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ARTICLE INFO ABSTRACT

Editor: Lawrence Lash Per- and polyfluoroalkyl substances (PFAS) are a large group of synthetic surfactants incorporated into products
for their chemical and physical properties. Studies have associated PFAS with adverse health effects. Although
there is a high potential for dermal exposure, toxicity studies related to this route of exposure are lacking. The
present study evaluated the systemic toxicity following a sub-chronic 28-day dermal exposure to perfluorobutane

sulfonic acid (PFBS) (1.25-5 %) or perfluoropentane sulfonic acid (PFPeS) (1.25-5 %) in a murine model.
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Toxici . . . :
I;E:IZ Elevated levels of both PFAS were detected in the serum and urine, suggesting that absorption occurs through the
Dermal skin. Additionally, both PFAS induced significantly increased relative liver weight, altered serum chemistries,

altered skin and liver histopathology, and significantly decreased relative spleen weight (PFPeS only). Gene
expression changes were observed in the liver and skin for genes involved in fatty acid metabolism, inflam-
mation, and skin integrity. In general, the PFPeS-induced changes in the endpoints examined were observed
more frequently compared to PFBS, supporting the concept that longer-chain PFAS are more toxic. These findings

Liver Damage

support PFAS absorption through the skin, leading to liver damage and systemic toxicity.

1. Introduction

Per- and polyfluoroalkyl substances (PFAS) are synthetic chemicals
originally introduced in the 1940s with extensive applications for con-
sumer and industrial products because of their unique and favorable
chemical and physical properties, including liquid repellency, thermal
stability, and friction-reduction. For this reason, PFAS are used in carpet,
furniture, clothing, cookware, cosmetics, firefighting foam, lubricants,
etchants, and surfactants (Gluge et al., 2020). There are thousands of
PFAS, and more are constantly in production. During the manufacture,
distribution, and use of products or processes containing PFAS, humans
may be exposed to intentionally added PFAS, their byproducts, or im-
purities containing PFAS.

Due to the health effects associated with PFAS exposure, industry
and government actions banned production of the legacy PFAS per-
fluorooctanoic acid (PFOA) and perfluorooctane sulfate (PFOS);

however, owing to their environmental persistence and long half-lives,
exposure to these substances is still a concern. Because of their desir-
able properties, safer proposed replacement PFAS, consisting of shorter
carbon-chain formulas, have rapidly emerged. In general, these
replacement PFAS have been promoted as safer alternatives due in large
part to shorter half-lives in animal models (Wang et al., 2013). However,
research continues to suggest that exposure to these emerging com-
pounds may result in similar adverse health outcomes to PFOA and PFOS
(Gomis et al., 2018; Weatherly et al., 2024a, 2024b; Weatherly et al.,
2021; Weatherly et al., 2023). Much of what we know about PFAS-
associated health effects in humans was generated from epidemiolog-
ical studies on occupationally exposed individuals or from accidental
releases near chemical manufacturing (Alexander et al., 2024; Darrow
et al., 2016), but research is bringing more evidence for health impli-
cations to light (Panieri et al., 2022). Results from these studies suggest
associations between PFAS exposure and certain types of cancers
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Fig. 1. Increases in PFBS and PFPeS concentration in serum and urine after
dermal exposure. Analysis of changes in the concentration of PFBS and PFPeS in
serum (A) and urine samples (B) following 28 days of skin exposure. Each
serum concentration represents the mean (4 SE) of 4-5 mice/group. Urine
concentrations are 5 pooled samples per group. For the serum data, statistical
significance, relative to 0 % vehicle control, was determined by one-way
ANOVA followed by Dunnett's post-test, indicated as *p < 0.05, ***p < 0.001.

(testicular and kidney), increased cholesterol levels, altered thyroid
function, and reproductive effects (Fenton et al., 2021; Steenland et al.,
2020). Additionally, the National Toxicology Program (NTP) concluded
that both PFOA and PFOS are presumed immune hazards to humans
based on evidence from animal and human studies (NTP, 2019).
Furthermore, PFOA was identified as a carcinogen (Group 1) based on
sufficient evidence generated from experimental animal and mecha-
nistic human studies (Zahm et al., 2024).

PFAS legislation is appearing across federal and state governments,
the National Academy of Sciences convened a workshop concerning
federal agency PFAS research gaps, and academic, community, and
private sector organizations are participating in innovative PFAS work.
Numerous federal and regulatory agency working groups have deter-
mined specific research needs and gaps related to PFAS exposure, and
there are ongoing robust public engagement efforts between federal
agencies, states, local communities, utilities, industry, and the public to
meet these needs. One clear knowledge gap is the adverse impact of
PFAS on the health of workers, a topic heavily reliant on understanding
dermal exposures (Fenton et al., 2021). This gap is reflected by the
federal PFAS strategic planning committee's statements that additional
pathways and routes of exposure to PFAS from indoor and outdoor en-
vironments need to be investigated (NSTC PFAS Strategy Team, 2023,
2024). This committee and others also emphasize the need to investigate
potential risks from dermal PFAS exposure to help inform risk
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management (ITRC, 2023). Although dermal exposure data for PFAS is
increasing, it is still limited (NSTC PFAS Strategy Team, 2023; Rag-
narsdottir et al., 2022).

The potential for worker dermal exposure to PFAS is high, both
during the manufacturing process and in post-manufacturing workplace
encounters with commercial products such as firefighting foams and
carpet or fabric protectants (Gaines and Nylander-French, 2023; Lucas
et al., 2023). Additionally, there is also concern for population exposure
through the skin from groundwater (McMahon et al., 2022; Tokranov
et al., 2024). Despite the potential for skin exposure, most research has
focused on the toxic effects of oral PFAS exposure. However, previous
data published in our laboratory and others suggest PFAS are absorbed
through the skin of animals and 3D tissue models (Franko et al., 2012;
Ragnarsdottir et al., 2024). Similar to what has been described following
oral exposure, PFOA is immunosuppressive following dermal exposure
when evaluated in a murine model (Fairley et al., 2007; Shane et al.,
2020). Since the potential for skin exposure to long-chain PFAS is still a
concern due to environmental persistence, and short-chain PFAS are
increasingly used both by consumers and occupationally (Gaines and
Nylander-French, 2023), it is important to further understand the po-
tential for penetration and the health risks from skin exposure to PFAS.

Therefore, the studies described in this manuscript are the comple-
tion of an effort to evaluate and compare the dermal penetration and
toxicity of a series of occupationally relevant PFAS following repeat
dermal exposure, including short-chain and long-chain (C4 to C8) PFAS
with sulfonic acid or carboxylic acid functional groups (Weatherly et al.,
2024a, 2024b; Weatherly et al., 2021; Weatherly et al., 2023). The PFAS
compounds of interest were selected for the studies based on known and
suspected worker exposures and include, perfluorobutanesulfonate
(PFBS), perfluoropentanesulfonate (PFPeS), perflurorohexanesulfonate
(PFHxS), perfluoroheptanesulfonate (PFHpS), perfluorooctanesulfonate
(PFOS) (sulfonic acids C4-8), perfluorobutyric acid (PFBA), per-
fluoropentanoic acid (PFPeA), perfluorohexanoic acid (PFHxA), per-
fluoroheptanoic acid (PFHpA), and perfluorooctanoic acid (PFOA)
(carboxylic acids C4-8) (Andres et al., 2024; Trowbridge et al., 2020;
Wu et al., 2019). This manuscript reports the data and findings for PFBS
and PFBA. The described studies provide data necessary to begin to
address gaps in PFAS exposure assessments and our understanding of the
hazards posed by PFAS exposure.

2. Materials and methods
2.1. Animals

Female B¢CgF; mice were used in these studies as they are the Na-
tional Toxicology Program's preferred strain for evaluating general
toxicity and have been used previously to investigate PFAS immuno-
toxicity (Shane et al., 2020; Weatherly et al., 2021; Weatherly et al.,
2023). All mice were purchased from Jackson Laboratory (Bar Harbor,
ME) at 7-8 weeks of age. Upon arrival, the animals were allowed to
acclimate for a minimum of 5 days. All animals were randomly assigned
to treatment groups, weighed, and individually identified via tail
marking using a permanent marker. Dose groups were identified by cage
cards. Both the dosing group as well as the animal numbers were
identified on each cage. The animals were housed 5 mice/cage in
ventilated plastic shoe box cages with hardwood chip bedding, modified
NIH-31 6 % irradiated rodent diet (Harlan Teklad — item #7913), and
sterile tap water from water bottles ad libitum. The temperature in the
animal facility was maintained between 65 and 78 °F and the relative
humidity between 30 and 70 %; a light/dark cycle was maintained at 12-
h intervals. All animal experiments were performed in an AAALAC
International-accredited National Institute for Occupational Safety and
Health (NIOSH) animal facility in accordance with an animal protocol
approved by the CDC-Morgantown Institutional Animal Care and Use
Committee. This activity was reviewed by CDC, deemed research not
involving human subjects, and was conducted consistent with applicable
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Fig. 2. Changes in relative organ weights after dermal exposure to PFBS or PFPeS. Analysis of changes in (A) liver, (B) kidney, (C) spleen, and (D) thymus weights
following 28 days of exposure. Organ weight data is displayed as % body weight. Each concentration represents the mean (+ SE) of 5 mice/group. Statistical
significance, relative to 0 % control, was determined by one-way ANOVA followed by Dunnett's post-test indicated as *p < 0.05, ***p < 0.001.

federal law and CDC policy.

2.2. Test articles and chemicals

Acetone [CAS #67-64-1] and perfluorobutane sulfonic acid (97 %,
PFBS) [CAS #375-73-5] were purchased from Sigma-Aldrich. Per-
fluoropentane sulfonic acid (95 %, PFPeS) [CAS #2706-91-4] was pur-
chased from SynQuest Laboratories.

2.3. PFAS exposures

To evaluate systemic toxicity, BsCsF; mice (5/group) were topically
treated on the dorsal surface of each ear (25 pL/ear) with vehicle
(acetone), PFBS (C4), or PFPeS (C5) concentrations (1.25, 2.5, 5 % v/v)
once a day for 28 consecutive days. This yielded an approximate topical
daily dose of 226, 113, or 57 mg/kg body weight of PFBS(C4) and 225,
113, and 56 mg/kg body weight of PFPeS. Five mice per group have
previously been shown to be sufficient to obtain statistical significance
(Weatherly et al., 2024a, 2024b; Weatherly et al., 2021; Weatherly et al.,
2023). These studies were conducted for the purpose of hazard identi-
fication, and the concentrations of PFBS and PFPeS were selected based
on an initial 7-day range finding study and previous skin exposure
studies conducted with various PFAS (Weatherly et al., 2024a, 2024b;
Weatherly et al., 2021, Weatherly et al., 2023). Body weights were
measured weekly and before exposure to ensure no overt toxicity was
occurring. Animals were euthanized by CO5 asphyxiation approximately
24 h after the last exposure.

2.4. Tissue processing

Following euthanasia, animals were weighed and examined for gross
pathology. The liver, spleen, kidneys, and thymus were removed,
cleaned of connective tissue, and weighed. Left and right auricular
draining lymph nodes (dLNs; draining the site of chemical application),
one half of the spleen, and one ear pinna were collected and placed in 4
mL RPMI for immune phenotyping as previously described (Weatherly
etal., 2021). Half of one ear pinna and a small lobe of the liver (caudate)
were placed in 0.5 ml of RNAlater for subsequent gene expression
analysis (see below). The remainder of the liver, spleen, ear pinna (1/2),
and one kidney (right) were collected in 10 % formalin for histopa-
thology analysis.

2.5. Serum chemistries

Blood samples were collected following euthanasia via cardiac
puncture, transferred to serum separation tubes, and separated by
centrifugation. The serum was frozen at —20 °C for subsequent analysis.
Selected serum chemistries were evaluated using a Catalyst DX Chem-
istry Analyzer (IDEXX Laboratories, Inc.; Westbrook, ME). Endpoints
analyzed included: alkaline phosphatase (ALKP), urea nitrogen (BUN),
glucose (GLU), alanine aminotransferase (ALT), and cholesterol (CHOL).

2.6. Analytical PFAS detection
Serum and urine samples were collected and analyzed for PFBS or

PFPeS by Vista Analytical Laboratory, following Vista's standard oper-
ating procedures (Vista Analytical Laboratory, El Dorado Hills, CA) of
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Fig. 3. Changes in serum chemistry after dermal exposure to PFBS or PFPeS. Analysis of changes in (A) alkaline phosphatase (ALKP), (B) glucose (C), cholesterol, (D)
alanine aminotransferase (ALT), and (E) urea nitrogen (BUN) following 28 days of exposure. Each concentration represents the mean (+ SE) of 4-5 mice/group.
Statistical significance, relative to 0 % vehicle control, was determined by one-way ANOVA followed by Dunnett's post-test, indicated as *p < 0.05, **p < 0.01.

solid phase extraction and liquid chromatography/tandem mass spec-
trometry (LC/MS/MS) using BEH C18 columns as previously described
(Shoemaker et al., 2008). Vista Analytical follows EPA method 537. An
aliquot of serum was collected (as described above) from each animal
following euthanasia. To have sufficient volume for analysis, voided
urine was pooled following euthanasia and stored at —20 °C. The initial
calibration and continuing calibration verifications met the acceptance
criteria as previously described (Shoemaker et al., 2008). No analytes
were detected in the method blank above the reporting limit (200 ng/

mL). The labeled standard recoveries for all quality controls and samples
were within the acceptance criteria as previously described (Shoemaker
et al., 2008). PFBS concentration was set to zero in samples where PFBS
was reported as ‘Not Detected.’

2.7. Flow cytometry

Flow cytometry was conducted as previously described (Weatherly
et al., 2021). For staining, single cell suspensions were resuspended in
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Table 1
Incidence and degree of organ injury following dermal exposure to PFBS or
PFPeS in mice.

28 days

PFBS (C4) (v/v) PFPeS (C5) (v/v)

Parameter 0 1.25 2.5 5 0 1.25 2.5 5
% % % % % % % %
Liver
Hypertrophy,
hepatocyte
Minimal 0 0 0 5 0 3 0 0
Mild 0 0 0 0 0 1 5 0
Moderate 0 0 0 0 0 0 0 5
Necrosis
Minimal 0 0 0 0 0 0 3 2
Ear/Skin
Epidermis
hyperplasia
Minimal 0 1 3 5 0 0 0 5
Mixed cell
inflammation,
dermis
Minimal 0 0 1 2 0 0 0 3

staining buffer containing anti-mouse CD16/32 antibody (Fc Block; BD
Biosciences), then incubated with a cocktail of fluorochrome-conjugated
antibodies specific for mouse cell surface antigens. For dLN and spleen
cells: B220-V500 (RA3-6B2), CD11b-PerCP-Cy5.5 (M1/70), CD8-PE-
CF594 (53-6.7), Siglec-F-PE (E50-2440), Ly6G-FITC (1A8) (BD Bio-
sciences), CD11c-eFluor 450 (N418), CD86-APC (GL1) (eBioscience),
CD45-Superbright 780 (30-F11), F4/80-PE-Cy7 (BMS8), MHCII-APC-
eF780 (M5/114.15.2) (Invitrogen), CD4-BV711 (RM4-5), Ly6C-AF700
(HK1.4) (BioLegend). For ear pinna cells: CD4-BV711 (RM4-5),
NKp46-BV605 (29A1.4) (BioLegend), CD8-PE-CF594 (53-6.7), CD3-
V500 (500A2), Ly6G-FITC (1A8), CD11b-PerCP-Cy5.5 (M1/70),
CD11c-AF700 (HL3), Siglec-F-PE (E50-2440) (BD Biosciences), F4/80-
PE-Cy7 (BM8), MHCII-APC-eF780 (M5/114.15.2), CD45-Superbright
780 (30-F11), FceRI-APC (MAR-1) (Invitrogen), CD117-eFluor 450
(2B8) (eBioscience). Ear total cellularity was determined using a Cell-
ometer with AO/PI (Nexcelom), and dLN and spleen total cellularity was
determined using a Z2 Coulter Particle Count and Size Analyzer (Beck-
man Coulter). Data was acquired on a LSR II flow cytometer (BD Bio-
sciences) and analyzed using FlowJo v10 software (TreeStar Inc.,
Ashland, OR). Cellular populations were defined using the gating stra-
tegies outlined in Supplemental Table 1; Fluorescence minus ones
(FMOs) were used as gating controls. An example of gating strategies for
dLN, spleen, and ear is outlined in (Weatherly et al., 2024b).

2.8. Gene expression

Ear (half an ear pinna/mouse) and liver (caudate) were homogenized
on a TissueLyser II in Buffer RLT (Qiagen). Total RNA was isolated using
Qiagen's RNeasy mini spin column kits with DNase treatment on a
QIAcube automated RNA isolation machine. RNA concentrations and
purity were analyzed on a NanoDrop spectrophotometer (Thermo Fisher
Scientific). The ¢cDNA was prepared from 1 to 2 pg of RNA on an
Eppendorf Mastercycler using Applied Biosystems' High-Capacity
Reverse Transcription kit. The cDNA was used as a template for real-
time PCR reactions containing TagMan PCR Master Mix with gene-
specific primers (Applied Biosystems) on a 7500 Real-Time PCR Sys-
tem. Relative fold gene expression changes (224°T) were determined
compared to vehicle controls and normalized for expression of reference
gene B-actin (Tagman). Evaluated genes are identified in Supplemental
Table 2, and those with greater than a two-fold statistically significant
change at any exposure were included in the results section.
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2.9. Histology

Each tissue sample stored in 10 % formalin was embedded in
paraffin, sectioned at 5 pm, stained with hematoxylin and eosin (H&E),
and evaluated by a veterinary pathologist at StageBio (Mason, Ohio)
using The Society of Toxicologic Pathology Guideline (Crissman et al.,
2004). Provantis™ pathology software v10.2.3.1 was utilized for data
capture and table generation. Histopathology grades were assigned as
grade 1 (minimal), grade 2 (mild), grade 3 (moderate), grade 4
(marked), or grade 5 (severe) based on an increasing extent of change.
The criteria used for skin grading were previously described (Weatherly
et al., 2021).

2.10. Statistical analysis

A one-way analysis of variance (ANOVA) was conducted for analysis
of the data generated from the described animal studies. If the ANOVA
showed significance at p < 0.05, the Dunnett's Multiple Range post-test
was used to compare treatment groups with the control group. No
correction for multiple endpoints has been applied. Statistical analysis
was performed using GraphPad Prism version 9.2 (San Diego, CA). Re-
sults represent the mean + standard error (SE) of 4-5 mice per group.
Statistical significance is designated by *p < 0.05, **p < 0.01, and ***p
< 0.001.

3. Results

3.1. PFBS and PFPeS increased serum and urine PFAS concentrations
after 28-day dermal exposure

A significant increase in PFBS serum concentration was observed
with 1.25, 2.5, and 5 % PFBS (Fig. 1A); levels increased from 0 pg/mL
(control) to 4.3, 6.72, and 13.6 pg/mL, respectively. PFPeS levels in the
serum were also significantly increased with 1.25, 2.5, and 5 % expo-
sure, increasing from 0.766 pg/mL (control) to 41, 79.8, and 119.2 pg/
mlL, respectively (Fig. 1A), suggesting potential absorption occurring
following PFAS dermal exposure. In general, serum PFPeS levels were
higher than those for PFBS. Statistical analysis could not be performed
on the urine samples as each concentration was from five pooled sam-
ples with a single data point. Urine PFBS concentration increased from
0 (control) to 72 pg/mL with 1.25 % PFBS, 250 pg/mL with 2.5 % PFBS,
and 310 pg/mL with 5 % PFBS (Fig. 1B). Urine PFPeS concentration
increased from 1.5 (control) to 220 pg/mL with 1.25 % PFPeS, 430 pg/
mL with 2.5 % PFPeS, and 470 pg/mL with 5 % PFPeS (Fig. 1B). Notably,
the longer-chain PFAS, PFPeS, had higher levels detected in the serum,
but not in the urine.

3.2. Both PFBS and PFPeS dermal exposure for 28 days resulted in
significantly altered organ weights

A significant increase in relative liver weights was observed with
PFBS and PFPeS, along with a decrease in spleen weight with PFPeS
exposure (Fig. 2). Relative liver weight significantly increased following
exposure to 2.5 and 5 % PFBA and PFPeS (11, 14 %, and 32, 63 %,
respectively, vs. values for vehicle-treated mice) (Fig. 2A). Relative
spleen weights were significantly decreased by 18 % with the highest
PFPeS (5 %) concentration (Fig. 2C). No change in relative weight was
observed in the thymus or kidneys (Fig. 2B, D). No overt toxicity was
observed with PFBS or PFPeS exposure, as measured in loss of body
weight (Supplemental Fig. 1). Absolute organ weights not corrected for
total body weight are reported in Supplemental Table 3, with significant
increases only in liver mass with 1.25, 2.5, and 5 % PFPeS exposure. No
significant changes in any absolute organ weights were observed with
PFBS.
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Fig. 4. Altered liver gene expression following 28 days of dermal exposure to PFBS or PFPeS. Changes in (A) Acox1, (B) Cd36, (C) Ehhadh, (D) Cyp4al0, (E) Avprla,
and (F) Ppary were evaluated. Data is shown as the mean (+ SE) of 4-5 mice/group. Statistical significance, relative to 0% vehicle control (VC), was determined by

one-way ANOVA with Dunnett's post-test, where *p < 0.05, **p < 0.01, ***

3.3. Dermal exposure to PFBS or PFPeS alters serum chemistries

After 28 days of PFBS or PFPeS exposure, there was a significant
increase in serum glucose (5 % PFBS; 1.25, 2.5, 5 % PFPeS) and alkaline
phosphatase (ALKP) (5 % PFPeS) (Fig. 3A, B). Glucose increased
following 5 % PFBS exposure by 25 % and by 28, 24, and 25 % with
PFPeS exposure (1.25, 2.5, and 5 %, respectively) (Fig. 3B). ALKP
increased 47 % but only following exposure to 5 % PFPeS (Fig. 3A). No
significant changes were observed in cholesterol, ALT, or BUN (Fig. 3C-
E).

p < 0.001.

3.4. Exposure to PFBS or PFPeS results in histopathological changes in the
liver and skin

Histopathology examination of the liver revealed PFBS exposure
induced minimal hepatocellular hypertrophy in all 5 % exposed animals
(Table 1). Hepatocellular hypertrophy was characterized by decreased
glycogen content, increased cytoplasmic eosinophilia, and increased
hepatocyte volume predominantly in centrilobular locations. Similarly,
but to a greater degree, PFPeS exposure induced minimal hepatocellular
hypertrophy with 1.25 % (3/5 mice), mild hypertrophy in 1.25 % (1/5)
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Fig. 5. Skin gene expression following 28 days of dermal exposure to PFBS or PFPeS. Changes in (A) Tslp, (B) S100a7, (C) S100a8, (D) Flg, (E) Fig2, (F) Lor, and (G)
Krt10 were evaluated. Data shown as the mean (+ SE) of 4-5 mice/group. Statistical significance, relative to 0% vehicle control (VC), was determined by one-way
ANOVA with Dunnett's post-test, where *p < 0.05, **p < 0.01.

Table 2
Skin phenotyping of mice dermally exposed to PFBS or PFPeS.
28 days

Skin PFBS (C4) (v/v) PFPeS (C5) (v/v)
Parameter 0 % 1.25% 25% 5% 0 % 1.25% 2.5 % 5%
Cellularity (x 10%) 1.10 £ 0.16 1.32 £ 0.08 1.18 £ 0.09 1.11 £ 0.09 1.03 + 0.07 1.01 + 0.09 1.13 £ 0.06 1.17 £ 0.08
CD45" (x 104) 7.81 £+ 0.95 10.10 +£ 0.74 11.80 + 0.88* 15.60 + 0.17*** 11.00 +1.13 9.95 + 1.39 11.60 + 1.67 13.50 +£ 0.14
CD45" (%) 7.21 £0.26 7.72 £ 0.53 10.21 + 0.85* 14.04 + 0.82%** 10.60 + 0.46 9.67 + 0.88 10.04 £+ 1.07 11.43 + 0.51
CcD4t (x 10%) 1.52 £ 0.19 2.34 £0.38 3.50 + 0.25%* 5.10 + 0.58** 1.87 £ 0.21 2.51 £ 0.45 2.83 £0.38 4.62 + 0.77**
CD4™ (%) 1.96 £ 0.12 2.27 £0.23 2.98 + 0.19** 3.28 + 0.10%** 1.70 + 0.10 2.43 £ 0.22 2.51 + 0.26* 3.33 + 0.23%**
cDp8* (x 10%) 1.16 £ 0.17 1.63 + 0.41 1.88 + 0.20 2.39 + 0.20* 2.97 £ 1.00 1.78 £ 0.14 1.89 + 0.34 2.62 £ 0.47
CD8" (%) 0.16 £+ 0.03 0.16 £ 0.03 0.16 £ 0.02 0.16 + 0.01 0.26 £ 0.06 0.19 £+ 0.02 0.16 £+ 0.01 0.19 £ 0.02
NK (x 10%) 1.93 £ 0.26 2.14 £0.34 4.79 + 0.45%* 5.40 + 0.80*** 0.42 £ 0.04 0.38 £ 0.07 0.42 £ 0.06 0.76 £ 0.21
NK (%) 2.51 £ 0.29 2.06 £ 0.19 4.06 + 0.32** 3.46 £ 0.33 0.39 £+ 0.04 0.37 £ 0.02 0.36 + 0.02 0.55 £0.13
Eosinophils (x 10%) 2.77 £ 0.64 3.49 £ 0.29 3.69 £ 0.24 7.80 + 0.86%** 2.21 £0.28 3.48 +£ 0.54 3.56 + 0.64 7.21 + 1.83**
Eosinophils (%) 3.60 £ 0.68 3.51 £0.36 3.15 £ 0.20 5.03 £ 0.37 2.03 £0.20 3.61 £ 0.40 3.03 £0.21 4.96 + 0.86**
Neutrophils (x 102) 8.59 + 3.41 4.00 £+ 0.58 3.12 £ 0.57 15.00 £+ 4.90 10.90 + 5.43 3.69 + 0.80 15.80 £+ 9.00 12.30 + 3.91
Neutrophils (%) 1.05 + 0.34 0.40 £+ 0.06 0.27 + 0.05* 0.90 + 0.23 1.14 + 0.58 0.35 + 0.04 1.10 £ 0.51 0.90 £+ 0.28
Total DCs (x 10%) 5.06 £ 0.52 6.92 £ 0.58 9.21 + 0.74* 11.90 + 1.42%** 7.90 £ 0.64 7.93 £1.29 9.07 £1.12 13.10 + 2.13*
Total DCs (%) 6.52 + 0.30 6.81 £ 0.15 7.78 + 0.24** 7.66 + 0.22** 7.24 £0.17 7.80 + 0.57 7.98 + 0.38 9.44 + 0.64*

Values are expressed as the means (+ SE) for each group (n = 5 mice/group).
*p < 0.05, **p < 0.01, ***p < 0.001.
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Table 3
Spleen phenotyping of mice dermally exposed to PFBS or PFPeS.
28 days

Spleen PFBS (C4) (v/v) PFPeS (C5) (v/v)
Parameter 0 % 1.25% 25% 5% 0% 1.25% 2.5% 5%
Cellularity (x 10%) 1.23 +£0.03 1.36 £ 0.16 1.17 £ 0.04 1.19 + 0.09 0.88 + 0.04 0.87 +£0.14 0.67 £+ 0.06 0.55 £ 0.10
CcDh4' (x 107) 2.75 £ 0.09 297 £ 0.5 2.62 £0.13 2.68 £0.21 2.23 £0.08 1.92 + 0.03 1.65 + 0.15 1.33 + 0.23*
CD4" (%) 22.42 + 0.58 21.60 + 0.94 22.36 + 0.82 22.42 + 0.18 25.24 + 0.49 22.82 +1.43 24.94 +1.08 24.22 +£1.03
CD8" (x 10°%) 13.50 + 1.48 16.10 + 0.94 17.60 + 2.42 16.40 + 1.25 14.40 £+ 0.61 12.10 + 1.65 10.60 £+ 1.00 8.30 + 1.44**
CD8" (%) 13.10 + 0.45 12.84 + 0.44 13.04 + 0.75 13.76 + 0.33 16.38 + 0.64 14.24 + 0.76 15.94 + 0.70 15.12 + 0.56
B-cells (x 107) 4.68 + 0.13 5.22 £ 0.54 4.42 £0.16 4.38 £ 0.30 292 £0.16 3.23 £ 0.58 2.27 £0.27 1.96 + 0.37
B-cells (%) 38.16 + 0.73 38.56 + 1.12 37.76 + 0.86 36.80 + 0.32 33.04 + 0.85 36.36 + 1.69 33.78 +1.83 35.30 £ 1.15
NK (x 10%) 29.00 + 4.26 23.80 +£1.24 32.10 + 3.65 26.70 + 2.68 26.50 + 1.33 27.10 + 3.82 20.20 + 3.15 11.20 + 1.46**
NK (%) 1.94 £ 0.08 2.37 + 0.07* 2.61 + 0.17** 2.22+£0.11 3.01 £0.11 3.17 £ 0.16 3.01 £0.37 2.16 £0.22
Neutrophils (x 105) 16.90 + 1.56 14.50 + 2.03 12.30 + 1.98 15.00 + 2.60 9.02 £+ 0.83 6.98 +1.37 4.11 £ 0.47 4.12 £ 0.79
Neutrophils (%) 1.38 £0.12 1.07 £0.12 1.06 +0.18 1.24 £ 0.16 1.02 £+ 0.08 0.79 £+ 0.06 0.61 £+ 0.02 0.75 £+ 0.04
Dendritic Cells (x 10%) 2.96 £ 0.33 2.65 £ 0.03 2.99 £ 0.50 2.59 £ 0.20 1.25 £ 0.07 1.35 £ 0.22 1.07 £ 0.11 0.87 £ 0.20
Dendritic Cells (%) 2.16 £ 0.04 2.16 £0.12 2.21 £0.10 2.18 £0.10 1.42 £+ 0.06 1.56 + 0.14 1.60 + 0.05 1.56 + 0.12
CD11b* (x 10°) 5.59 £ 0.18 6.40 = 0.73 5.82+0.13 591 +£0.71 2.72+0.14 3.36 £ 0.55 2.30 £ 0.27 1.82 +£0.37
CD11b* (%) 4.55 + 0.10 4.70 £ 0.09 498 £ 0.10 4.90 £ 0.31 3.08 £0.11 3.85 + 0.15* 3.43 £0.22 3.29 £0.21

Values are expressed as the means (+ SE) for each group (n = 5 mice/group).
*p < 0.05, **p < 0.01, ***p < 0.001.

and 2.5 % (5/5), and moderate hypertrophy with 5 % (5/5) (Table 1).
With increasing severity, more of the hepatic plate was affected.
Moderately affected individuals also had distortion of the hepatic cords
surrounding the central vein. Individual animals dosed with 2.5 and 5 %
PFPeS also had focal or multifocal randomly distributed necrosis of
hepatocytes, which was likely related to hepatocellular hypertrophy.
Minimal hepatocyte necrosis occurred in 3/5 mice in 2.5 % and 2/5 mice
in 5 % PFPeS exposure groups. No necrosis was observed with PFBS
exposure. No histopathological changes were observed in the liver with
0 % PFBS or PFPeS vehicle controls.

At the site of exposure, dose-related epidermal hyperplasia, or an
increased number of keratinocyte layers, was observed with PFBS and
PFPeS exposure. Minimal hyperplasia was observed at 1.25 % (1/5
mice), 2.5 % (3/5), and 5 % (5/5) PFBS and with 5 % PFPeS (5/5)
(Table 1). Minimal mixed cell inflammation was also observed in the
dermis with 2.5 % (1/5) and 5 % (2/5) PFBS and with 5 % (3/5) PFPeS
exposure (Table 1). Mixed cell inflammation was characterized by
neutrophils, lymphocytes, and/or macrophages scattered within the
dermis subjacent to areas of epidermal hyperplasia. No histopatholog-
ical changes were observed in the skin within any of the 0 % control
groups (acetone). No biologically significant changes were identified in
the spleen or kidney with exposure.

3.5. Dermal PFBS and PFPeS exposure results in changes in gene
expression in the liver and skin

Select gene expression profiles in the liver were investigated based
on gene profiling data generated from previous findings, summarized in
Table 4 (Weatherly et al., 2024b). Most of the significant responses
demonstrated a dose-dependent trend for both liver and skin. Genes
with statistically significant differences in the liver that also exhibited
greater than a 2-fold change in expression are shown in Fig. 4. Genes
with statistically significant differences in the liver but less than a 2-fold
change in expression are shown in Supplemental Fig. 2. Genes involved
in steatosis (Cd36), fatty acid metabolism (Acox1, Cyp4al0, Ehhadh),
hepatoxicity (Avprla), and PPAR ligand transport (Cd36) were signifi-
cantly altered with either PFBS or PFPeS exposure (Fig. 4). Increases in
Acox1 (2.13 and 2.97-fold) and Cd36 (4.24 and 8.00-fold) were unique
to PFBS and observed with 2.5 and 5 % exposure respectively (Fig. 4A,
B). PFBS (2.5 and 5 %) induced increases in Ehhadh (2.79 and 6.59-fold)
and Cyp4al0 (5.34 and 9.20-fold), and 5 % PFPeS increased Ehhadh

4.05-fold and Cyp4a10 36.87-fold (Fig. 4C, D). A decrease in Avprla was
demonstrated with 2.5 and 5 % PFPeS (0.48 and 0.48-fold) (Fig. 4E); no
change was observed following PFBS exposure. PPAR isoforms were also
evaluated, with Ppary expression increasing with 5 % PFBS and 2.5 and
5 % PFPeS exposure (Fig. 4F). Gene expression of Apoal, Cyp7al, Ppars,
and Serpinel was not altered in the livers with either PFBS or PFPeS
exposure (data not shown).

The dermal toxicity was further evaluated with investigations of
inflammatory responses and skin barrier integrity. In the skin, the
danger signal, Tslp, increased with 5 % PFBS (5.30-fold) and PFPeS
(3.82-fold) exposure (Fig. 5A). Expression of both danger-associated
molecular patterns (DAMPs) S100a7a and S1008a significantly
increased in the skin following PFBS exposure, with S100a7a having the
largest increase (5 %; 11.92-fold) (Fig. 5B, C). Similar changes were
observed with 4 skin barrier integrity genes following exposure to PFBS
or PFPeS (Fig. 5). PFBS (2.5 and 5 %) and PFPeS (5 %) exposure
increased Flg gene expression (Fig. 5D) while FIg2 increased with 2.5 %
PFBS and PFPeS (Fig. S5E). Gene expression of Lor and Krt10 increased
with 2.5 % PFBS, while PFPeS exposure significantly increased Lor with
2.5 % and Krt10 with 2.5 % and 5 % (Fig. 5F, G). Gene expression of
Cxcll, II-1p, II-6, Itgbl1, Krt14, Ppara, 5, or y, and Serpinel was not altered
in the skin with either PFBS or PFPeS exposure (data not shown).

3.6. Dermal exposure of PFBS or PFPeS for 28 days results in significant
phenotypic changes in the skin, dLN, and spleen

Phenotypic analysis of the ear pinna following 28 days of PFBS and
PFPeS exposure showed alterations of several cellular sub-groups
(Table 2). Interestingly, PFBS demonstrated more phenotypic changes
in the ear compared to PFPeS. In the absence of increases in total
cellularity, PFBS (2.5 and 5 %) exposure significantly increased cell
number and frequency of CD45" cells, CD4™" cells, natural killer cells
(NK), and dendritic cells (DC). PFBS exposure also increased CD8" and
eosinophil cell numbers but decreased neutrophil cell frequency
(Table 2). PFPeS (5 %) only increased CD4™, eosinophil, and DCs cell
numbers and frequency (Table 2). The increased changes following PFBS
were supported, in part, by the gene expression and histological
evaluations.

Fewer changes were observed in the dLN and spleen. In the spleen,
PFBS increased NK cell frequency (1.25 and 2.5 %) while PFPeS
decreased CD4", CD8", and NK cell number (5 %) (Table 3). Although
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not reaching statistical significance, there was a decreasing trend in
spleen cellularity following PFPeS exposure. In the dLN, PFBS increased
CD8™ cell numbers (2.5 %) and decreased eosinophil cell frequency (2.5
and 5 %) while PFPeS increased eosinophil cell number with only the
1.25 % exposure (Supplemental Table 4).

Weatherly et al.,

Weatherly et al.,
2024a

Weatherly et al.,
2024a

Reference
2024b

4. Discussion

High-quality scientific data to better understand PFAS exposure
g- 92 g pathways and toxicological mechanisms to inform federal decisions that
reduce risks to human health and the environment is needed (ITRC,
2023). Additionally, scientific interest and research efforts to identify
PFAS alternatives or understudied PFAS and evaluate their effects on
See « « human health are growing. A wide range of chemical structures exist
under the definition of PFAS, including precursor compounds that
transform into varying PFAS. This provides opportunities to prioritize
PFAS individually or by defined categories according to their chemical
structure, physical-chemical properties, toxic effects, occurrence, use, or
other characteristics.

This paper is the final in a series to investigate the systemic and
immunotoxicity of representative sulfonic and carboxylic acid PFAS
following dermal exposure in a murine model. The results presented in
this manuscript report the findings for the sulfonic acids, PFPeS and
PFBS. In general, the results were similar for the two compounds, as
evidenced by liver weights, gene expression, pathology, spleen weights,
and serum chemistries. These findings align with previous reports for the
longer chain sulfonic acid PFAS (PFHxS, PFHpS, and PFOS) and suggest
that systemic and immunotoxicity potential is linear in relation to car-
bon chain length for the tested sulfonic acids, Tables 4-7 (Weatherly
et al., 2024a, 2024b). A hallmark of PFAS exposure in mice is increased
liver weights. Exposure to both PFAS, PFBS or PFPeS, resulted in sig-
nificant increases in liver weight. However, the increase in relative liver
weight was larger for PFPeS-exposed mice compared to PFBS-exposed
mice. Hepatic effects were also reinforced by changes in liver gene
expression, histopathology, and elevated ALKP (PFPeS only), which also
supported increased toxicity for the longer carbon-chain PFAS. While
the general trends in liver gene expression were similar for the two
PFAS, unique differences were identified. For example, while PFBS
exposure resulted in increased expression of AcoxI and Cd36, genes that
have key roles in liver fatty acid metabolism and serum lipid abundance
(Luetal., 2024; Wilson et al., 2016), PFPeS exposure reduced expression
of Avprla, a gene which may have a role in glucose metabolism
(Yoshimura et al., 2021). However, when comparing these findings to
the other sulfonic acids tested, these and other genes were altered
following exposure to the longer-chain PFAS (C5-C8; Table 4), with a
generally larger fold change with longer chain length.

In addition to the liver, the spleen was the only other organ
demonstrating alterations in weight following exposure. While PFBS and
PFPeS were not evaluated for immune function, exposure to the highest
dose of PFPeS reduced spleen weights, suggesting potential immuno-
toxicity. PFPeS exposure also decreased CD4', CD8", and NK cell
numbers in the spleen, but only at the highest concentration tested
(Table 3). Although not reaching statistical significance, there was a
decreasing trend in spleen cellularity also supporting the potential for
immunotoxicity. No biologically significant spleen changes were
observed for PFBS. The longer chain length sulfonic acid PFAS were all
identified to be immunosuppressive, with their immunotoxicity also
being linearly related to carbon chain length for the sulfonic acids
(Table 5). Together, this suggests that sulfonic acid PFAS might target
the adaptive immune system.

Similar to the other sulfonic acid PFAS that were investigated
(Weatherly et al., 2024a, 2024b) (Table 6), PFBS and PFPeS were
detected in the serum and urine following 28 days of exposure, with
higher levels of PFPeS detected in the serum, suggesting a longer
retention time or differing skin absorption rates based on carbon chain
length. Exposure to 1.25 % for C4-7 PFAS compounds resulted in serum

*(kidney)
NC

ALKP  BUN

ALT
NC
NC

1
1
1

Gene Expression”
Acox1, Apoall, Avprlal, Cd36, Cptlb, Ctse, Cyp4al0, Ehhadh, Fabp1, Lpl, Pla2g12a, Ppars),

Acox1, Apoall, Avprlal, Cd36, Cptlb, Cyp4al0, Cyp7all, Ehhadh, Lpl, Pla2g12a,
Serpinel

Ppars), Ppary, Serpinel

Acox1, Cd36 Cyp4al0, Ehhadh, Lpl, Ppara, Ppary
Avprlal, Cptlb, Cyp4al0, Ehhadh, Pla2g12a, Ppara, Ppary

Acox1, Apoall, Avprlal, Cd36, Cptlb, Ctse,
Cyp4al0, Ehhadh, Fabp1, Lpl, Pla2g12a,

Pparé), Serpinel

Minimal to moderate hypertrophy, minimal necrosis

Marked hypertrophy, minimal to mild necrosis,

inflammation
Mild to marked hypertrophy, minimal necrosis,

inflammation
Moderate hypertrophy, minimal necrosis

Minimal hypertrophy

Histology

Weight
T
T
T
T

No change in kidney weights for any compound evaluated.
# Gene expression is increased unless otherwise noted.

Liver Histology, Gene Expression, and Serum Chemistry

C4 (PFBS)
C5 (PFPeS)
C6 (PFHXS)
C7 (PFHpS)
C8 (PFOS)

*

Comparison of liver changes following dermal exposure to sulfonic acid PFAS in mice.

Note: No change (NC).

Table 4
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Table 5

Comparison of immune outcomes of dermal exposure to sulfonic acid PFAS in mice.
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Spleen Function, Pathology, and Phenotyping

PFAS Spleen Histology Phenotyping Response to SRBC NK cell Thymus Reference
Weights immunization activity Weights
C4 (PFBS) NC NC 1 % NK ND ND NC
C5 (PFPeS) | NC | # CD8, CD4, and NK ND ND NC
C6 (PFHxS) l Mild decreased cellularity, | # Total cells l NC 1 Weatherly et al.,
lymphocyte 1 % CDS8, CD4 2024b
| % B-cells and NK cells
1 % Neutrophils
C7 (PFHpS) | Minimal decreased cellularity, | # Total cells | 1 | Weatherly et al.,
lymphocyte 1 % CD8, CD4 2024a
| # B-cells
C8 (PFOS) 1" Minimal decreased cellularity, | # Total cells l 1 | Weatherly et al.,
lymphocyte 1 % CD8, CD4 2024a
1 #, % B-cells
1 % DC
Note: Sheep Red blood cells (SRBC); No change (NC); Not determined (ND).
" The weight of the organ is only significantly decreased by absolute weight not by % body weight.
Table 6
Comparison of metabolic changes and PFAS burden following dermal exposure to sulfonic acid PFAS in mice.
Metabolism and PFAS Burden
Cholesterol (mg/dL) Glucose (mg/dL) Serum (pg/mL) * Urine (pg/mL) * Reference
C4 (PFBS) NC 1 4.3 72
C5 (PFPeS) NC 1 41 220
C6 (PFHxS) | | 440 43 Weatherly et al., 2024b
C7 (PFHpS) 1 1 250 8.10 Weatherly et al., 2024a
C8 (PFOS) | NC 145.6 0.82 Weatherly et al., 2024a
Note: No change (NC).
" Exposure concentration for serum and urine data is 1.25 % for C4-C7 compounds and 0.5 % for C8.
Table 7
Dermal changes following topical exposure to sulfonic acid PFAS in mice.
Skin Histology, Gene Expression, and Phenotyping
Histology Inflammation Gene Expression* Skin Integrity Gene Phenotyping Reference
Expression*
C4 (PFBS) Minimal hyperplasia and $100a7, S100a8, Tslp Flg, Flg2, Krt10, Lor 1 % CD4
inflammation 1 % NK
C5 (PFPeS) Minimal hyperplasia and Tslp Flg, Flg2, Krt10, Lor 1 % CD4
inflammation 1 % Eosinophils
C6 (PFHxS) NC Cxcll, II-6, Ppars, Ppary|, S100a8, Serpinel, Tslp Flg, Lor 1 % CD8 and CD4 Weatherly et al.,
1 % NK 2024b
1 % Neutrophils
C7 (PFHpS) Minimal to mild hyperplasia 1I-6\, Pparal, Ppary, Serpinel, Tslp Flg, Itgb1], Krt10], 1 % CD8 Weatherly et al.,
Krti4) 1 % Eosinophils 2024a
1 % Neutrophils
C8 (PFOS) NC 1-61, Pparal, Ppars Flg|, Itgb1], Krt10l, 1 % CD8 Weatherly et al.,
Krt14) 1 % NK 2024a

Note: No change (NC).
" Gene expression is increased unless otherwise noted.

levels ranging from 4 to 440 pg/mL (Table 6). In general, the longer the
sulfonic acid PFAS carbon chain, the lower the detection in the urine (72
pg/mL for PFBS versus 8 pg/mL for PFHpS), supporting a longer half-life
and slower urinary elimination of the compound (Table 6). While po-
tential oral exposure due to grooming and drinking water could not be
avoided, these findings support the possibility of exposure via the skin.

The limited understanding of the dermal exposure route constitutes a
serious knowledge gap, especially in light of the use of PFAS at relatively
high concentrations in occupational settings and in consumer products
that contact human skin for prolonged periods (Namazkar et al., 2024).
Although studies are limited, exposure through the skin is supported by
research conducted in our laboratory and by others (Chen et al., 2022;
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Ragnarsdottir et al., 2023). Further considerations of factors affecting
PFAS absorption, such as exposure conditions (dose, duration, surface
area, exposure frequency), conditions of the skin surface (hydration,
temperature, pH), and application sites, need consideration (Lin et al.,
2023).

The molecular response in the skin for both PFAS was similar and
included minimal hyperplasia and inflammation. Supporting the histo-
logical findings, changes in inflammatory genes, including Tslp, were
observed. Similar to the liver, the inflammatory gene expression changes
increased in number and fold change with increasing carbon chain
length (Table 7). Changes in skin integrity genes were observed for all
compounds, with Flg being altered for all tested PFAS (Table 7). The
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phenotypic changes in the skin were minimal, with no obvious trends.
While these findings support an impact on the skin, additional research
is warranted.

There is an established relationship between PFAS exposure and
metabolism; PFOA and PFOS have been reported to correlate with
increased cholesterol levels in human serum (Dunder et al., 2022;
Ragnarsdottir et al., 2022). Interestingly, PFBS and PFPeS did not result
in changes in cholesterol levels here; however, PFHxS and PFOS
significantly decreased cholesterol, while PFHpS exposure resulted in
increased levels (Table 6). Inconsistent trends were observed for the
carboxylic acids tested as well; while PFBA increased cholesterol,
consistent changes were not reported with PFPeA, PFHxA, or PFHpA
exposure (Weatherly et al., 2021, 2023). Inconsistent trends were also
observed for glucose levels (Table 6). Increased levels of glucose were
reported for all carboxylic acids, while PFBS and PFPeS increased
glucose, PFHxS and PFHpS decreased glucose, and no change was
observed at the single concentration tested for PFOS (Weatherly et al.,
2021, 2023). Several putative molecular initiating events for PFAS, in
addition to nuclear receptor activation, include gap junctional inhibition
to disrupt cell-cell communication, mitochondrial dysfunction, inter-
ference of protein binding, partitioning into lipid bilayers, oxidative
stress, altered calcium homeostasis, and inappropriate activation of
molecular signals controlling cell functions have been suggested; many
of these effects are consistent with a nonspecific action of PFAS on the
cellular lipid membrane (Bourre et al., 1989; Casares et al., 2019; Dodes
Traian et al., 2012; Spector and Yorek, 1985). However, these events
lack robust evidence to support a specific pathophysiological role in the
multifaceted effects of PFAS. A better characterization of the modes of
action or adverse outcome pathways (AOPs) for PFAS toxicities remains
an important area of future investigation necessary to improve our un-
derstanding of PFAS impacts on human health (Liu et al., 2023).

A need for the characterization of common toxicological mechanisms
and health effects resulting from PFAS exposure, including the potential
classification of PFAS by toxicological mechanism and/or health effects,
has been identified. While the liver was the only organ consistently
affected by all PFAS tested (sulfonic acids and carboxylic acids; C4-C8),
unique differences were identified between the two classes of PFAS.
Particularly, immunotoxicity was linear for the sulfonic acids relating to
chain length (Table 5) but was not observed for the carboxylic acids
apart from PFOA. This may indicate different toxicological mechanisms
between these classes of PFAS. However, differing toxicokinetic prop-
erties relating to functional group may also contribute to observed dif-
ferences in toxicity. Exposure to sulfonic acid PFAS generally resulted in
higher serum PFAS burdens relative to the serum burdens observed with
carboxylic acid PFAS exposure (Weatherly et al., 2024a, 2024b;
Weatherly et al., 2023). To illustrate, while exposure to the C4-7 sul-
fonic acid PFAS at 1.25 % resulted in serum PFAS concentrations from 4
to 440 pg/mL (Table 6), exposure to carboxylic acids PFPeA (C5) or
PFHxXA (C6) at 1.25 % resulted in average serum concentrations of 1.86
and 1.65 pg/mL (Weatherly et al., 2023). Additionally, the carboxylic
acids were eliminated in the urine at higher concentrations than the
sulfonic acids, also in a carbon chain length-associated manner
(Weatherly et al., 2024a, 2024b; Weatherly et al., 2023). Exposure to the
C5-7 sulfonic or carboxylic acid PFAS at 1.25 % resulted in urine sul-
fonic PFAS concentrations ranging from 8.10 to 220 pg/mL for the
sulfonic acids (Table 6) and 340-3200 pg/mL for the carboxylic acids.
Further work is needed to delineate the contributions of toxicokinetic
properties versus molecular mechanisms in the health hazards associ-
ated with carboxylic vs sulfonic acid PFAS.

Due to the pervasive and persistent nature of these compounds,
additional data is needed to better understand their potential acute and
chronic health effects. Ultimately, the collective findings from these
studies will help to address research gaps related to PFAS toxicity. While
additional research is needed to underline the mechanisms of action,
comparing skin absorption of different length and structure compounds
is fundamental science that will help to inform discussion about
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assessment, prevent or minimize future exposure, and gain knowledge
about toxicity.
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