be particularly sensitive to disruption
by PFOS. In this study, phosphatidylethanolamines (PEs) and
phosphatidylglycerol (PGs) comprised the greatest number of
PFOS-affected lipids, in addition to single species belonging to
phosphatidylinositol (PI), phosphatidic acid (PA), and PS
subclasses (Tables S7—S9). Epidemiological and experimental
studies frequently report PEs and other diacyl-containing
phospholipids to be associated with or modulated by PFAS,
including PFOS, PFOA, PFHxS, GenX, and PFUnDA.”””?~%
The observed effects include both upregulation and down-
regulation of GPs depending on the species, tissue type, and
dose, but while specific effects appear context-dependent, GPs,
and PEs specifically, emerge as consistent PFAS targets.
Comprising 20—30% of all membrane lipids and up to 80% of
inner leaflet lipids,”> PEs play a critical role in energy
metabolism,** so dysregulation could have consequences on
membrane and metabolic function, especially in lipid-rich
tissues like the brain. During neurodevelopment, such
dysregulation may have an even more pronounced effect due
to lipidomic shifts occurring in the developing brain. One lipid
that was modulated by PFOS exposure in the pineal gland, PA
(38:3), was a direct match with a lipid that increased in the
mouse brain during development.*® It is important to note that
certain lipid classes ionize in the positive ion mode (e.g,
phosphatidylcholines), and only the negative ion mode was
employed in this study. To obtain the complete picture of GP
dysregulation in responses to PFOS, additional experiments
will be performed in the future, as identifying lipids that are
both implicated in neurodevelopment and sensitive to PFAS
disruption may help to uncover mechanisms of neuro-
developmental toxicity.

A common feature among all annotated lipids disrupted by
PFOS in the olfactory epithelium and pineal gland is also their
diacylglycerol (DAG) backbone. DAG is a critical signalin%
intermediate generated from phospholipids by lipase action®
and serves as both a precursor to triacylglycerols (TGs) and an
effector of intracellular signaling pathways.”” Due to the
involvement of DAG in many signaling processes, disruption of
DAG-containing phospholipids by PFOS could have broad
implications, including metabolic regulation and neuro-
transmission. DAG, therefore, represents a strong candidate
for future investigations of elucidating toxic PFAS effects, with
behavioral evaluations being an interesting avenue to explore
further.

In conclusion, the present study shows how MSI greatly
augments our analytical toolbox, uncovering new dimensions
in our understanding of wildlife and human exposomes. This
cutting-edge technology can support unbiased screening of
contaminants and their distribution in wildlife biological
compartments, which is essential for the characterization of
their toxic effects and risks to humans and wildlife.
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