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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Bryan Delaney Per- and polyfluoroalkyl substances (PFAS) are a class of synthetic structurally diverse chemicals incorporated
into industrial and consumer products. PFHpA, PFHxA, and PFPeA are carboxylic PFAS (C7, C6, C5, respectively)
labeled as a safer alternative to legacy carboxylic PFAS due to their shorter half-life in animals. Although there is
a high potential for dermal exposure, these studies are lacking. The present study conducted analyses of serum
chemistries, immune phenotyping, gene expression, and histology to evaluate the systemic toxicity of a sub-

chronic 28-day dermal exposure of alternative PFAS (1.25-5% or 31.25-125 mg/kg/dose) in a murine model.
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Toxici
Immur?; Liver weight (% body) significantly increased with PFHpA, PFHxA, and PFPeA exposure and histopathological
Dermal changes were observed in both the liver and skin. Gene expression changes were observed with PPAR isoforms in

Liver damage the liver and skin along with changes in genes involved in steatosis, fatty acid metabolism, necrosis, and

Ppar inflammation. These findings, along with significant detection levels in serum and urine, support PFAS-induced
liver damage and PPARq, 8, and y involvement in alternative PFAS systemic toxicity and immunological
disruption. This demonstrates that these compounds can be absorbed through the skin and brings into question
whether these PFAS are a suitable alternative to legacy PFAS.

1. Introduction

Per- and polyfluoroalkyl substances (PFAS) are a class of structurally
diverse chemicals used in industrial and consumer products. Due to their
amphiphilic properties, PFAS are used in flame-retardant products,
water and grease repellent products, nonstick cookware, carpets, leather
products, and firefighting foams (Lindstrom et al., 2011). The fluori-
nated hydrophobic carbon chain and hydrophilic head structure along
with the carbon-fluoride bond strength also makes these compounds
very stable and resistant to degradation (Kirsch, 2013). The above
properties have led to detection and persistence in the environment and
in the human body (Calafat et al., 2007; Lau et al., 2007). The legacy
PFAS perfluorooctanoic acid (PFOA) and perfluorooctane sulfate (PFOS)
are the two most common PFAS found in the environment and therefore
the most studied. However, due to health concerns, efforts are in place to
phase-out legacy PFAS by regulatory actions to eliminate their produc-
tion (U.S. EPA 2022b).

Due to the phasing out of the legacy PFAS, alternatives are being
used as replacement chemicals. Carboxylic PFAS are considered long-

alkyl chain if they contain 7 or more carbons in their carbon chain. In
humans, the long-chain PFAS (PFOA and PFOS, both containing 8 car-
bons) have half-lives of 2.1-10.1 and 3.3-27 years, respectively (ATSDR,
2021). Short-alkyl chain PFAS contain 6 or less carbons and can result
from break-down products of long-chain PFAS (Li et al., 2020). Some of
the most common alternative carboxylic PFAS include PFHpA, PFHXA,
and PFPeA. PFHpA is an alternative PFAS containing 7 carbons with an
estimated half-life of 62-70 days in humans (Russell et al., 2015; Xu
et al., 2020) and PFHXA contains 6 carbons with an estimated half-life of
32 days in humans (Russell et al., 2013). PFPeA contains 5 carbons and
although elevated levels in drinking water have been observed, serum
levels in human populations have been below the limits of detection and
no half-life has been established (Xu et al., 2020). These short-alkyl
chain PFAS tend to be considered a safer alternative mainly due to
their shorter half-life (Wang et al., 2013). It is important to note that
PFOA, while having an 8-carbon chain, has 7 fully fluorinated carbons.
Likewise, PFHpA, PFHxA, and PFPeA have 6, 5, and 4 fully fluorinated
carbons, respectively.

While in vivo studies investigating alternative PFAS are scarce, select
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PFAS have been detected in human samples in epidemiology and
occupational exposure studies (Gockener et al., 2020; Pérez et al., 2013).
In fact, in human liver samples from Spain both PFHpA and PFHXA were
found at higher concentrations than PFOA, and PFHXA occurred at the
highest concentration in the liver and brain tissue out of the 20 PFAS
analyzed (Pérez et al., 2013). Similar to toxicities associated with legacy
PFAS, PFHxA has also been found to increase liver weight and decrease
serum cholesterol levels in rats via oral exposure (Kirkpatrick, 2005).
Both PFHXA and PFHpA were detected in human breast milk samples
from women in the United States and the PFHXA concentrations were
similar to that of PFOA in these samples (Zheng et al., 2021). Collec-
tively, these limited studies indicate alternative PFAS human exposure is
occurring and has the potential for toxicity.

While ingestion has been reported as the most common route of
exposure to PFAS, there is potential for dermal exposure to alternative
PFAS via commercial products, the environment, and occupation.
PFHpA, PFHxA, and PFPeA have been detected in several consumer
products through which dermal exposure could occur. These include
carpets, gloves, nanosprays, leather, ski wax, and outdoor textiles
(Kotthoff et al., 2015). Several occupations undergo exposure to alter-
native PFAS, such as firefighters, ski wax technicians, and PFAS
manufacturing workers (Freberg et al., 2010; Plassmann and Berger,
2013; Trowbridge et al., 2020; U.S. EPA 2022a). A significant correla-
tion was determined in ski wax technicians between years worked and
serum levels of carboxylic PFAS (Nilsson et al., 2010). In a study of the
living areas of fire stations, elevated levels of alternative PFAS in dust
samples in the gear locker areas and apparatus bays were detected;
further supporting a potential for dermal exposure (Young et al., 2021).
Although these alternative PFAS have a shorter half-life in humans they
are still very persistent in the environment and can stay for decades to
centuries (Cousins et al., 2016), leading to continuous environmental
exposure. Additionally, some data show that alternative PFAS are more
persistent in the aquatic environment than legacy PFAS (Brendel et al.,
2018; Li et al., 2020). Alternative PFAS have been detected in several
aquatic environments such as groundwater, surface water, rainwater,
and drinking water; in some samples at higher concentrations than
legacy PFAS (Goodrow et al., 2020; Kim and Kannan, 2007; Xu et al.,
2020).

These data suggest that there is concern for alternative PFAS dermal
exposure during swimming or bathing, occupationally, and with con-
sumer product use. Our lab has previously shown that PFOA is absorbed
through the skin (Franko et al., 2012) and this leads to functional im-
mune effects (Fairley et al., 2007; Shane et al., 2020). We have also
previously shown that an alternative PFAS, PFBA, induces systemic
toxicity with dermal exposure similar to that seen with oral PFBA
exposure and dermal PFOA exposure (Weatherly et al., 2021). Despite
this, no toxicity studies on dermal exposure were identified with PFHxA
or PFPeA and only one dermal exposure study was identified with
PFHpA (Han et al., 2020).

The present study aims to investigate the systemic effects of sub-
chronic dermal exposure of PFHpA, PFHxA, and PFPeA in a murine
model and begin to explore possible mechanisms of resulting toxicity.
Due to the detection of these alternative PFAS in humans, the persis-
tence in the environment, and the lack of data from the dermal route of
exposure, these experiments are needed to help identify and prioritize
PFAS toxicity.

2. Materials and methods
2.1. Animals

Female B¢CgF; mice were used in these studies as they are the Na-
tional Toxicology Program preferred strain for evaluating general
toxicity (King-Herbert et al., 2010). 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
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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-hr intervals. All animal experiments were per-
formed in an AAALAC International accredited National Institute for
Occupational Safety and Health (NIOSH) animal facility in accordance
with an animal protocol approved by the Institutional Animal Care and
Use Committee.

2.2. Test articles and chemicals

Acetone [CAS #67-64-1] and perfluoropentanoic acid (97%, PFPeA)
[CAS #2706-90-3] were purchased from Sigma-Aldrich. Per-
fluoroheptanoic acid (99%; PFHpA) [CAS# 375-85-9], per-
fluorohexanoic acid (98%; PFHxA) [CAS# 307-24-4], and
perfluorooctanoic acid (95%; PFOA) [CAS# 335-67-1] were purchased
from Synquest Laboratories. PFAS concentrations were selected based
on an initial 7-day range finding study and previous studies conducted
with the PFAS PFBA (Weatherly et al., 2021) and the legacy PFAS PFOA
(Shane et al., 2020).

2.3. PFAS exposures

For all studies, BsCsF; mice (5/group) were topically treated on the
dorsal surface of each ear (25 pl/ear) with vehicle (acetone), PFHpA
concentrations (1.25, 2.5, 5% w/v), or PFPeA concentrations (1.25, 2.5,
5% v/v) once a day for 28 consecutive days. As mice were grouped 5 per
cage, it is important to mention that there is the possibility of additional
oral exposure during grooming. These studies were conducted for the
purpose of hazard identification and the concentrations of PFPeA,
PFHxA, and PFHpA were based on concentration range finding studies
that showed effects in the absence of overt toxicity. Animals were dosed
with PFHXA concentrations 2.5, 5, and 10% (v/v) for days 1-4 that was
then reduced to 1.25, 2.5, and 5% for days 5-28 due to dermal irritation
at the application site. PFOA (0.5% w/v) was used as a comparison to a
legacy PFAS, animals were dosed once a day for 28 consecutive days.
Body weights were measured daily before exposure to ensure no overt
toxicity was occurring due to PFAS exposure. 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),
spleen (1/2), and one ear pinna were collected and placed in 4 mL RPMI
(Corning). Spleen (1/2), dLN (2 nodes/animal), and ear (1) pinna single
cell suspensions for immune phenotyping were prepared as previously
described (Weatherly et al., 2021). Half of one ear pinna was placed in
0.5 ml of RNAlater (RNA stabilization solution) for subsequent gene
expression analysis (see below). A small lobe of the liver (caudate) was
collected in 0.5 ml of RNAlater for subsequent gene expression (see
below). The remainder of the liver, spleen (1/2), ear pinna (1/2), and
one kidney (right) were collected in 10% formalin for histopathology
analysis.

2.5. Serum chemistries

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

2.6. Analytical PFAS detection

Serum (collected as described above) and urine samples were
collected and analyzed for individual PFAS (PFPeA, PFHxA, PFHpA,
PFOA) by Vista Analytical Laboratory, following Vista’s standard oper-
ating procedures (Vista Analytical Laboratory, El Dorado Hills, CA) of
solid phase extraction and liquid chromatography/tandem mass spec-
trometry (LC/MS/MS) as described in (Shoemaker et al., 2008). Urine
was collected, following excretion from the mouse during euthanasia, in
a weigh boat placed under the mouse. Urine samples from each group of
mice were pooled and sample volume varied. The results for PFPeA,
PFHxA, and PFHpA include the linear isomer only. The results for PFOA
include both linear and branched isomers. The Initial Calibration and
Continuing Calibration Verifications met the acceptance criteria as
described in (Shoemaker et al., 2008). No analytes were detected in the
Method Blank above Reporting Limit. The labeled standard recoveries
for all quality controls and samples were within the acceptance criteria
as described in (Shoemaker et al., 2008).

2.7. Flow cytometry

Flow cytometry was conducted as previously described (Weatherly
et al., 2021). Data was acquired on a LSR II flow cytometer (BD Bio-
sciences) and analyzed using FlowJo v10 software (TreeStar Inc., Ash-
land, OR). Cellular populations were defined using the gating strategies
outlined in Supplemental Table 1; Fluorescence minus ones (FMOs)
were used as gating controls.

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 (1-2 pg) was prepared on an Eppendorf Master-
cycler using Applied Biosystems’ High Capacity Reverse Transcription
kit. The cDNA was used as a template for real-time PCR reactions con-
taining TagMan PCR Master Mix with gene-specific primers (Applied
Biosystems) on a 7500 Real-Time PCR System. Relative fold gene
expression changes (2’AACT) were determined compared to vehicle
controls and normalized for expression of reference gene p-actin (Taq-
man). Genes that were evaluated are identified in Supplemental Table 2.

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 evaluatedby 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.
Criteria used for skin grading was previously described (Weatherly et al.,
2021).
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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 t-test was
used to compare treatment groups with the control group. Kruskal-
Wallis with Dunn’s post-test was conducted for Cd36 (PFPeA, PFHxA),
Lpl (PFPeA, PFHxA), Acox1 (PFPeA), Ehhadh (PFPeA, PFHxXA, PFHpA),
Fabpl (PFPeA, PFHxA, PFHpA), Serpinel (PFPeA, PFHxA, PFHpA),
S$100a8 (PFHxA, PFHpA), and Flg (PFHpA) gene expression analysis due
to unequal variance. Linear regression analysis was performed on ALKP
data (with significance designated by p < 0.05). Statistical analysis was
performed using Graph Pad Prism version 5.0 (San Diego, CA). Results
represent the mean + SE of 5 mice per group. Statistical significance is
designated by *p < 0.05, **p < 0.01, and ***p < 0.001.

3. Results

3.1. 28-day dermal exposure of PFPeA, PFHxA and PFHpA induces
significant alterations in both serum and urine PFAS concentrations

A significant increase in PFAS serum concentration for each test
article was observed with 5% PFPeA, 2.5% and 5% PFHxA, 1.25%-5%
PFHpA, and 0.5% PFOA (Fig. 1A), indicating that there is consequential
absorption occurring after PFAS dermal exposure. Statistical analysis
could not be performed on urine samples as each concentration is 5
pooled samples with a single data point. Urine PFPeA had the highest
percent increase in concentration increasing from 28 pg/mL to 5600 pg/
mL with 5%, PFHXA increased in urine from 20 pg/mL to 1700 pg/mL
with 5%, and with 5% PFHpA urine concentration increased from 12 pg/
mL to 1200 pg/mL. With 0.5% PFOA urine concentrations increased to
260 pg/mL (Fig. 1B).

3.2. PFPeA, PFHxA and PFHpA induce significant alterations in organ
weights after 28 days dermal exposure

Similar to what has been reported for previously evaluated PFAS, a
statistically significant increase in liver weight (% body weight) was
observed following 28-day exposure to PFPeA, PFHxA, and PFHpA
(Fig. 2A). Liver weight significantly increased following exposure to 5%
PFPeA, 5% PFHxA, and 5% PFHpA (12%, 9% and 18% respectively, vs
vehicle-treated mice) (Fig. 2A). However, kidney weights were only
significantly increased with 5% PFHpA (Fig. 2B) and thymus weights
were significantly increased with PFHpA (2.5%) but not dose dependent
and only increased at a single concentration (Fig. 2D). No change in
spleen weights (% body weight) were observed with exposure to any of
the three PFAS (Fig. 2C). Additionally, no changes in body weight or
overt signs of toxicity were observed following 28-days of PFPeA,
PFHxA, or PFHpA exposure (Supplemental Fig. 1). PFOA (0.5%) was
used as a comparison to a legacy PFAS. A lower PFOA concentration was
used as higher PFOA concentrations caused overt toxicity. A significant
decrease in body weight was observed after 28-days of 0.5% PFOA
exposure (Supplemental Fig. 1). PFOA also induced an increase in liver
and kidney weights (% body weight) (120% and 8% increase, respec-
tively) and a decrease in spleen and thymus weights (% body weight)
(41% and 71% decrease, respectively) (Supplemental Fig. 2A) (consis-
tent with previously published data).

3.3. PFPeA, PFHxA, and PFHpA altered serum chemistries after dermal
exposure

After 28-days of PFAS exposure there was a significant increase in
glucose with 5% PFPeA, PFHxA, and PFHpA (30%, 27%, and 30% in-
crease, respectively) compared to the vehicle control (Fig. 3B). A
decrease in cholesterol was only observed with 1.25% PFPeA (Fig. 3A).
No significant alterations in ALKP were identified via ANOVA, however,
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Fig. 1. Changes in PFAS concentration in serum and urine after dermal exposure to PFPeA, PFHxA, or PFHpA. Analysis of changes in the concentration of
PFAS in serum samples (A), and concentration of PFAS in urine samples (B) following 28 days of PFAS exposure. Each concentration represents mean (+SE) of 4-5
mice per group. Urine concentrations are 5 pooled samples per 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, ***p < 0.001.
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Fig. 2. Changes in organ weights after dermal exposure to PFPeA, PFHXA,

or PFHpA. Analysis of changes in liver (A), kidney (B), spleen (C), and thymus (D)

weights following 28 days of PFAS exposure. Data is displayed as organ weight as % of body weight. The left kidney was weighed after PFPeA exposure while both
kidneys were weighed after PFHxA and PFHpA exposure (B). Each concentration represents mean (+SE) of 4-5 mice per 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.

there is a significant linear regression increase (Linear Regression p <
0.05) with PFHpA (Fig. 3C). A significant decrease in urea nitrogen
(BUN) was observed with 2.5% and 5% PFPeA (20% and 22%, respec-
tively) and with 5% PFHpA (30% decrease) (Fig. 3D). BUN was unable to
be measured with PFHXA due to equipment malfunction. Glucose
decreased by 44% and ALKP increased by 112% with 0.5% PFOA (Supp.
Fig. 2B). No change was observed with cholesterol or BUN with 0.5%

PFOA exposure. No change in alanine aminotransferase (ALT) was
observed with PFPeA, PFHpA, and PFOA at any concentration (ALT
could not be measured with PFHxA exposure) (data not shown).
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Fig. 3. Changes in serum chemistryafter dermal exposure to PFPeA, PFHXA, or PFHpA. Analysis of changes in cholesterol (A), glucose (B), alkaline phosphatase
(ALKP) (C), and urea nitrogen (BUN) (D) following 28 days of PFAS exposure. Each concentration represents mean (+SE) of 4-5 mice per group. BUN was unable to
be measured after PFHxXA exposure due to equipment malfunction (ND, Not Detected). 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, ***p < 0.001. Significant increase in ALKP was identified via linear regression

(Linear Regression p < 0.05) with PFHpA.

3.4. Dermal exposure to alternative PFAS for 28 days results in significant
immune phenotypic changes

3.4.1. Draining lymph node (dLN)

PFPeA, PFHxA, and PFHpA all increased total cellularity after 28
days of exposure at both 2.5 and 5% in the dLN (Table 1). In the dLN,
significant increases were also observed in both frequency and cell
number of B-cells with PFPeA (2.5% and 5%), suggesting a potential
preferential expansion of B-cells. PFHpA also induced an increase in B-
cells with 2.5% and 5% but only in cell number. CD4" and CD8" T-cell
number increased with PFPeA (1.25%, 2.5%, 5%), PFHXA (2.5%, 5%)
and PFHpA (2.5%, 5%). NK cell number increased with PFPeA (2.5%,
5%), PFHxA (2.5%, 5%), and PFHpA (5%), while an increase in NK cell
frequency was only observed with 2.5% PFHxA. An increase in both
eosinophil cell number and frequency occurred with 5% PFPeA and
2.5% PFHpA. Total dendritic cell (DC) number and frequency increased
with PFHxA exposure and DC number increased with PFPeA and PFHpA
exposure. CD11b + cells increased in both frequency and number with
2.5% PFHxXA and 5% PFHpA. MHCII (activation marker) MFI on B-cells
was also significantly increased with PFPeA (2.5%, 5%), PFHxA (5%),
and PFHpA (2.5%, 5%) and CD86 MFI (activation marker) on B-cells
increased with PFHXA (5%) and PFHpA (2.5%, 5%). MHCII and CD86
MFI on DCs decreased with both PFPeA (5%) and PFHpA (5%) but
decreased with PFHXA (2.5%) (Table 1). In contrast, CD4™ T-cells
decreased in both cell number and frequency with 0.5% PFOA (Sup-
plemental Table 3). PFOA also induced a decrease in eosinophil cell
number and MHCII MFI on B-cells (Supplemental Table 3).

3.4.2. Skin

Phenotypic analysis of the skin resulted in increases in frequency of
CD45™ cells following 28 days of exposure with 2.5% and 5% PFPeA and
PFHxA (Table 2). Frequency of CD4™ T-cells (PFPeA 1.25%, 2.5%, 5%;
PFHxA and PFHpA 2.5%, 5%), CD8" T-cells (PFPeA 2.5%, 5%; PFHpA
5%), NK cells (PFHXA 5%), eosinophils (PFPeA, PFHxA, PFHpA 2.5%,
5%), neutrophils (PFPeA, PFHxA, PFHpA 5%), dendritic cells (PFPeA,
PFHpA 2.5%, 5%), and CD11b + F4/80+ DCs (PFPeA 1.25%, 2.5%, 5%;
PFHpA 2.5%, 5%) significantly increased after 28-day exposure
(Table 2). Frequency of CD11b- F4/80+ DCs decreased with PFHxA
(5%) but increased with PFHpA (2.5%, 5%) and CD11b- F4/80- DCs
increased with PFPeA (2.5%, 5%) and decreased with PFHxA and
PFHpA (1.25%). Statistically significant increases were also observed in
the absolute number of total cells (PFPeA 5%), CD45" cells (PFPeA and
PFHxA 5%), CD4" (PFPeA and PFHxA 2.5%, 5%; PFHpA 5%), CD8" T-
cells (PFPeA and PFHpA 5%; PFHxA 2.5%, 5%), NK cells (PFPeA and
PFHXA 5%), eosinophils (PFPeA and PFHxA 2.5%, 5%; PFHpA 5%),
neutrophils (PFPeA, PFHxA, and PFHpA 5%), total dendritic cells
(PFPeA, PFHxA, and PFHpA 5%), CD11b- F4/80+ DCs (PFPeA and
PFHpA 5%) and CD11b + F4/80+ DCs (PFPeA 2.5%, 5%; PFHxA and
PFHpA 5%). Interestingly, in contrast to the overall increases in cells
observed with the alternative PFAS, 0.5% PFOA significantly decreased
frequency and cell number in CD45" cells, eosinophils, total DCs,
CD11b- F/480+ DCs, CD11b + F4/80+ DCs, and CD11b- F4/80 DCs
(Supplemental Table 4).

3.4.3. Spleen
Lesser changes were observed in the spleen with the alternative
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Table 1
Draining lymph node phenotyping of mice dermally exposed to PFAS.
dLN 28 days
C5; PFPeA (v/v) C6; PFHXA (v/Vv) C7; PFHpA (w/v)
Parameter 0% 1.25% 2.5% 5% 0% 1.25% 2.5% 5% 0% 1.25% 2.5% 5%
Total 293 + 6.15 + 8.45 + 10.50 + 131 £ 15.00 20.30 + 21.70 + 3.07 + 4.05 + 5.97 + 7.78 +
Cellularity 0.29 0.57 1.43%* 0.93*** 1.52 +1.92 1.81* 1.26** 0.45 0.31 1.06* 0.90**
(x10%
CD4™ (x 10%) 1.30 + 2.63 + 3.34 + 3.99 + 541 + 5.93 + 8.99 + 1.30 £ 1.77 £ 2.47 + 3.03 +
0.10 0.27* 0.55%* 0.36%** 0.61 0.59 0.49%* 0.20 0.17 0.44* 0.31%*
CD4" (%) 44.32 + 42.52 + 41.33 40.24 41.58 + 42.32 + 43.44 + 41.54 + 39.24 +
0.26 0.79 0.62%** + 1.08 +1.70 0.62 0.40 1.00 0.58 0.83*
CD8" (x 10°) 8.61 + 18.60 + 25.00 + 30.20 + 373+ 42.50 58.40 + 8.46 + 11.50 + 17.20 + 22.10 +
0.58 0.18* 3.80%** 0.23%** 4.13 + 4.15 4.46* 0.14 0.97 3.10* 2.59%*
CD8™ (%) 29.48 + 30.24 + 29.96 + 28.88 + 28.60 28.94 26.82 + 27.34 + 28.26 + 28.6 + 28.36 +
0.63 0.44 0.86 0.40 +0.71 +1.29 0.64 0.78 0.62 0.62 0.20
B-cells (x 10°) 3.64 £ 8.67 + 12.60 + 17.00 + 233 + 28.40 37.30 = 4.29 + 5.40 £ 8.69 + 11.50 +
0.46 0.72 2.36%* 1.58%*** 1.60 + 6.63 1.54 0.52 0.44 0.16* 1.39%**
B-cells (%) 12.26 + 14.18 + 15.00 + 16.22 + 18.13 18.06 17.38 = 1412 + 13.44 + 14.86 + 14.70 +
0.63 0.59 0.92% + 1.00 +2.12 0.94 0.76 1.00 0.84
NK (x 104) 1.55+ 3.23 + 5.52 + 8.45 + 11.60 17.70 + 1.84 + 1.84 + 3.23 +
0.14 0.30 0.71%** . 1.04 + 0.64 2.11%* 0.29 0.21 0.68
NK (%) 0.55 + 0.53 + 0.69 + 0.73 + 0.65 + 0.82 + 0.80 + 0.60 + 0.45 + 0.53 +
0.07 0.03 0.07 0.05 0.06 0.08 0.06 0.03 0.03* 0.03
Eosinophils (x 22.10 + 20.90 + 81.90 + 140.00 + 75.10 96.70 140.00 142.00 511 + 7.53 £ 20.40 +
10%) 2.13 7.02 15.70* 23.00%** +13.20 +17.60 +17.30 + 22.90 1.07 1.81 3.85*
Eosinophils (% 7.68 £ 3.58 + 9.88 + 13.22 + 5.70 + 6.40 + 6.94 + 6.40 + 1.73 £ 1.80 + 3.42 +
X 1072) 0.77 1.13 1.08 1.81* 0.62 0.64 0.71 0.84 0.36 0.41 0.22*
Neutrophils (x 9.18 + 12.30 + 19.10 + 22.40 + 20.60 18.80 21.50 + 16.70 = 9.33 + 8.55 + 9.51 +
102 2.19 1.75 3.38 5.58* + 3.18 +5.25 1.28 2.99 2.03 1.38 1.88
Neutrophils (% 3.06 £ 212 + 2.36 £ 2.20 + 1.59 + 1.19 + 1.08 + 0.76 + 312+ 2.09 £ 1.56 +
X 1072) 0.62 0.41 0.35 0.60 0.22 0.23 0.07 0.12% 0.62 0.32 0.07*
Dendritic Cells 3.29 + 6.24 + 10.40 + 12.60 + 13.30 29.00 47.00 + 35.40 + 9.10 + 15.60 + 9.50 +
(x10%) 0.31 0.42 1.31%%* 1.09%** + 1.43 +2.99 5.39%** 5.48** 1.78 6.03 1.42
Dendritic Cells 1.13 + 1.02 + 1.31 + 1.21 + 1.04 + 2.01 + 2.32 + 1.60 + 290 + 4.23 + 1.70 £
(%) 0.07 0.03 0.15 0.08 0.12 0.22%* 0.14%** 0.19 0.43 1.95 0.17
CD11b+ (x 5.01 £ 7.21 + 17.00 + 24.00 + 11.10 16.20 25.30 + 26.00 + 2.57 £ 3.18 £ 6.87 +
104) 0.46 1.61 4.33% 3.48%x* + 2.61 + 3.71 2.29% 3.54* 0.40 0.81 1.47
CD11b+ (%) 1.71 £ 1.26 + 1.92 £ 2.26 + 0.82 + 1.04 £ 1.25 + 1.18 + 0.83 + 0.74 + 1.09 +
0.05 0.29 0.19 0.17 0.09 0.12 0.04* 0.11 0.04 0.16 0.09
MHCII B-cells 85.80 + 105.00 + 115.00 + 126.00 + 5.84 + 7.07 £ 7.16 £ 8.02 + 24.80 + 33.30 = 44.30 +
(MFI x 10%) 6.41 1.83 6.25%* 6.53%** 0.61 0.37 0.11 0.64* 1.57 3.62 4.02%%%*
MHCII DCs 241.00 + 211.00 + 200.00 £+ 170.00 + 45.30 57.30 63.50 + 46.30 + 45.40 + 47.00 = 53.40 + 58.90 +
(MFI x 10%) 10.30 13.10 18.20 14.10%* + 3.36 +2.79 5.71* 2.97 2.36 3.13 2.49 2.65%*
CD86 B-cells 1015.20 1140.40 1131.40 1188.80 + 80.63 98.74 93.54 + 101.54 710.00 851.20 908.40 879.80
(MEFT) + 60.19 =+ 46.06 + 96.26 47.41 +5.92 + 6.64 1.71 =+ 3.64 + 41.28 + 55.68 + 44.09* + 40.32*
CD86 DCs 43.90 + 42.60 + 40.30 + 36.80 + 7.58 + 11.60 13.20 + 9.15 + 23.10 £ 22.90 = 25.10 £ 28.50 +
(MFI x 102) 2.46 1.44 1.05 2.23* 0.36 +1.51 1.29** 0.71 1.03 1.99 0.72 0.78*

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

PFAS, showing a significant decrease in the frequency of B-cells (PFHpA
5%), CD8" T-cells (PFHpA 1.25%), eosinophils (PFHpA 1.25%), CD11b
+ Ly6C + cells (PFHXA 2.5%, 5%), and an increase in NK cell frequency
(PFPeA 1.25%, 2.5%, 5%; PFHxA 2.5%; PFHpA 5%) and total DCs
(PFHpA 5%) (Supp Table 5). A significant decrease was observed in
number of CD4" T-cells (PFPeA 2.5%), CD11b + Ly6C- cells (PFPeA
2.5%), and an increase in number of NK cells (PFHpA 5%) (Supp.
Table 5). An increase in MFI of MHCII was observed on B-cells (PFPeA
and PFHpA 2.5%, 5%) and of CD86 on B-cells (PFPeA and PFHxA 2.5%,
5%; PFHpA 1.25%, 2.5%, 5%) (Supp. Table 5). The legacy PFOA control
showed much more pronounced changes in the spleen. A significant
decrease was observed in total cell number, number of B-cells, CD4" T-
cells, NK cells, eosinophils, total DCs, CD11b + cells, CD11b + Ly6C +
cells, and CD11b + Ly6C- cells with 0.5% PFOA (Supp. Table 6). PFOA
also induced an increase in frequency of CD4" and CD8" T-cells and
neutrophils, and a decrease in frequency in NK cells, CD11b + cells,
CD11b + Ly6C + cells, and CD11b + Ly6C- cells along with a decrease in
MFI of MHCII on B-cells and DCs (Supplemental Table 6).

3.5. Dermal exposure to PFAS for 28 days results in histopathological
changes in the liver and skin

In the liver, histopathological examination revealed that PFPeA,
PFHxA, and PFHpA induced hepatocellular hypertrophy affecting the
centrilobular region. PFPeA induced minimal hypertrophy at 1.25% (5/
5 mice) and mild hypertrophy at 2.5% (5/5 mice) and 5% (5/5 mice)
(Table 3). Individual animals treated PFHxA showed minimal hyper-
trophy at 1.25% (2/5 mice), 2.5% (5/5 mice) and 5% (5/5 mice)
(Table 3). PFHpA exposed mice exhibited minimal hypertrophy at
1.25% (3/5 mice), 2.5% (5/5 mice), and 5% (2/5 mice) and mild hy-
pertrophy at 5% (3/5 mice) (Table 3). Hepatocellular hypertrophy was
characterized by increased cytoplasmic eosinophilia, decreased
glycogen content, and increased cellular volume of hepatocytes in cen-
trilobular locations. No histopathological changes were observed in the
liver with 0% PFPeA, PFHXA or PFHpA vehicle control. Similarly, 0.5%
PFOA exposure altered liver morphology by inducing hepatocellular
hypertrophy presenting as a diffuse change affecting all zones of the
liver (Supp. Table 7). Mice exposed to 0.5% PFOA showed a marked
changed in hypertrophy (diffuse) in 5/5 mice. Lipid droplets and stea-
tosis were not reported by the pathologist.
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Table 2
Skin phenotyping of mice dermally exposed to PFAS.
Ear 28 days
C5; PFPeA (v/v) C6; PFHXA (v/V) C7; PFHpA (w/v)

Parameter 0% 1.25% 2.5% 5% 0% 1.25% 2.5% 5% 0% 1.25% 2.5% 5%

Total Cellularity 0.83 + 1.05 + 0.88 + 1.41 + 0.81 + 0.83 + 091 + 0.99 + 1.00 + 0.96 + 0.97 + 1.19 +
(x 10%) 0.06 0.10 0.04 0.11%** 0.09 0.09 0.05 0.11 0.09 0.08 0.05 0.08

CD45" (x 104) 6.09 + 8.61 + 10.30 + 19.40 + 593 + 7.21 £ 9.82 + 11.50 + 12.60 8.01 + 11.00 + 14.60 +

0.88 1.11 1.26 2.55%%* 0.78 1.13 0.79 2.03* + 0.80 1.58* 1.57 0.67

CD45" (%) 7.21 + 8.16 + 11.46 + 13.60 + 7.34 £ 8.51 + 10.91 + 11.22 + 12.92 8.04 + 11.32 + 12.38 +

0.68 0.67 1.03** 0.97%*** 0.670 0.85 1.00* 1.00* + 1.42 1.11 1.45 0.81
CD4" (x 103) 1.19 + 255+ 4.65 + 10.80 + 1.63 + 2.40 + 5.01 + 6.11 + 2.30 + 1.49 + 4.31 + 6.06 +
0.23 0.41 0.67** 1.17%%* 0.21 0.36 0.60** 1.17%** 0.11 0.38 1.02 0.33%**
CD4" (%) 1.95 + 2.93 + 4.47 + 5.64 + 275 + 3.34 + 5.05 + 5.29 + 1.85 + 1.78 + 3.70 + 4.18 +
0.27 0.23* 0.14%%* 0.27%%* 0.11 0.09 0.25%%** 0.32%%** 0.12 0.19 0.93%%** 0.247%%*
CcD8* (x 10%) 0.86 + 1.38 + 2,79 + 8.33 + 0.66 + 3.38 + 1.91 + 2.15 + 1.11 + 0.79 + 1.77 £ 2.81 +
0.02 0.17 0.39 1.57%** 0.16 2.57 0.23* 0.46** 0.16 0.14 0.27 0.39%**
CD8™" (%) 0.14 + 0.16 + 0.27 + 0.42 + 0.12 + 0.48 + 0.19 £ 0.20 + 0.09 + 0.11 + 0.16 + 0.20 +
0.02 0.02 0.03* 0.04%** 0.03 0.37 0.02 0.04 0.01 0.03 0.01 0.03*
NK (x 10%) 3.54 + 5.64 £ 5.86 + 16.10 + 3.72 £ 4.76 + 6.45 + 9.94 + 7.28 + 3.89 + 7.43 + 7.96 +
0.57 0.85 0.63 4.27%* 0.47 0.96 0.60 2.21%* 0.60 0.91 1.69 0.70
NK (%) 0.58 + 0.66 + 0.57 + 0.80 £ 0.12 0.63 + 0.66 + 0.66 + 0.85 + 0.58 + 0.48 + 0.66 + 0.56 +
0.05 0.06 0.01 0.01 0.07 0.04 0.09* 0.03 0.04 0.08 0.07

Eosinophils (x 1.18 + 272 + 5.85 + 13.50 + 1.87 + 2.77 £ 7.42 + 9.87 + 2.55 + 1.41 + 5.54 + 6.45 +
103) 0.24 0.51 1.03* 2.05%** 0.30 0.56 0.74%* 1.78%** 0.30 0.42 1.71 1.12*

Eosinophils (%) 1.92 + 3.13 £ 5.57 + 7.35 + 3.09 + 3.82 + 7.59 + 8.60 + 2.06 + 1.60 + 4.57 + 4.36 +

0.18 0.31 0.42%* 1.24%%* 0.13 0.34 0.65%** 0.38*** 0.27 0.26 0.96* 0.63*

Neutrophils (x 1.79 £ 2.28 + 3.16 £ 21.60 + 0.85 + 1.18 + 4.94 + 13.00 + 2.82 + 1.59 + 248 + 7.10 +
10?) 0.33 0.53 0.37 8.98* 0.14 0.22 1.24 3.65%* 0.44 0.24 0.43 1.15%**

Neutrophils (%) 0.33 + 0.27 + 0.32 + 0.97 + 0.14 + 0.17 + 0.51 + 1.13 + 0.22 + 0.21 + 0.24 + 0.49 +

0.08 0.06 0.05 0.31* 0.01 0.02 0.13 0.23%%** 0.02 0.02 0.04 0.07**

Dendritic Cells (x 3.55 + 6.78 + 9.44 + 20.20 + 5.22 + 4.99 + 9.09 + 10.10 + 4.02 £ 218 + 4.75 + 7.25 +
10%) 0.47 0.97 2.00 2.65%** 0.67 0.68 0.72 1.77* 0.23 0.47 0.88 0.31%*

Dendritic Cells 5.87 + 7.83 + 8.97 + 10.42 + 9.15 + 7.09 + 9.30 + 8.88 + 3.21 £ 2.69 + 4.21 + 4.99 +
(%) 0.23 0.37 0.96** 0.36%** 1.15 0.33 0.47 0.39 0.11 0.15 0.26** 0.15%**

CD11b- F4/80+ 11.70 17.60 17.80 + 45.60 + 6.89 + 5.74 + 6.58 + 4.22 + 6.31 + 5.44 + 7.95 + 14.50 +
DCs (x 10%) + 1.59 + 3.16 3.48 8.63*** 1.55 0.72 0.67 0.49 0.40 0.94 0.98 0.97%**

CD11b- F4/80+ 1.94 + 2.10 £ 1.73 + 2.36 + 0.35 1.24 + 0.87 £ 0.67 £ 0.39 + 0.51 + 0.70 + 0.75 + 1.00 +
DCs (%) 0.13 0.37 0.22 0.28 0.14 0.05 0.03** 0.03 0.05 0.08*

CD11b + F4/ 11.10 26.50 44.50 + 86.70 + 19.20 22.30 £ 35.80 + 48.30 + 7.53 + 4.52 + 13.00 + 18.90 +
80+ DCs (x + 1.40 + 4.08 9.79* 10.20%** + 2.86 3.03 2.66 7.74%* 0.54 0.98 2.97 1.84**
10%)

CD11b + F4/ 1.85 + 3.06 + 4.22 + 4.51 + 3.41 £+ 3.18 + 3.62 + 4.32 + 0.61 + 0.56 + 1.13 + 1.31 +
80+ DCs (%) 0.08 0.19* 0.51%** 0.18%*** 0.54 0.24 0.16 0.30 0.05 0.02 0.12%* 0.14%**

CD11b- F4/80- 1.21 + 215+ 2.79 £ 6.19 + 1.74 + 1.47 £ 2.82 + 2.90 + 2.58 £ 1.12 + 242 + 3.38 £
DCs (x 10%) 0.18 0.38 0.54 0.94%** 0.20 0.24 0.24 0.54 0.20 0.29%* 0.45 0.19

CD11b- F4/80- 1.99 + 2.44 + 2.64 + 3.16 + 3.05 £ 2.05 + 2.89 + 2.51 + 2.05 £ 1.34 + 215+ 232 +
DCs (%) 0.08 0.16 0.20% 0.10%** 0.33 0.05** 0.19 0.14 0.10 0.16** 0.12 0.03

Values are expressed as the mean (+SE) for each group (n = 5 mice/group).
*p < 0.05, **p < 0.01, ***p < 0.00.

Dose-related changes were observed in multiple layers of the skin
with all three alternative PFAS (Table 3). Minimal epidermal hyper-
plasia (increased number (3-4) layers of keratinocytes with increased
hyaline granules in the severely affected areas) was observed with
PFPeA at 2.5% (4/5 mice) and 5% (2/5 mice), with PFHxA at 1.25% (5/
5 mice) and 2.5% (5/5 mice) and 5% (1/5 mice), and with PFHpA at
2.5% (2/5 mice) and 5% (4/5 mice). Mild epidermal hyperplasia (5-6
layers of keratinocytes) occurred with PFPeA (5% 3/5 mice), PFHXA
(5% 4/5 mice), and PFHpA (5% 1/4 mice) (Table 4). PFPeA and PFHpA
exposure showed only minimal hyperkeratosis (characterized by
increased amounts of compacted keratin) with 2/5 mice (5% PFPeA)
and 4/5 mice (5% PFHpA). PFHxA showed both minimal (1.25% 1/5
mice, 2.5% 4/5 mice, and 5% 2/5 mice) and mild (5% 3/5 mice) hy-
perkeratosis (Table 3). Minimal dermal mixed cell inflammation (char-
acterized by neutrophils, lymphocytes, and/or macrophages scattered
within the fibrosis) was observed with PFPeA (2.5% 2/5 mice and 5% 4/
5 mice), PFHXA (5% 4/5 mice), and PFHpA (5% 1/5 mice). Dermal
mononuclear cell inflammation was only observed with 5% PFHpA (1/5
mice). PFPeA and PFHxA exposure both at 5% induced minimal dermal
focal fibrosis (4/5 mice and 5/5 mice, respectively) (Table 4). Focal
cartilage degeneration/regeneration only occurred with 5% PFHpA in

1/5 mice and no epidermal necrosis was observed with any alternative
PFAS exposure (Table 3). Irritation at the site of application resulted
from exposure of all three alternative PFAS. Interestingly, no irritation
was observed with 0.5% PFOA. No histopathological changes were seen
in the skin within any of the 0% control groups (acetone). In the ear,
0.5% PFOA only induced minimal hyperplasia (1/5 mice) and minimal
dermal mononuclear cell inflammation (1/5 mice) (Supplemental
Table 7). No PFPeA, PFHxA, or PFHpA-related microscopic observations
were made in the kidney or the spleen (data not shown). With 0.5%
PFOA, decreased lymphocyte cellularity was observed in the spleenin 1/
5 mice (minimal) and 2/5 mice (mild) (Supplemental Table 7).

Gene expression in the liver was investigated based on two PCR
pathway-based arrays, peroxisome proliferator-activated receptor
(PPAR) targets and hepatoxicity, previously used to investigate effects of
PFBA exposure (Weatherly et al., 2021). A majority of the significant
responses showed a dose-dependent trend, for both liver and skin. Genes
involved in steatosis (Cd36, Lpl), phospholipidosis (Fabpl), necrosis
(Serpinel), adipogenesis (Lpl), fatty acid metabolism (Pltp, AcoxI,
Ehhadh), lipid transport (Lpl), and PPAR ligand transport (Cd36) were
upregulated (Fig. 4). Increases in Cd36 were observed with PFPeA (5%,
6.5-fold), PFHxA (5%, 4.6-fold), and PFHpA (2.5%, 4-fold and 5%,
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Table 3
Incidence and degree of hepatocyte and epidermal injury following dermal exposure to PFAS in mice.
Parameter C5; PFPeA (v/v) C6: PFHXA (v/V) C7; PFHpA (w/V)
0% 1.25% 2.5% 5% 0% 1.25% 2.5% 5% 0% 1.25% 2.5% 5%

Liver
Hypertrophy, centrilobular, hepatocyte

Minimal 0 5 0 0 0 2 5 5 0 3 5 2

Mild 0 0 5 5 0 0 0 0 0 0 0 3
Ear
Hyperplasia, epidermis, focal

Minimal 0 0 4 2 0 5 5 1 0 0 2 4

Mild 0 0 0 3 0 0 0 4 0 0 0 1
Hyperkeratosis, epidermis, focal

Minimal 0 0 0 2 0 1 4 2 0 0 0 4

Mild 0 0 0 0 0 0 0 3 0 0 0 0
Necrosis, epidermis, multifocal

Minimal 0 0 0 0 0 0 0 0 0 0 0 0
Inflammation, mixed cell, dermis

Minimal 0 0 2 4 0 0 0 4 0 0 0 1
Inflammation, mononuclear cell, dermis

Minimal 0 0 0 0 0 0 0 0 0 0 0 1
Fibrosis, dermis, focal

Minimal 0 0 0 4 0 0 0 5 0 0 0 0
Degeneration/regeneration, cartilage, focal

Mild 0 0 0 0 0 0 0 1 0 0 0 0

Each dose group of mice contained 5 mice total.
Dermal PFPeA, PFHxA, and PFHpA exposure results in changes in gene expression in the liver and skin.
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Fig. 4. Liver gene expression following dermal exposure to PFPeA, PFHxA, or PFHpA. Gene expression in the liver following 28 days of PFAS exposure. Changes
in Cd36 (A), Lpl (B), Pltp (C), Acox1 (D), Ehhadh (E), Fabp1 (F), and Serpinel (G) were evaluated. Data shown as the mean (+SE) of 5 mice per 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. Kruskal-Wallis with
Dunn’s post-test was conducted for Cd36 (PFPeA, PFHxA), Lpl (PFPeA, PFHxA), Acox1 (PFPeA), Ehhadh (PFPeA, PFHxA, PFHpA), Fabp1 (PFPeA, PFHxA, PFHpA), and
Serpinel (PFPeA, PFHxA, PFHpA) due to unequal variance.
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4.8-fold) (Fig. 4A). Gene expression of Lpl increased with 2.5% PFHpA
(2.2-fold) and 5% PFHpA (2.3-fold) (Fig. 4B). An increase in Pltp was
demonstrated with PFPeA (2.5% and 5%) and PFHpA (5%) (Fig. 4C) and
in Acox1 with PFPeA (5%), PFHxXA (2.5%), and PFHpA (5%) (Fig. 4D).
Ehhadh increased with 5% PFPeA (8.8-fold) and 5% PFHxA (4.8-fold)
(Fig. 4E) and Fabp1 increased with 5% PFPeA and 2.5% PFHXA (Fig. 4F).
The most significant increase with an alternative PFAS occurred with
PFPeA exposure in Serpinel expression with 2.5% (8-fold) and 5%
(11.3-fold) (Fig. 4G). PPAR isoforms were also evaluated, with Ppars
expression decreasing with PFPeA (2.5% and 5%), PFHxA (1.25%, 2.5%,
and 5%), and PFHpA (1.25%, 2.5%, and 5%) exposure (Fig. 4H) and
Ppary expression increasing with 5% PFPeA and 1.25% PFHpA exposure
(Fig. 4I). No changes were observed in Ppara in the liver (data not
shown). PFOA induced an increase in gene expression in Cd36
(12.2-fold), Lpl (13.1-fold), Ehhadh (57.7-fold), and Serpinel (10.5-fold)
and a decrease in gene expression in Pparé with 0.5% exposure (Sup-
plemental Fig. 2C).

The dermal toxicity mechanism was further evaluated with in-
vestigations of gene expression in the skin. Inflammatory cytokine Il6
significantly increased with 5% PFPeA (2.5-fold) (Fig. 5A). The Th2
skewing cytokine, Tslp, also increased with 5% PFPeA exposure (3-fold)
and 5% PFHpA (5.1-fold) (Fig. 5B). Gene expression of Serpinel,
involved in necrosis, increased at 5% PFPeA (3-fold) and 5% PFHpA
(1.7-fold) (Fig. 5D). Expression of both danger-associated molecular
patterns (DAMPs) S100a7a and S1008a increased, with S100a7a having
the largest increase with 5% PFPeA exposure (42.5-fold) and S100a8
increasing with 5% PFHxA (16.8-fold) and 5% PFHpA (6.7-fold)
(Fig. 5C, E). Interestingly, PPARa decreased at both 5% PFPeA and
PFHxXA but there was no significant decrease with PFHpA exposure
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(Fig. 5F). Ppary gene expression decreased at 1.25%, 2.5%, and 5%
PFPeA and 2.5% and 5% with PFHxA and PFHpA (Fig. 5H), while no
changes were observed in Ppars (Fig. 5G). PFOA induced a significant
increase with Serpinel, a slight significant increase in Ppars, and a sig-
nificant decrease in Ppary (Supp. Fig.2D). Multiple changes were
observed with 3 skin barrier integrity genes (Fig. 6). PFHxA and PFHpA
at 5% exposure increased Lor gene expression (Fig. 6A), Flg increased
with PFPeA (5%) and PFHxA and PFHpA (2.5%, 5%) (Fig. 6B), and
Krt10 increased with PFPeA (1.25%, 2.5%, 5%) and PFHpA (2.5%, 5%)
(Fig. 6C). The only skin barrier integrity gene that increased with 0.5%
PFOA was Flg (Supp. Fig. 2D).

4. Discussion

The skin is the largest organ in the body and provides an important
role as a physical barrier and as an immunologically active environment.
Disruptions to the skin barrier by dermal chemical exposure can lead to
inflammation, allergy, and immunotoxicity. Dermal exposure is a major
occupational concern as the CDC estimates millions of workers in the US
are exposed to dermally absorbable chemicals (Anderson and Meade,
2014; NORA, 2019). Investigations into PFAS dermal exposure, espe-
cially regarding alternative PFAS, are lacking even though exposure to
these widely used chemicals is a growing concern both for the public and
for workers. These studies attempted to fill in some of the data gaps by
investigating the systemic toxicity and skin absorption of three occu-
pationally relevant carboxylic PFAS (PFPeA, PFHxA, and PFHpA)
following dermal exposure in a murine model.

Similar to PFOA and PFOS, all three PFAS exposures induced an
increase in liver weight (Fig. 2A) and hepatocellular hypertrophy
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was conducted for S100a8 (PFHxA, PFHpA) due to unequal variance.
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(Table 3) (Lau et al., 2007). Consistent with the findings from the studies
described in this manuscript, multiple studies with PFAS have shown an
increase in liver weights and hepatocellular hypertrophy in rodents
following oral and dermal exposure (Chengelis et al., 2009; Han et al.,
2020; NTP, 2022; Weatherly et al., 2021).

Further support of liver dysfunction is observed in liver gene
expression (Fig. 4). Cd36 contributes to lipid accumulation and meta-
bolic dysfunction and was the only gene that all three alternative PFAS
exposures significantly increased to a similar extent (Fig. 4A). Interest-
ingly, the genes involved in fatty acid metabolism (Pltp, Acox1, Ehhadh)
were most significantly increased with the shortest carbon (C5) PFAS
tested, PFPeA (Fig. 4C-E). Ppara gene expression was unchanged in the
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liver with any PFAS exposure (data not shown). This could be due to
expression kinetics, as gene expression analysis was only conducted
after the conclusion of the 28-day exposure. This is supported by the
upregulation of multiple genes in the liver that are PPARa targets
following dermal PFAS exposure (Rakhshandehroo et al., 2010). It is
also possible that a PPARa-independent pathway is involved in dermal
PFAS exposure. Multiple studies demonstrate activation of PPARy,
PPARP/S, constitutive active receptor (CAR), and pregnane X receptor
(PXR) in the liver after PFAS exposure (Abe et al., 2017; Bjork et al.,
2011; Das et al., 2017; Rosen et al., 2017; Takacs and Abbott, 2007;
Vanden Heuvel et al., 2006; Zhang et al., 2017). Ppary is involved in the
development of a fatty liver and steatosis (Inoue et al., 2005; Matsusue
et al., 2003) and was significantly increased in the liver with PFPeA and
PFHpA exposure (Fig. 4I). These PFPeA-induced alterations in gene
expression in the liver correlate with the histology as PFPeA also had the
most severe hepatocellular hypertrophy of the three PFAS. Oral PFHxXA
exposure has also been shown to increase Acox1 expression (Schrenk
et al., 2020) and Ehhadh expression (Jiang et al., 2021). Dermal PFBA
exposure induced similar findings (Supplemental Table 10). PFOA
exposure also increased Cd36, Lpl (Das et al., 2017), AcoxI (Abe et al.,
2017), Fabpl, and Ehhadh (Rosen et al., 2009) in the livers of mice.
Similar genes were found to be altered with PFAS exposure in human
hepatocytes and interestingly short-chain and alterative carboxylic acid
PFAS were more potent gene activators than the long-chain legacy
carboxylic acid PFOA (Marques et al., 2022). Cd36 contributes to an
enlarged fatty liver via transporting lipids to the liver due to metabolic
dysfunction. An increase in glucose can be caused by a fatty liver. In
addition to PFBA, all three PFAS induced an increase in glucose levels in
the current study (Fig. 3B) (Supplemental Table 8) as has oral PFOA
exposure (Du et al., 2018; Liu et al., 2018; Zheng et al., 2017). However,
dermal PFOA exposure did not elevate glucose in the studies described
in this manuscript. Interestingly, PFBA was the only carboxylic PFAS
(including both alterative and legacy carboxylic PFAS) that elevated
cholesterol (Supplemental Table 8). These data indicate that dermal
exposure to the PFAS PFPeA, PFHxA, and PFHpA have similar trends in
liver effects compared to oral exposure and legacy PFOA exposure.

The draining LNs were examined to determine whether alternative
PFAS dermal exposure altered immune responses. A significant increase
in total dLN cellularity was observed for all PFAS tested (Table 1).
Interestingly, neither PFOA (Supplemental Table 3) nor PFBA (Supple-
mental Table 9) induced changes in total dLN cellularity. Further phe-
notyping revealed that PFAS dermal exposure can induce stimulation of
the immune system as evidenced by increases in cell number and fre-
quency of multiple immune subsets supporting a sustained inflamma-
tory response (Table 1). Also, an induction of an adaptive immune
response is suggested by an increase in both B-cell number and fre-
quency with PFPeA in the dLN. However, this increase was not observed
in the spleen (Supplemental Table 5). The increase in both number and
frequency of B-cells was only observed with PFPeA, an increase in
number only was seen with PFHpA and no change in B-cells occurred
with PFHxA. These trends (increase in frequency and number of B-cells
in dLN with no effect on B-cells in the spleen) are similar to what was
observed with PFBA (Weatherly et al., 2021). Although no B-cell
changes were observed in the dLN with PFOA exposure (Supplemental
Table 3), a significant decrease in B-cell number and frequency did occur
in the spleen along with a decrease in total cellularity (Supplemental
Table 6). While changes in the liver were similar for all compounds in
the carboxylate series, only PFOA resulted in decreases in spleen weight
and cellularity and thymus weight (Supplemental Fig. 2A), which are
signatures for immunotoxicity and immune suppression. This suggests
potential different mechanisms of toxicity between alternative and
legacy PFAS.

There are many mediators in the skin that may influence immune
function and systemic effects. For example, three PPAR isoforms (a, /5,
and y) are present in the skin of mice (Michalik and Wahli, 2007) and are
involved in lipid metabolism, tissue repair, migration, proliferation, and
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differentiation (Michalik et al., 2006). All three isoforms are expressed
in T-and B-lymphocytes, DCs, and keratinocytes with expression
changing dependent on maturation, activation, etc. (Schmuth et al.,
2014) and have anti-inflammatory properties (Furue et al., 2018;
Schmuth et al., 2014). A decrease in Ppara is associated with skin
inflammation (Furue et al., 2018) and this supports our histopathology
data where inflammation was observed (Table 4). Correspondingly, we
observed decreases in Ppara with PFPeA and PFHxA, but not with
PFHpA (Fig. 5). Similar to our data, after physical disruption of the skin
barrier in human samples Ppara expression decreased while Ppars was
unchanged (Torma and Berne, 2009); chemical disruption of the skin
barrier decreased Ppara and y mRNA (Adachi et al., 2013). Flg and Lor
are expressed in the skin and are important in barrier function. While
they are usually downregulated in inflammatory skin our data shows an
increase in both (Fig. 6) potentially a result of expression kinetics. Flg
and Lor could also be upregulated due to AHR activation as other
chemicals are known to activate AHR and enhance Flg and Lor expres-
sion (Sutter et al., 2011). Barrier disruption can also increase expression
of the $100’s which act as danger signals in the skin (Eckert et al., 2004).
S$100a7a and S100a8 were upregulated following PFAS exposure in the
present study. In vitro studies on human keratinocytes and epithelial
cells have found that S100a7 exposure increases the mRNA expression of
Flg, Lor, and Krt10 (Hattori et al., 2014; Nakamura et al., 2021). Addi-
tional persistent signs of inflammation after alternative PFAS exposure
are evidenced in the skin phenotyping by changes in CD4 T-cells, eo-
sinophils, neutrophils, CD8 T-cells, DCs, and NK cells (Table 2). Ppara
and y activation has been shown to inhibit the number of eosinophils
infiltrating to the skin (Hatano et al., 2010). Additionally, the large in-
creases in $100a7 and a8 (Fig. 5C, E) could be due to infiltrating neu-
trophils in the skin (Ehrchen et al., 2009; Schiopu and Cotoi, 2013).
Also, in support of a sustained inflammatory response, is an increase in
II-6 (PFPeA) and Tslp (PFPeA, PFHpA) (Fig. 5). Together these data
suggests that alternative PFAS dermal exposure can induce
immune-related responses. It is important to note that the
immune-related data and the overall toxicity data presented in this
manuscript are not completely linear with respect to carbon length and
therefore present the possibility of unique mechanisms of toxicity for
these compounds potentially influenced by skin absorption and pene-
tration, which has previously been shown for PFOA (Franko et al., 2012;
Shane et al., 2020). However, it is important to note that like PFOA, all
tested alternative PFAS were shown to be absorbed through the skin.

Skin irritation was observed at the site of application for all three
PFAS, mainly with the 5% exposure groups. Because the free acid form
of these chemicals was used in the present study, the pH of the PFAS
(5%) was measured in PBS, and determined to be 1.49 (PFHpA), 0.96
(PFHxA), and 0.86 (PFPeA). While low pH could be a potential expla-
nation for the skin irritation observed at the site of application, PFOA did
not show any signs of irritation at concentrations up to 2% (Shane et al.,
2020). Previous work with PFOA suggests that the ionization state can
influence skin penetration (Franko et al., 2012). PFAS in an aqueous
environment will be highly ionized, which will significantly affect
dermal absorption. The amount of moisture in PFAS-containing prod-
ucts will likely play a large role in dermal absorption and this should be
considered when evaluating formulations in which these compounds are
used, where dermal exposure is possible, such as firefighting foams.
Further dermal studies on these compounds in varying buffer environ-
ments, including different non-aqueous solvents which are commonly
used in firefighting foams, are needed to further our knowledge on
alternative PFAS dermal absorption.

It is interesting to note that out of the three PFAS investigated in this
study, PFPeA had the least number of epidemiology and animal studies
identified but had the most significant changes in gene expression in the
liver (Fig. 4) and most severe hepatocellular hypertrophy (Table 3) in
the current study. Pérez et al. observed a positive correlation between
acidic PFAS having an odd number of carbons (PFPeA, PFHpA) with
accumulation in the liver (Pérez et al., 2013). PFPeA is frequently
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overlooked as serum levels are often below the limit of detection in
human samples (Jin et al., 2020; Xu et al., 2020). However, one study
found that PFPeA and PFHxA concentrations were 1.5 to 5-fold higher in
urine and hair samples than in serum, and PFPeA was the predominant
PFAS detected in urine (Kim et al. 2014, 2019). These results are
consistent with our murine model as PFOA had the highest concentra-
tion in serum (although tested at the lowest concentration) followed by
PFHpA > PFHxA > PFPeA (Fig. 1A) supporting a general trend in
increased serum levels based on carbon length. The inverseresults
occurred in urine, with PFPeA having the highest concentration fol-
lowed by PFHxA > PFHpA > PFOA (Fig. 1B). In general, it has been
determined that alternative PFAS have a shorter half-life than the legacy
PFAS and that the alternative PFAS are more quickly excreted (Han
et al., 2012), which is supported by our findings. One assumption in the
literature is that if a PFAS has a short half-life (with high output in the
urine), it has low potential for adverse effects. However, others are
challenging this assumption and the current study and previous results
with PFBA (Weatherly et al., 2021) help support that this is not the case
with certain PFAS.

While studies on alternative PFAS are limited, PFHXA is one of the
most studied as it is the main degradation product of fire-fighting foams
in current use (Cousins et al., 2016). One critical review determined that
PFHXA is not carcinogenic, not a reproductive or developmental toxi-
cant, or an endocrine disruptor (Luz et al., 2019). This was all concluded
through oral exposure studies. Dermal toxicity was reviewed in a sub-
section, however, no experiments with PFHXA dermal exposure were
identified. One dermal study using PFHXA ammonium was identified,
however, only lack of skin irritation was remarked upon. However,
another study using gavage exposure found that PFHXA may disrupt
thyroid hormones and decrease epidydimal sperm counts (NTP, 2019);
and ammonium salt PFHXA may lead to slight developmental effects
(Iwai et al., 2019; Loveless et al., 2009). This stresses the data gap with
alternative PFAS dermal exposure.

It is notable that the general purpose of this paper is for hazard
identification and to confirm dermal absorption of these compounds
through analysis of serum and urine. The concentrations used in this
manuscript were based on preliminary data generated in our laboratory
that showed systemic effects following dermal exposure. There is no
data on human serum or urine concentrations after alternative PFAS
occupational or consumer product exposure only occurring dermally.
Although the serum and urine concentrations in this manuscript are
much higher than what has been measured in humans, it should be
noted that comparisons between species are difficult as PFAS are
excreted at different rates in different species (ATSDR, 2021). Also,
human exposures are frequently chronic as opposed to a 28-day expo-
sure with mice and due to the shorter half-life of the alternative PFAS the
peak levels in the serum/urine could be being missed in human studies.
It is also worth noting that the serum and urine analysis includes only
the linear isomer for PFPeA, PFHxA, and PFHpA, however, both linear
and branched isomers were measured for PFOA. This could influence the
detected concentrations of these PFAS, possibly leading to a lower
concentration of the shorter-chain alternative PFAS being reported in
the samples.

Alterations in organ weights, histology and phenotyping, serum
chemistries, and gene expression along with analytical data, support
that these alternative PFAS can be absorbed through the skin. These
findings suggest the PPAR isoforms «, , and y are involved in alternative
PFAS systemic toxicity and immunological disruption and these effects
are possibly due to the disruption of the skin barrier. While similar re-
sults to legacy PFAS were demonstrated, unique mechanism of toxicity
were also suggested. These results raise additional concerns on both the
dermal route of exposure for PFAS and the replacement of legacy PFAS
with the alternative counterparts that are being labeled as safer alter-
natives. Further investigation into PFAS dermal exposure is needed as it
is crucial to identify how chemical exposure to the skin influences sys-
temic toxicity.



L.M. Weatherly et al.
Funding information

This work was supported by intramural funds from the National
Occupational Research Agenda (NORA) CAN 9390HTP.

CRediT authorship contribution statement

Lisa M. Weatherly: Conceptualization, Methodology, Formal anal-
ysis, Investigation, Writing — original draft. Hillary L. Shane: Concep-
tualization, Methodology, Formal analysis, Investigation, Writing —
review & editing. Ewa Lukomska: Resources. Rachel Baur: Writing —
review & editing. Stacey E. Anderson: Conceptualization, Methodol-
ogy, Formal analysis, Investigation, Writing — review & editing, Super-
vision, Funding acquisition.

Declaration of competing interest

The authors declare no conflicts of interest. The authors alone are
responsible for the content of this manuscript. The findings and con-
clusions in this report are those of the authors and do not necessarily
represent the official position of the National Institute for Occupational
Safety and Health, Centers for Disease Control and Prevention. All study
data will be made available on the NIOSH Data and Statistics Gateway.

Data availability

All study data will be made available on the NIOSH Data and Sta-
tistics Gateway.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.fct.2022.113515.

References

Abe, T., Takahashi, M., Kano, M., Amaike, Y., Ishii, C., Maeda, K., Kudoh, Y.,
Morishita, T., Hosaka, T., Sasaki, T., et al., 2017. Activation of nuclear receptor car
by an environmental pollutant perfluorooctanoic acid. Arch. Toxicol. 91 (6),
2365-2374.

Adachi, Y., Hatano, Y., Sakai, T., Fujiwara, S., 2013. Expressions of peroxisome
proliferator-activated receptors (ppars) are directly influenced by permeability
barrier abrogation and inflammatory cytokines and depressed ppara modulates
expressions of chemokines and epidermal differentiation-related molecules in
keratinocytes. Exp. Dermatol. 22 (9), 606-608.

Anderson, S.E., Meade, B.J., 2014. Potential health effects associated with dermal
exposure to occupational chemicals. Environ. Health Insights 8 (Suppl. 1), 51-62.

ATSDR, (Agency for Toxic Substances and Disease Registry), 2021. Toxicological Profile
for Perfluoroalkyls. ATSDR.

Bjork, J.A., Butenhoff, J.L., Wallace, K.B., 2011. Multiplicity of nuclear receptor
activation by pfoa and pfos in primary human and rodent hepatocytes. Toxicology
288 (1-3), 8-17.

Brendel, S., Fetter, E., Staude, C., Vierke, L., Biegel-Engler, A., 2018. Short-chain
perfluoroalkyl acids: environmental concerns and a regulatory strategy under reach.
Environ. Sci. Eur. 30 (1), 9.

Calafat, A.M., Wong, L.Y., Kuklenyik, Z., Reidy, J.A., Needham, L.L., 2007.
Polyfluoroalkyl chemicals in the u.S. Population: data from the national health and
nutrition examination survey (nhanes) 2003-2004 and comparisons with nhanes
1999-2000. Environ. Health Perspect. 115 (11), 1596-1602.

Chengelis, C.P., Kirkpatrick, J.B., Radovsky, A., Shinohara, M., 2009. A 90-day repeated
dose oral (gavage) toxicity study of perfluorohexanoic acid (pfhxa) in rats (with
functional observational battery and motor activity determinations). Reprod.
Toxicol. 27 (3-4), 342-351.

Cousins, L.T., Vestergren, R., Wang, Z., Scheringer, M., McLachlan, M.S., 2016. The
precautionary principle and chemicals management: the example of perfluoroalkyl
acids in groundwater. Environ. Int. 94, 331-340.

Crissman, J.W., Goodman, D.G., Hildebrandt, P.K., Maronpot, R.R., Prater, D.A., Riley, J.
H., Seaman, W.J., Thake, D.C., 2004. Best practices guideline: Toxicologic
histopathology. Toxicol. Pathol. 32 (1), 126-131.

Das, K.P., Wood, C.R., Lin, M.T., Starkov, A.A., Lau, C., Wallace, K.B., Corton, J.C.,
Abbott, B.D., 2017. Perfluoroalkyl acids-induced liver steatosis: effects on genes
controlling lipid homeostasis. Toxicology 378, 37-52.

Du, G., Sun, J., Zhang, Y., 2018. Perfluorooctanoic acid impaired glucose homeostasis
through affecting adipose akt pathway. Cytotechnology 70 (1), 479-487.

12

Food and Chemical Toxicology 171 (2023) 113515

Eckert, R.L., Broome, A.M., Ruse, M., Robinson, N., Ryan, D., Lee, K., 2004. S100
proteins in the epidermis. J. Invest. Dermatol. 123 (1), 23-33.

Ehrchen, J.M., Sunderkotter, C., Foell, D., Vogl, T., Roth, J., 2009. The endogenous toll-
like receptor 4 agonist s100a8/s100a9 (calprotectin) as innate amplifier of infection,
autoimmunity, and cancer. J. Leukoc. Biol. 86 (3), 557-566.

Fairley, K.J., Purdy, R., Kearns, S., Anderson, S.E., Meade, B., 2007. Exposure to the
immunosuppressant, perfluorooctanoic acid, enhances the murine ige and airway
hyperreactivity response to ovalbumin. Toxicol. Sci. : Off. J. Soc. Toxicol. 97 (2),
375-383.

Franko, J., Meade, B.J., Frasch, H.F., Barbero, A.M., Anderson, S.E., 2012. Dermal
penetration potential of perfluorooctanoic acid (pfoa) in human and mouse skin.

J. Toxicol. Environ. Health, Part A 75 (1), 50-62.

Freberg, B.I., Haug, L.S., Olsen, R., Daae, H.L., Hersson, M., Thomsen, C., Thorud, S.,
Becher, G., Molander, P., Ellingsen, D.G., 2010. Occupational exposure to airborne
perfluorinated compounds during professional ski waxing. Environ. Sci. Technol. 44
(19), 7723-7728.

Furue, K., Mitoma, C., Tsuji, G., Furue, M., 2018. Protective role of peroxisome
proliferator-activated receptor o agonists in skin barrier and inflammation.
Immunobiology 223 (3), 327-330.

Gockener, B., Weber, T., Riidel, H., Biicking, M., Kolossa-Gehring, M., 2020. Human
biomonitoring of per- and polyfluoroalkyl substances in German blood plasma
samples from 1982 to 2019. Environ. Int. 145, 106123.

Goodrow, S.M., Ruppel, B., Lippincott, R.L., Post, G.B., Procopio, N.A., 2020.
Investigation of levels of perfluoroalkyl substances in surface water, sediment and
fish tissue in New Jersey, USA. Sci. Total Environ. 729, 138839.

Han, J.S., Jang, S., Son, H.Y., Kim, Y.B., Kim, Y., Noh, J.H., Kim, M.J., Lee, B.S., 2020.
Subacute dermal toxicity of perfluoroalkyl carboxylic acids: comparison with
different carbon-chain lengths in human skin equivalents and systemic effects of
perfluoroheptanoic acid in sprague dawley rats. Arch. Toxicol. 94 (2), 523-539.

Han, X., Nabb, D.L., Russell, M.H., Kennedy, G.L., Rickard, R.W., 2012. Renal elimination
of perfluorocarboxylates (pfcas). Chem. Res. Toxicol. 25 (1), 35-46.

Hatano, Y., Man, M.Q., Uchida, Y., Crumrine, D., Mauro, T.M., Feingold, K.R., Elias, P.
M., Holleran, W.M., 2010. Murine atopic dermatitis responds to peroxisome
proliferator-activated receptors alpha and beta/delta (but not gamma) and liver x
receptor activators. J. Allergy Clin. Immunol. 125 (1), 160-169 e161-165.

Hattori, F., Kiatsurayanon, C., Okumura, K., Ogawa, H., Ikeda, S., Okamoto, K.,
Niyonsaba, F., 2014. The antimicrobial protein s100a7/psoriasin enhances the
expression of keratinocyte differentiation markers and strengthens the skin’s tight
junction barrier. Br. J. Dermatol. 171 (4), 742-753.

Inoue, M., Ohtake, T., Motomura, W., Takahashi, N., Hosoki, Y., Miyoshi, S., Suzuki, Y.,
Saito, H., Kohgo, Y., Okumura, T., 2005. Increased expression of ppargamma in high
fat diet-induced liver steatosis in mice. Biochem. Biophys. Res. Commun. 336 (1),
215-222.

Iwai, H., Hoberman, A.M., Goodrum, P.E., Mendelsohn, E., Anderson, J.K., 2019.
Addendum to iwai and hoberman (2014)-reassessment of developmental toxicity of
pfhxa in mice. Int. J. Toxicol. 38 (3), 183-191.

Jiang, L., Hong, Y., Xie, G., Zhang, J., Zhang, H., Cai, Z., 2021. Comprehensive multi-
omics approaches reveal the hepatotoxic mechanism of perfluorohexanoic acid
(pfhxa) in mice. Sci. Total Environ. 790, 148160.

Jin, H., Lin, S., Dai, W, Feng, L., Li, T., Lou, J., Zhang, Q., 2020. Exposure sources of
perfluoroalkyl acids and influence of age and gender on concentrations of
chlorinated polyfluorinated ether sulfonates in human serum from China. Environ.
Int. 138, 105651.

Kim, D.H., Lee, J.H., Oh, J.E., 2019. Perfluoroalkyl acids in paired serum, urine, and hair
samples: correlations with demographic factors and dietary habits. Environ. Pollut.
(Barking, Essex : 1987) 248, 175-182.

Kim, D.H., Lee, M.Y., Oh, J.E., 2014. Perfluorinated compounds in serum and urine
samples from children aged 5-13 years in South Korea. Environ. Pollut. (Barking,
Essex : 1987) 192, 171-178.

Kim, S.K., Kannan, K., 2007. Perfluorinated acids in air, rain, snow, surface runoff, and
lakes: relative importance of pathways to contamination of urban lakes. Environ. Sci.
Technol. 41 (24), 8328-8334.

King-Herbert, A.P., Sills, R.C., Bucher, J.R., 2010. Commentary: update on animal
models for ntp studies. Toxicol. Pathol. 38 (1), 180-181.

Kirkpatrick, J., 2005. A Combined 28-day Repeated Dose Oral Toxicity Study with the
Reproduction/developmental Toxicity Screening Test of Perfluorohexanoic Acid and
1h, 1h, 2h, 2h-Tridecafluoro-1-Octanol in Rats, with Recovery.

Kirsch, P., 2013. Modern Fluoroorganic Chemistry: Synthesis, Reactivity, Applications.
John Wiley & Sons.

Kotthoff, M., Miiller, J., Jiirling, H., Schlummer, M., Fiedler, D., 2015. Perfluoroalkyl and
polyfluoroalkyl substances in consumer products. Environ. Sci. Pollut. Res. Int. 22
(19), 14546-14559.

Lau, C., Anitole, K., Hodes, C., Lai, D., Pfahles-Hutchens, A., Seed, J., 2007.
Perfluoroalkyl acids: a review of monitoring and toxicological findings. Toxicol. Sci.
: Off. J. Soc. Toxicol. 99 (2), 366-394.

Li, F., Duan, J., Tian, S.T., Ji, H.D., Zhu, Y.M., Wei, Z.S., Zhao, D.Y., 2020. Short-chain
per- and polyfluoroalkyl substances in aquatic systems: occurrence, impacts and
treatment. Chem. Eng. J. 380, 22506.

Lindstrom, A.B., Strynar, M.J., Libelo, E.L., 2011. Polyfluorinated compounds: past,
present, and future. Environ. Sci. Technol. 45 (19), 7954-7961.

Liu, H.S., Wen, L.L., Chu, P.L., Lin, C.Y., 2018. Association among total serum isomers of
perfluorinated chemicals, glucose homeostasis, lipid profiles, serum protein and
metabolic syndrome in adults: nhanes, 2013-2014. Environ. Pollut. (Barking, Essex :
1987) 232, 73-79.


https://doi.org/10.1016/j.fct.2022.113515
https://doi.org/10.1016/j.fct.2022.113515
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref1
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref1
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref1
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref1
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref2
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref2
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref2
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref2
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref2
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref3
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref3
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref4
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref4
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref5
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref5
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref5
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref6
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref6
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref6
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref7
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref7
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref7
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref7
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref8
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref8
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref8
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref8
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref9
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref9
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref9
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref10
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref10
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref10
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref11
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref11
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref11
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref12
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref12
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref13
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref13
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref14
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref14
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref14
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref15
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref15
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref15
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref15
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref16
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref16
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref16
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref17
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref17
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref17
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref17
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref18
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref18
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref18
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref19
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref19
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref19
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref20
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref20
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref20
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref21
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref21
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref21
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref21
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref22
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref22
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref23
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref23
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref23
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref23
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref24
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref24
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref24
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref24
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref25
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref25
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref25
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref25
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref26
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref26
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref26
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref27
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref27
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref27
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref28
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref28
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref28
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref28
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref29
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref29
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref29
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref30
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref30
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref30
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref31
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref31
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref31
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref32
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref32
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref33
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref33
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref33
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref34
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref34
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref35
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref35
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref35
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref36
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref36
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref36
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref37
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref37
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref37
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref38
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref38
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref39
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref39
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref39
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref39

L.M. Weatherly et al.

Loveless, S.E., Slezak, B., Serex, T., Lewis, J., Mukerji, P., O’Connor, J.C., Donner, E.M.,
Frame, S.R., Korzeniowski, S.H., Buck, R.C., 2009. Toxicological evaluation of
sodium perfluorohexanoate. Toxicology 264 (1-2), 32-44.

Luz, A.L., Anderson, J.K., Goodrum, P., Durda, J., 2019. Perfluorohexanoic acid toxicity,
part i: development of a chronic human health toxicity value for use in risk
assessment. Regul. Toxicol. Pharmacol. 103, 41-55. RTP.

Marques, E., Pfohl, M., Wei, W., Tarantola, G., Ford, L., Amaeze, O., Alesio, J., Ryu, S.,
Jia, X., Zhu, H., et al., 2022. Replacement per- and polyfluoroalkyl substances (pfas)
are potent modulators of lipogenic and drug metabolizing gene expression signatures
in primary human hepatocytes. Toxicol. Appl. Pharmacol. 442, 115991.

Matsusue, K., Haluzik, M., Lambert, G., Yim, S.H., Gavrilova, O., Ward, J.M.,

Brewer Jr., B., Reitman, M.L., Gonzalez, F.J., 2003. Liver-specific disruption of
ppargamma in leptin-deficient mice improves fatty liver but aggravates diabetic
phenotypes. J. Clin. Invest. 111 (5), 737-747.

Michalik, L., Auwerx, J., Berger, J.P., Chatterjee, V.K., Glass, C.K., Gonzalez, F.J.,
Grimaldi, P.A., Kadowaki, T., Lazar, M.A., O’Rahilly, S., et al., 2006. International
union of pharmacology. Lxi. Peroxisome proliferator-activated receptors. Pharmacol.
Rev. 58 (4), 726-741.

Michalik, L., Wahli, W., 2007. Peroxisome proliferator-activated receptors (ppars) in skin
health, repair and disease. Biochim. Biophys. Acta 1771 (8), 991-998.

Nakamura, M., Kamiya, K., Furuhata, A., Ikeda, K., Niyonsaba, F., 2021. S100a7 co-
localization and up-regulation of filaggrin in human sinonasal epithelial cells. Curr.
Med. Sci. 41 (5), 863-868.

Nilsson, H., Karrman, A., Westberg, H., Rotander, A., van Bavel, B., Lindstrom, G., 2010.
A time trend study of significantly elevated perfluorocarboxylate levels in humans
after using fluorinated ski wax. Environ. Sci. Technol. 44 (6), 2150-2155.

NORA, 2019. National occupational research agenda for immune, infectious and dermal
disease prevention (iid). https://www.cdc.gov/nora/councils/iid/agenda.html.

NTP, 2019. Toxicity studies of perfluoroalkyl carboxylates administered by gavage to
sprague dawley (hsd:Sprague dawley sd) rats. Toxic Rep. Ser. 97.

NTP, 2022. Tox-97: Perfluorohexanoic Acid (307-24-4), Perfluorooctanoic Acid (335-67-
1), Perfluorononanoic Acid (375-95-1), Perfluorodecanoic Acid (335-76-2), Wy-
14643 (50892-23-4). https://cebs.niehs.nih.gov/cebs/publication/TOX-97.
(Accessed 14 February 2022).

Pérez, F., Nadal, M., Navarro-Ortega, A., Fabrega, F., Domingo, J.L., Barceld, D.,

Farré, M., 2013. Accumulation of perfluoroalkyl substances in human tissues.
Environ. Int. 59, 354-362.

Plassmann, M.M., Berger, U., 2013. Perfluoroalkyl carboxylic acids with up to 22 carbon
atoms in snow and soil samples from a ski area. Chemosphere 91 (6), 832-837.
Rakhshandehroo, M., Knoch, B., Miiller, M., Kersten, S., 2010. Peroxisome proliferator-
activated receptor alpha target genes. PPAR Res., 612089 https://doi.org/10.1155/

2010/612089. Epub 2010 Sep 26; PMID: 20936127; PMCID: PMC2948931.

Rosen, M.B., Das, K.P., Rooney, J., Abbott, B., Lau, C., Corton, J.C., 2017. Ppara-
independent transcriptional targets of perfluoroalkyl acids revealed by transcript
profiling. Toxicology 387, 95-107.

Rosen, M.B., Schmid, J.E., Das, K.P., Wood, C.R., Zehr, R.D., Lau, C., 2009. Gene
expression profiling in the liver and lung of perfluorooctane sulfonate-exposed
mouse fetuses: comparison to changes induced by exposure to perfluorooctanoic
acid. Reprod. Toxicol. 27 (3-4), 278-288.

Russell, M.H., Himmelstein, M.W., Buck, R.C., 2015. Inhalation and oral toxicokinetics of
6:2 ftoh and its metabolites in mammals. Chemosphere 120, 328-335.

Russell, M.H., Nilsson, H., Buck, R.C., 2013. Elimination kinetics of perfluorohexanoic
acid in humans and comparison with mouse, rat and monkey. Chemosphere 93 (10),
2419-2425.

Schiopu, A., Cotoi, O.S., 2013. S100a8 and s100a9: damps at the crossroads between
innate immunity, traditional risk factors, and cardiovascular disease, 2013 Mediat.
Inflamm., 828354

Schmuth, M., Moosbrugger-Martinz, V., Blunder, S., Dubrac, S., 2014. Role of ppar, Ixr,
and pxr in epidermal homeostasis and inflammation. Biochim. Biophys. Acta 1841
(3), 463-473.

Schrenk, D., Bignami, M., Bodin, L., Chipman, J.K., Del Mazo, J., Grasl-Kraupp, B.,
Hogstrand, C., Hoogenboom, L.R., Leblanc, J.C., Nebbia, C.S., et al., 2020. Risk to

13

Food and Chemical Toxicology 171 (2023) 113515

human health related to the presence of perfluoroalkyl substances in food. EFSA J.
18 (9), €06223.

Shane, H.L., Baur, R., Lukomska, E., Weatherly, L., Anderson, S.E., 2020. Immunotoxicity
and allergenic potential induced by topical application of perfluorooctanoic acid
(pfoa) in a murine model. Food Chem. Toxicol. : Int. J. Publ. Br. Ind. Biol. Res. Assoc.
136, 111114.

Shoemaker, J.A., Grimmett, P., Boutin, B., 2008. Determination of selected
perfluorinated alkyl acids in drinking water by solid phase extraction and liquid
chromatography/tandem mass spectrometry (lc/ms/ms. https://cfpub.epa.
gov/si/si_public_record_report.cfm?Lab=NERL&dirEntryld=198984&simpleSearch
=1&searchAll=EPA%2F600%2FR-08%2F092+.

Sutter, C.H., Bodreddigari, S., Campion, C., Wible, R.S., Sutter, T.R., 2011. 2,3,7,8-
tetrachlorodibenzo-p-dioxin increases the expression of genes in the human
epidermal differentiation complex and accelerates epidermal barrier formation.
Toxicol. Sci. : Off. J. Soc. Toxicol. 124 (1), 128-137.

Takacs, M.L., Abbott, B.D., 2007. Activation of mouse and human peroxisome
proliferator-activated receptors (alpha, beta/delta, gamma) by perfluorooctanoic
acid and perfluorooctane sulfonate. Toxicol. Sci. : Off. J. Soc. Toxicol. 95 (1),
108-117.

Torma, H., Berne, B., 2009. Sodium lauryl sulphate alters the mrna expression of lipid-
metabolizing enzymes and ppar signalling in normal human skin in vivo. Exp.
Dermatol. 18 (12), 1010-1015.

Trowbridge, J., Gerona, R.R., Lin, T., Rudel, R.A., Bessonneau, V., Buren, H., Morello-
Frosch, R., 2020. Exposure to perfluoroalkyl substances in a cohort of women
firefighters and office workers in san francisco. Environ. Sci. Technol. 54 (6),
3363-3374.

U.S. EPA USEPA, 2022a. Our Current Understanding of the Human Health and
Environmental Risks of Pfas. https://www.epa.gov/pfas/our-current-understa
nding-human-health-and-environmental-risks-pfas#:~:text=People%20Can%20Be
%20Exposed%20t0%20PFAS%20in%20a%20Variety%200f%20Ways&text=Current
%20research%20has%20shown%20that,may%20contain%20PFAS%2C%20incl
uding%20fish.

U.S. EPA USEPA, 2022b. Risk Management for Per- and Polyfluoroalkyl Substances
(Pfas) under Tsca. https://www.epa.gov/assessing-and-managing-chemicals-unde
r-tsca/risk-management-and-polyfluoroalkyl-substances-pfas.

Vanden Heuvel, J.P., Thompson, J.T., Frame, S.R., Gillies, P.J., 2006. Differential
activation of nuclear receptors by perfluorinated fatty acid analogs and natural fatty
acids: a comparison of human, mouse, and rat peroxisome proliferator-activated
receptor-alpha, -beta, and -gamma, liver x receptor-beta, and retinoid x receptor-
alpha. Toxicol. Sci. : Off. J. Soc. Toxicol. 92 (2), 476-489.

Wang, Z., Cousins, I.T., Scheringer, M., Hungerbiihler, K., 2013. Fluorinated alternatives
to long-chain perfluoroalkyl carboxylic acids (pfcas), perfluoroalkane sulfonic acids
(pfsas) and their potential precursors. Environ. Int. 60, 242-248.

Weatherly, L.M., Shane, H.L., Lukomska, E., Baur, R., Anderson, S.E., 2021. Systemic
toxicity induced by topical application of heptafluorobutyric acid (pfba) in a murine
model. Food Chem. Toxicol. : Int. J. Publ. Br. Ind. Biol. Res. Assoc. 156, 112528.

Xu, Y., Fletcher, T., Pineda, D., Lindh, C.H., Nilsson, C., Glynn, A., Vogs, C., Norstrom, K.,
Lilja, K., Jakobsson, K., et al., 2020. Serum half-lives for short- and long-chain
perfluoroalkyl acids after ceasing exposure from drinking water contaminated by
firefighting foam. Environ. Health Perspect. 128 (7), 77004.

Young, A.S., Sparer-Fine, E.H., Pickard, H.M., Sunderland, E.M., Peaslee, G.F., Allen, J.
G., 2021. Per- and polyfluoroalkyl substances (pfas) and total fluorine in fire station
dust. J. Expo. Sci. Environ. Epidemiol. 31 (5), 930-942.

Zhang, Y.M., Dong, X.Y., Fan, L.J., Zhang, Z.L., Wang, Q., Jiang, N., Yang, X.S., 2017.
Poly- and perfluorinated compounds activate human pregnane x receptor.
Toxicology 380, 23-29.

Zheng, F., Sheng, N., Zhang, H., Yan, S., Zhang, J., Wang, J., 2017. Perfluorooctanoic
acid exposure disturbs glucose metabolism in mouse liver. Toxicol. Appl. Pharmacol.
335, 41-48.

Zheng, G., Schreder, E., Dempsey, J.C., Uding, N., Chu, V., Andres, G.,
Sathyanarayana, S., Salamova, A., 2021. Per- and polyfluoroalkyl substances (pfas)
in breast milk: concerning trends for current-use pfas. Environ. Sci. Technol. 55 (11),
7510-7520.


http://refhub.elsevier.com/S0278-6915(22)00713-X/sref40
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref40
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref40
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref41
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref41
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref41
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref42
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref42
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref42
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref42
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref43
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref43
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref43
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref43
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref44
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref44
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref44
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref44
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref45
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref45
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref46
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref46
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref46
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref47
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref47
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref47
https://www.cdc.gov/nora/councils/iid/agenda.html
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref50
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref50
https://cebs.niehs.nih.gov/cebs/publication/TOX-97
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref51
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref51
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref51
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref52
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref52
https://doi.org/10.1155/2010/612089
https://doi.org/10.1155/2010/612089
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref54
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref54
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref54
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref55
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref55
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref55
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref55
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref56
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref56
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref57
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref57
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref57
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref58
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref58
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref58
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref59
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref59
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref59
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref60
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref60
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref60
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref60
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref61
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref61
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref61
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref61
https://cfpub.epa.gov/si/si_public_record_report.cfm?Lab=NERL&amp;dirEntryId=198984&amp;simpleSearch=1&amp;searchAll=EPA%2F600%2FR-08%2F092+
https://cfpub.epa.gov/si/si_public_record_report.cfm?Lab=NERL&amp;dirEntryId=198984&amp;simpleSearch=1&amp;searchAll=EPA%2F600%2FR-08%2F092+
https://cfpub.epa.gov/si/si_public_record_report.cfm?Lab=NERL&amp;dirEntryId=198984&amp;simpleSearch=1&amp;searchAll=EPA%2F600%2FR-08%2F092+
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref63
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref63
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref63
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref63
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref64
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref64
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref64
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref64
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref65
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref65
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref65
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref66
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref66
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref66
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref66
https://www.epa.gov/pfas/our-current-understanding-human-health-and-environmental-risks-pfas#:~:text=People%20Can%20Be%20Exposed%20to%20PFAS%20in%20a%20Variety%20of%20Ways&amp;text=Current%20research%20has%20shown%20that,may%20contain%20PFAS%2C%20including%20fish
https://www.epa.gov/pfas/our-current-understanding-human-health-and-environmental-risks-pfas#:~:text=People%20Can%20Be%20Exposed%20to%20PFAS%20in%20a%20Variety%20of%20Ways&amp;text=Current%20research%20has%20shown%20that,may%20contain%20PFAS%2C%20including%20fish
https://www.epa.gov/pfas/our-current-understanding-human-health-and-environmental-risks-pfas#:~:text=People%20Can%20Be%20Exposed%20to%20PFAS%20in%20a%20Variety%20of%20Ways&amp;text=Current%20research%20has%20shown%20that,may%20contain%20PFAS%2C%20including%20fish
https://www.epa.gov/pfas/our-current-understanding-human-health-and-environmental-risks-pfas#:~:text=People%20Can%20Be%20Exposed%20to%20PFAS%20in%20a%20Variety%20of%20Ways&amp;text=Current%20research%20has%20shown%20that,may%20contain%20PFAS%2C%20including%20fish
https://www.epa.gov/pfas/our-current-understanding-human-health-and-environmental-risks-pfas#:~:text=People%20Can%20Be%20Exposed%20to%20PFAS%20in%20a%20Variety%20of%20Ways&amp;text=Current%20research%20has%20shown%20that,may%20contain%20PFAS%2C%20including%20fish
https://www.epa.gov/assessing-and-managing-chemicals-under-tsca/risk-management-and-polyfluoroalkyl-substances-pfas
https://www.epa.gov/assessing-and-managing-chemicals-under-tsca/risk-management-and-polyfluoroalkyl-substances-pfas
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref69
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref69
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref69
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref69
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref69
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref70
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref70
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref70
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref71
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref71
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref71
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref72
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref72
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref72
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref72
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref73
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref73
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref73
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref74
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref74
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref74
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref75
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref75
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref75
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref76
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref76
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref76
http://refhub.elsevier.com/S0278-6915(22)00713-X/sref76

	Systemic toxicity induced by topical application of perfluoroheptanoic acid (PFHpA), perfluorohexanoic acid (PFHxA), and pe ...
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 Test articles and chemicals
	2.3 PFAS exposures
	2.4 Tissue processing
	2.5 Serum chemistries
	2.6 Analytical PFAS detection
	2.7 Flow cytometry
	2.8 Gene expression
	2.9 Histology
	2.10 Statistical analysis

	3 Results
	3.1 28-day dermal exposure of PFPeA, PFHxA and PFHpA induces significant alterations in both serum and urine PFAS concentra ...
	3.2 PFPeA, PFHxA and PFHpA induce significant alterations in organ weights after 28 days dermal exposure
	3.3 PFPeA, PFHxA, and PFHpA altered serum chemistries after dermal exposure
	3.4 Dermal exposure to alternative PFAS for 28 days results in significant immune phenotypic changes
	3.4.1 Draining lymph node (dLN)
	3.4.2 Skin
	3.4.3 Spleen

	3.5 Dermal exposure to PFAS for 28 days results in histopathological changes in the liver and skin

	4 Discussion
	Funding information
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Appendix A Supplementary data
	References


