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DERMAL PENETRATION POTENTIAL OF PERFLUOROOCTANOIC
ACID (PFOA) IN HUMAN AND MOUSE SKIN

Jennifer Franko, B. J. Meade, H. Frederick Frasch, Ana M. Barbero, Stacey E. Anderson

Health Effects Laboratory, National Institute for Occupational Safety and Health, Morgantown,
West Virginia, USA

Recent data, using a murine model, have indicated that dermal exposure to perfluorooc-
tanoic acid (PFOA) induces immune modulation, suggesting that this may be an important
route of PFOA exposure. To investigate the dermal penetration potential of PFOA, serum con-
centrations were analyzed in mice following topical application. Statistically significant and
dose-responsive increases in serum PFOA concentrations were identified. In vitro dermal
penetration studies also demonstrated that PFOA permeates both mouse and human skin.
Investigation into the mechanisms mediating PFOA penetration demonstrated that dermal
absorption was strongly dependent upon the ionization status of PFOA. In addition, PFOA
solid, but not 1% PFOA/acetone solution, was identified as corrosive using a cultured epider-
mis in vitro model. Despite its corrosive potential, expression of inflammatory cytokines in
the skin of topically exposed mice was not altered. These data suggest that PFOA is dermally
absorbed and that under certain conditions the skin may be a significant route of exposure.

Perfluorooctanoic acid (PFOA) is an organic
fluorochemical once widely used in the manu-
facturing of flame retardants, firefighting foams,
surfactants, wax and gloss finish enhancers,
and carpet and fabric protectants (Kennedy
et al. 2004). High stability and extremely low
surface tension of PFOA, which lend it useful-
ness in consumer and industrial applications,
also result in its environmental persistence
(Kennedy et al. 2004). PFOA has an estimated
hydrolytic half-life of more than 97 yr, allowing
for continued environmental bioaccumulation,
and has been found in various animal species,
including mink, bald eagle, tuna, dolphins,
other aquatic organisms, and whales (Calafat
et al. 2006; Olsen et al. 2007). In humans,
PFOA has a half life of approximately 4.5 yr and
was detected in blood of both occupationally
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exposed individuals and the general popula-
tion (Olsen et al. 2007). Due to potential health
concerns associated with PFOA bioaccumula-
tion, there is increased interest in understand-
ing the biological effects resulting from PFOA
exposure in humans and experimental animal
models. Although the use of PFOA has been
greatly reduced over the past 10 years and
is expected to be eliminated completely by
2015, this chemical will remain a health con-
cern due to its persistence in household goods
and commercial products manufactured before
production was reduced (Betts 2007).

Much of the concern regarding PFOA-
mediated health effects focused specifically
on occupationally exposed individuals due to
increased levels of PFOA present in their blood
(Olsen et al. 2007). Using animal models, the

Special thanks are extended to Kayoko Kato and Antonia Calafat at the Centers for Disease Control and Prevention for performing
the analysis of serum PFOA concentrations. The findings and conclusions in this report are those of the authors and do not necessarily
represent the views of the National Institute for Occupational Safety and Health, Centers for Disease Control and Prevention.

Address correspondence to Stacey E. Anderson, PhD, NIOSH, 1095 Willowdale Road, Morgantown, WV 26505, USA. E-mail:

Sanderson4@cdc.gov



DERMAL PENETRATION OF PFOA

health effects associated with PFOA exposure
have been extensively evaluated. Numerous
reports demonstrated PFOA-induced organ
(liver, thymus, spleen) and systemic (body
weight) toxicity following oral exposure (Betts
2007; Kudo and Kawashima 2003). Other
adverse effects commonly reported in exper-
imental animals exposed to PFOA include
carcinogenicity, hepatomegaly and hepatocyte
proliferation, hormone disruption, and a myr-
iad of developmental effects, including neona-
tal mortality (DeWitt et al. 2009a). PFOA is
also immunosuppressive following oral expo-
sure in murine models. A reduction in thy-
mocyte and splenocyte populations, altered
T lymphocyte populations, and an inhibition
in T-cell-dependent immunoglobulin (Ig) M
and IgG antibody responses have been doc-
umented (Dewitt et al. 2008; 2009a; 2009b;
Yang et al. 2001; 2002). Our laboratory previ-
ously showed these same immunotoxic effects
following dermal exposure to PFOA (Anderson
et al. 2009). In addition to its inhibitory effects,
it was also demonstrated that dermal expo-
sure to PFOA, although not allergenic by itself,
enhances ovalbumin (OVA)-induced IgE pro-
duction and airway hypersensitivity in a murine
model (Fairley et al. 2007). These data suggest
that PFOA has the potential to augment IgE-
mediated responses induced by other environ-
mental and occupational allergens. Consistent
with this hypothesis, a significantly greater
prevalence of self-reported cases of chronic
bronchitis and asthma was documented in
individuals residing in a community with pro-
longed exposure to PFOA in their drinking
water as compared to the general population
(Anderson-Mahoney et al. 2008).

Despite the potential for dermal expo-
sure during the manufacturing process, as well
as in commercial products, such as firefight-
ing foams and carpet and fabric protectants,
most research has focused on oral and inhala-
tion routes of PFOA exposure. Other than our
recent findings and a previous report of occu-
pational dermal absorption in Chemolite work-
ers (U.S. EPA 2002), most investigations ignored
dermal PFOA exposure due to the assumption
that it is not well absorbed by the skin (U.S. EPA
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2002). While dermal absorption of the ammo-
nium salt of PFOA, ammonium perfluorooc-
tanoate (APFO), previously have been exam-
ined by Fasano et al. (2005), to our knowledge,
no studies have been published in the peer-
reviewed literature that thoroughly investigate
the potential for PFOA dermal absorption.
Since the potential for PFOA dermal exposure
exists not only in occupationally exposed adults
but also in adult consumers and children, it is
important to fully understand the potential for
dermal penetration and the risk of exposure to
PFOA through the dermal route.

Understanding and modeling the disposi-
tion of PFOA in contact with skin requires reli-
able values of relevant physicochemical prop-
erties. Unfortunately, physicochemical prop-
erties of PFOA that affect skin permeation
and transdermal flux are elusive. A recent
review (Rayne and Forest 2009) highlights
problems with measurements of octanol-water
partition coefficient, aqueous solubility, and
acid dissociation constant. For example, a
water solubility of 3.4 mg/ml has been mea-
sured (Shinoda et al. 1972), but the chemical
property estimator SPARC (release 4.5.1522,
http://archemcalc.com/sparc; accessed July 15,
2011) estimates PFOA solubility to be only
0.105 mg/ml. Likewise, an acid dissociation
constant of 3.8 has been measured (Burns
et al. 2008), while SPARC estimates the value
to be -0.21. PFOA forms multiple layers in
octanol/water, making an experimental deter-
mination of the partition coefficient (log Kow)
problematic. On the other hand, octanol/water
partitioning of the fully ionized compound has
been measured (Ping et al. 2009). Table 1
presents measured (where available) or esti-
mated values for some physicochemical prop-
erties of PFOA.

In the present study, the issue of der-
mal PFOA absorption is addressed and the
mechanisms of PFOA penetration, in both
human and mouse skin, are highlighted. Serum
PFOA levels were analyzed in mice following
topical exposure, and in vitro dermal pene-
trations studies were performed to quantify
the extent and time course of absorption in
both human and mouse skin. To investigate
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TABLE 1. Physicochemical Properties of PFOA

J. FRANKO ET AL.

log log
CAS Formula Structure Kow? Db pKa© Swd(mg/ml) Pyap©(Pa)
F FRFRF O
F
OH
335-67-1 CgHF150, F FF FF FF F 4141 4.7 1.76 3.8 3.4 18

Note. CAS: Chemical Abstract Society registry number; log Kow: base 10 logarithm of octanol/water partition coefficient; log D: base
10 logarithm of the octanol/water distribution coefficient; pKj: acid dissociation constant; Sy: water solubility; Pyap: vapor pressure.

?Average of estimated values reported in Arp et al. (2006).
bMeasured, fully ionized state (Ping et al. 2009).
“Measured (Burns et al. 2008).

dMeasured, 20°C (Shinoda et al. 1972).

Measured, 35.4°C (Barton et al. 2008).

the mechanisms mediating dermal absorption,
the role of ionization state, potential for skin
corrosivity, and inflammatory cytokine expres-
sion were explored following PFOA expo-
sure. Understanding the exposure routes rele-
vant to PFOA toxicity will aid in establishing
more effective guidelines for personal protec-
tive device usage and engineering controls that
will help reduce occupational exposure, as well
as provide insight into potential mechanisms of
action.

METHODS

Chemicals

Perfluorooctanoic acid (PFOA
purity >96%, CAS number 335-67-1) was
purchased from Sigma Aldrich. [Carbonyl-'4C]-
PFOA was custom synthesized by Perkin Elmer.
The specific activity was 59 mCi/mmol and
the reported radiochemical purity was 99.5%.

Animals

Female BALB/c mice (17-20 g), purchased
from Taconic, were used for these studies.
This mouse strain was previously used in our
laboratory to evaluate the immunotoxicity of
PFOA (Anderson et al. 2009; Fairley et al.
2007). Upon arrival, the animals were allowed
to acclimate for a minimum of 5 d. Each
shipment of animals was randomly assigned
to treatment group, weighed, and individually
identified via tail marking using a permanent

marker or tattoo. A preliminary analysis of
variance on body weights was performed to
ensure a homogeneous distribution of animals
across treatment groups. The animals were
housed at a maximum of 5 per cage in ven-
tilated plastic shoebox cages with hardwood
chip bedding and NIH-31 modified 6% irra-
diated rodent diet (Harlan Teklad), and tap
water was provided from water bottles ad libi-
tum. The temperature in the animal facility
was maintained between 20 and 22°C and the
relative humidity between 36 and 57%. The
light/dark cycle was maintained on 12-h inter-
vals. All animal experiments were performed
in the AAALAC-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.

Serum PFOA Concentration

BALB/c mice (n = 5) were topically
exposed to acetone or PFOA (0.5-2% in
acetone) on the dorsal surface of each ear
(1 cm?), 25 ul per ear once a day for
4 consecutive days, and mice were euth-
anized by CO, inhalation 24 h after the
last exposure. Blood samples were collected
via cardiac puncture and sera were sepa-
rated by centrifugation (10 min at 10,000
x g and frozen at -20°C for subsequent
serum analysis. Serum analysis was performed
using on-line solid-phase extraction coupled
to isotope dilution high-performance liquid
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chromatography-tandem mass spectrometry as
previously described by Kuklenyik et al. (2005).
The limit of detection for PFOA was 0.1 ng/ml.
Data were first tested for homogeneity using
the Bartlett’s chi-squared test. All data were
homogeneous; therefore, a one-way analy-
sis of variance (ANOVA) was conducted. If
the ANOVA showed significance at p < .05
or less, Dunnett’s multiple range t-test was
used to compare treatment groups with the
control group. Linear trend analysis was per-
formed to determine whether PFOA had expo-
sure concentration-related effects for the spec-
ified endpoints. Statistical analysis was per-
formed using Graph Pad Prism version 5.0 (San
Diego, CA).

In Vivo Evaluation of Inflammation

To evaluate the inflammatory response
induced by PFOA, ears and dorsum skin of
topically exposed BALB/c mice (n = 5) were
analyzed for mRNA expression. Real-time poly-
merase chain reaction (RT-PCR) has previously
been demonstrated as an effective method for
determining levels of cytokine production in
the skin (Sabourin et al. 2000). The inflamma-
tory cytokines assessed included interleukin
(IL)-Te, IL-18, 1L-6, IL-18, IL-33, tumor necrosis
factor (TNF)-«, transforming growth factor
(TGF)-B, granulocyte—macrophage colony-
stimulating factor (GM-CSF), Ccl2, and Ccl5.
Each mouse was exposed to vehicle (ace-
tone) or PFOA (1%) topically on the dorsal
surface of each ear (25 pl per ear) and on
the shaved back (50 pl). Animals were euth-
anized by CO, inhalation 1, 3, 12, 24, or
48 h after exposure. The ears (2 per animal;
T cm x 1 cm) and dorsum skin (2 cm x 2
cm, delineated as the shaved area) from each
animal were collected and homogenized in
liquid nitrogen using a mortar and pestle.
TRI Reagent (Molecular Research Center) was
added (800 pl) to each sample and RNA
was isolated from the cells according to the
TRIzol protocol with QIAGEN cleanup accord-
ing to the manufacturers’ instructions. The
concentration of RNA was determined using
an ND-1000 spectrophotometer (Thermo
Scientific Nanodrop). RNA (2 pg) was reverse
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transcribed using the High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems)
as directed by the manufacturer. Relative fold
changes in gene expression were assessed
using RT-PCR on a 7500 Fast Real-Time PCR
system (Applied Biosystems) using Tagman
PCR Master Mix (Applied Biosystems) as
specified in the manufacturer’s protocol.
RT-PCR data were collected and expressed as
relative fold increase over control, calculated
by the following formula: 244 = ACtsymple
— ACtcontrol, Where ACt = CtTarget — CtcappH,
where Ct is the cycle threshold as defined by
manufacturer’s instructions. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used
as the endogenous control.

In Vitro Dermal Penetration Studies

Buffer HEPES-buffered Hanks balanced
salt solution (HBSS) consisted of 5.96 g HEPES,
0.32 g NaHCO3, and 0.05 g gentamicin sul-
fate added to 1 L of Hanks balanced salt
solution. The buffer was titrated to a pH of
7.4 with NaOH and degassed by heating to
40°C and stirring under laboratory vacuum for
approximately 15 min.

Skin  Samples Full-thickness,  shaved
abdominal mouse skin was obtained from
female BALB/c mice following CO, euthana-
sia. Mouse skin was used for analysis on the day
of collection. Caucasian female skin samples
from surgical procedures were obtained from
the West Virginia University Skin Bank. The
skin bank maintains approval for all collections,
but the specific use of this tissue for these
studies was deemed “not human research”
and hence not subject to approval. Both
full-thickness and heat-separated epidermal
membranes were used. For the latter, skin
was submersed in 60°C HEPES-buffered HBSS
for 45 s and the epidermis was then teased
from the dermis using cotton swabs. Human
skin was stored frozen (-85°C on gauze pads
saturated with HBSS plus 10% glycerol) and
used within 6 mo of storage. Both mouse and
human full-thickness dermis was cleaned of
underlying fat prior to use. Skin samples were
prescreened by examination under a 20x
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dissecting microscope and rejected if obvious
flaws (holes) were present.

Diffusion Cells Flow-through diffusion
cells (PermeGear, Inc.) were used for these
studies. Exposed skin surface was 0.64 cm?
and flow was set at 2 ml/h (approximately
8 receptor volumes/h) to maintain sink con-
ditions. A heater/recirculator was used to
maintain the receptor compartments at 37°C,
which maintained the skin surface tempera-
ture at 32°C. A fraction collector (Isco Retreiver
IV) and an indexed controller (PermeGear,
Inc.) allowed the collection of 2-h samples
over the exposure period of 24 h. Skin
discs were mounted on diffusion cells and
allowed to equilibrate overnight prior to PFOA
exposures.

Dosing Solutions and Exposures

4C-PFOA was added to unlabeled PFOA
to achieve a desired radiochemical concen-
tration of 2-5 wCi/ml. PFOA solutions were
mixed using acetone, water, or 0.1 M citrate
buffer (pH 5.5) as solutes for different expo-
sures, as described subsequently.

Finite-Dose  Exposures Initial studies
sought to quantify the in vitro dermal PFOA
penetration following finite-dose exposures
that were the same as those used for the in vivo
mouse studies. Both mouse (full-thickness) and
human (full-thickness and heat-separated epi-
dermis) samples were used. For mouse studies,
one skin sample from each of nine individ-
ual mice was used. For human studies, skin
samples were obtained from a single donor,
with seven replicates each for full-thickness
and heat-separated epidermal exposures. Each
skin sample was exposed to 50 | solution of
0.5 mg PFOA in acetone (1%). Donor cells
were left open to the ambient air and acetone
vehicle appeared to evaporate within 5 min.
At the conclusion of the 24-h exposures, skin
surfaces were rinsed 3x with methanol and
then dried with cotton swabs. All rinses and
swabs were collected in scintillation vials. The
skin samples were then removed from the
diffusion cells and dissolved in 1-2 ml Soluene
350 (Perkin Elmer).

J. FRANKO ET AL.

Infinite-Dose Exposures These studies
were undertaken using heat-separated human
epidermal membranes to obtain steady-state
permeability measurements and to examine
the role of PFOA ionization state and donor
solution pH on the dermal absorption of PFOA.
Three dosing solutions were used: 3000 pg/ml
PFOA in H,O; 3000 pg/ml PFOA in 0.1 M
citrate buffer (pH 5.5); and 14 pg/ml PFOA
in water. The pH values of the dosing solu-
tions were measured and are reported later,
in Table 3. With a pH of 2.25, PFOA at 3000
png/ml in water is expected to exist primarily
in its un-ionized form. At an identical concen-
tration in a buffered (pH 5.5) solution, PFOA
will be primarily ionized, as will low concen-
trations in water (pH 5.01). The 3000-pg/ml
concentration was used as this is close to a
reported solubility of PFOA but below the criti-
cal micelle concentration (Shinoda et al. 1972).
These formulations appeared to be clear solu-
tions with no visible residue; however, based
on the uncertainty in the aqueous solubility of
PFOA, it may be that the higher concentra-
tion formed micelles. The 14-pug/ml concen-
tration was selected as this was the lowest con-
centration possible to maintain radiochemical
concentration of 2 pwCi/ml, given the specific
activity of the " C-PFOA.

For each of the 24-h infinite-dose expo-
sures, multiple replicates from 3 individ-
ual skin donors were used. Epidermal sam-
ples were dosed with approximately 500 pl
donor solution and donor cells were cov-
ered to inhibit evaporation. Donor solutions
were changed periodically to maintain “infinite
dose” conditions.

Model-Based Estimates of Permeability
Coefficients

Model-based estimates of skin permeabil-
ity coefficients were obtained from the NIOSH
Skin Permeability Calculator (http://www.cdc.
gov/niosh/topics/skin/skinPermCalc.html). Ave-
rage values of the three models available on
the calculator were taken and reported later
in Table 3 along with the measured k;, values.
As inputs, the log Ko, value of 4.7 reported
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in Table 1 was used for pH 5.5 and pH 5.01
donors on the assumption that PFOA is essen-
tially all ionized under these conditions. The log
D value of 1.76 was used for pH 2.25 donor,
on the assumption that PFOA is essentially
un-ionized under this acidic condition.

Data Analysis

PFOA amounts in receptor, skin surface,
and skin samples were quantified using liquid
scintillation counting. The time course of pen-
etration (mass of PFOA collected in receptor
fluid) was determined over the experimental
duration (24 h). For finite-dose exposures, the
total penetrated amount is reported as per-
cent applied dose. Amounts of PFOA detected
in skin surface wipes and in skin samples are
also reported as percent applied dose. The
total absorbable amount is considered to be
the sum of the total penetrated amount plus
the amount in skin samples. For infinite-dose
exposures, permeability coefficients (k,) were
calculated as described previously (Frasch and
Barbero 2005). One-way analyses of variance
(ANOVAs) were performed using SigmaPlot
11.0 (Systat Software, Inc.) on k, and t values
for the three exposures. Because the measure-
ments failed the Shapiro-Wilk test for normal-
ity, a Kruskal-Wallis ANOVA on ranks was per-
formed to assess differences in median values
among the treatment groups. Pairwise com-
parisons were subsequently performed using
Dunn’s method. The criterion for significance
was setatp < .01.

EpiDerm Skin Corrosivity Test

The corrosivity of PFOA was determined
using the EpiDerm human reconstructed epi-
dermis model (MatTek Corp., Ashland, MA)
following the company’s standard protocol.
Briefly, tissues (0.64 cm?) were preincubated
(37°C, 5% COy) in culture medium for 1 h
prior to dosing. Four EpiDerm tissues were
then exposed either to approximately 50 mg
solid PFOA with 50 nl H,O added to wet the
material, or to 50 pl 1% (w/v) PFOA in ace-
tone. The addition of a small amount of water
to a solid chemical is in accordance with the
standard protocol. Negative (H,O) and positive
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(8 N KOH) controls were performed, with 50
nl added to each of 4 tissues. Exposures were
3 min (2 tissues per treatment) and 1 h (2 tissues
per treatment). After thorough rinsing, tissues
were transferred to 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay buffer and incubated for 3 h (37°C, 5%
CO»). After rinsing with PBS and drying, tis-
sues were immersed overnight in isopropanol
at room temperature to extract formazan dye.
The optical density of the extracted formazan
was determined spectrophotometrically at 570
nm, and cell viability was calculated as a per-
cent of the mean of the negative control tissues.
In accordance with the recommendations of
the manufacturer, the test substance is classi-
fied as “corrosive” to skin if the viability after
a 3-min exposure is <50%, or if the viability
after a 3-min exposure is >50% and viability
after a 1-h exposure is <15%. If viability after a
3-min exposure is >50% and if viability after a
1-h exposure is >15%, then the test substance
is classified as “noncorrosive.”

RESULTS

Increased Serum PFOA Levels Following
Dermal Exposure

To evaluate the extent by which PFOA
is dermally absorbed, serum levels were
analyzed following dermal exposure in
BALB/c mice (Figure 1). Statistically significant

300 -
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o
£ 100 4
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FIGURE 1. Serum concentrations of PFOA following dermal
exposure. BALB/c mice were dermally exposed to increasing
concentrations of PFOA for 4 d. Bars represent the group mean
=+ SE. Double asterisk indicates significant p < 0.01 as compared
to the vehicle control; n = 5 mice per exposure group.
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dose-responsive (linear trend test) increases in
serum PFOA levels were identified following
dermal exposure to PFOA. Serum PFOA levels
in BALB/c mice ranged from 152 £ 14 pg/ml
in the low concentration exposure group (0.5%
PFOA) to 226 % 14 ng/ml in the high exposure
group (2% PFOA).

In Vitro Dermal Penetration of PFOA in
Both Human and Mouse Skin

In vitro dermal penetration studies were
subsequently performed to quantify the extent
and time course of PFOA absorption. Figure 2
shows the time course of PFOA absorp-
tion through mouse and human skin fol-
lowing finite-dose exposures, while Table 2

50
40
30 4
20

10 A

Penetrated amount (% applied dose) >

0 5 10 15 20 25
Time (h)

50 4

—o— Epidermis
—e— Full thickness

40

30 1

20 A

10 1

Absorbed amount (% applied dose) @

0 5 10 15 20 25
Time (h)

FIGURE 2. Time course of PFOA in vitro dermal penetration.
Penetration profiles of (A) full-thickness mouse skin (n = 9
BALB/c mice) and (B) human full-thickness skin and heat-
separated epidermis (n = 6 or 7 samples each from 1 donor).
Unoccluded skin samples were exposed to 0.5 mg PFOA in 50 pl
acetone. Shown are means =+ SE.
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TABLE 2. Summary of Finite Dose PFOA Skin Permeation
Studies

Human
Mouse Full thickness Epidermis
Parameter (h=9) (h=7) (n=26)

Surface residue 37.2+19 12.7+0.8 21.4+4.1
(% applied dose)

Skin (% applied dose)

Penetration (% applied

dose)

11.4+21 456+19 23.2+£3.0
38619 23.44+19 247+39

Note. Values are means + SEM. Applied dose = 0.5 mg PFOA
in 50 pl acetone.

summarizes the results of these studies.
Approximately 39% of the applied PFOA dose
penetrated mouse skin. In addition, 11% of
the applied dose was found in the skin, mak-
ing a total absorbable amount of approxi-
mately 50% of the applied dose. Because
human skin is a more relevant model for
use in dermal risk assessment, the same in
vitro system was used to evaluate and com-
pare the dermal penetration potential of PFOA
in full-thickness and heat-separated epidermal
human skin samples to that of the mouse skin
samples. Approximately 24% of the applied
PFOA dose penetrated both the full-thickness
skin and epidermis samples after a 24-h expo-
sure. An additional 45.6 + 5.2% and 23.2 +
7.3% of the applied dose was found within
the full thickness skin and epidermis samples,
respectively. Consequently, the total absorbable
amount of PFOA for these samples was approx-
imately 69% and 48% of the applied dose,
respectively.

PFOA lonization State and Dermal
Absorption

The effect of PFOA ionization state on der-
mal penetration was explored and results are
presented in Table 3. The median permeabil-
ity coefficient of the free acid (3000 pg/ml in
H,0O, 5.5 x 1072 cm/h) is more than 1000-fold
greater than that of the charged species (3000
png/ml in a buffered (pH 5.5) solution, 4.4
x 107> cm/h). Low concentrations of PFOA
in water (14 pg/ml, 5.8 x 107> cm/h) were
also found to be similar to the permeability of
high concentrations (3000 pg/ml, 4.4 x 107>
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TABLE 3. Skin Permeability Coefficients (k,) Following Infinite-Dose PFOA Exposures, and Model-Based Estimates

kp (cm/h), Measured

PFOA dosing solution pH Median 25% 75% kp (cm/h), Estimated
3000 pg/mlin H,O (n = 8) 2.25 5.5 x 1072(1%) 5.2 x 1072 5.7 x 1072 1.3 x 1072
3000 pg/ml in buffer (n = 10) 5.50 4.4 x107° () 1.2 x 1073 6.0 x 1073 8.8 x 107°
14 pg/mlin HyO (n = 8) 5.01 5.8 x 107 () 1.1 x 107 1.5 x 1073 8.8 x 107

Note. !,*: Pairs of measured values with identical symbols are significantly different (p < .05). 25%, 75%: Indicate quartiles of

measured quantity.

cm/h) buffered at pH 5.5. At low concentration
the buffering capacity of the stratum corneum
is likely to be strong enough to ensure that
PFOA exists in its ionized form. That is, it is
likely that the PFOA is dissociated under these
conditions.

Epidermal Corrosivity of PFOA

As a result of its acidic nature, corrosivity
was also evaluated as a potential mechanism
mediating PFOA dermal absorption. When
applied as a neat solid, with the addition of a
small amount of H,O added to wet the mate-
rial and assure even coverage, PFOA was classi-
fied as a corrosive compound according to the
results of EpiDerm studies (Table 4). Following
a 1-h exposure to 50 mg PFOA solid, cell viabil-
ity was determined to be 14% of the negative
(water-exposed) control sample. Based on the
manufacturers” guidelines, this classifies PFOA
as a corrosive compound. Conversely, based
on this test, a 1% solution of PFOA in ace-
tone was classified as noncorrosive (18%). No
marked changes in viability were observed fol-
lowing a 3-min exposure to PFOA solid or
solution. Raw optical density values for H,O-
treated negative control indicate that there was
no tissue deterioration over the 1-h exposure
duration.

In Vivo Inflammatory Response Induced
by Dermal Exposure to PFOA

To investigate the effect of PFOA on
cytokine expression in the skin of dermally
treated animals, mRNA was analyzed in ear
and dorsum skin following exposure to 1%
PFOA at 1, 3, 12, 24, or 48 h. Of the

TABLE 4. EpiDerm Cell Viability Following PFOA Exposures

Exposure duration

Treatment 3 min Th
PFOA (solid) 109 14
PFOA (1% in acetone) 122 18
8 N KOH 22 9
EpiDerm corrosive classification <50% <15%

Note. Expressed as percent viability compared to negative
(H,O-treated) control. Optical densities of negative controls
were 1.654 (3 min) and 1.681 (1 h).

cytokines analyzed, mRNA expression was
detected (Ct values < 37) in ear skin sam-
ples at all time points tested in both vehicle
control and PFOA-exposed mice. Inflammatory
cytokine mRNA expression was detected only
at 1T and 3 h in back skin samples. PFOA,
however, did not significantly modulate the
expression of any cytokine analyzed when
compared to acetone control groups (data not
shown).

DISCUSSION

Increasing concerns for PFOA-related
human health effects have been prompted
by its bioaccumulative and environmentally
persistent tendencies. Although there is the
potential for absorption of this chemical
into and penetration through the skin, this
exposure route has not been thoroughly
investigated. The current studies suggest that
PFOA permeates both mouse and human
skin. Using concentrations of PFOA previously
reported in our lab to induce immunotoxic
effects, 4 d of dermal exposure was shown to
result in significant increases in serum PFOA
levels (Anderson et al. 2009; Fairley et al.
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2007). Similar serum PFOA levels were noted
between mice dermally exposed to PFOA in
the present study and mice orally exposed in
previously described literature. The average
serum concentrations of PFOA in C57BL/6N
mice exposed to 7.5 mg PFOA/kg body weight
(bw) per day for 15 d (total administered
dose: 112.5 mg/kg bw PFOA) by gavage
were previously reported to measure 84 +
10 pg/ml (Dewitt et al. 2008), while the
mean concentration in the serum of BALB/c
mice following 4 d of dermal exposure to 1%
PFOA (total administered dose 100 mg/kg bw
PFOA) was 188 £ 16 pug/ml. These exper-
imental concentrations are approximately
15- to 30-fold higher than those measured
in the serum of the highest occupationally
exposed human populations (mean PFOA
concentrations = 6.44 ppm [range 0.1-81.3
ppm] at Cottage Grove, MN, 3M processing
plant) (Kudo and Kawashima 2003). Since the
animals used in the present study were also
used for immunotoxicological analysis, mice
were not individually housed or restrained
following chemical application to minimize the
immunosuppressive effects of stress-induced
factors, such as cortisol. It is possible that
grooming may have resulted in additional oral
uptake of PFOA indirectly, thereby contribut-
ing to a portion of the documented serum
levels. Potential PFOA uptake by grooming
may explain why a twofold increase in PFOA
dosage did not result in a twofold increase
in serum PFOA concentrations. However the
potential for dermal absorption is supported by
the findings from in vitro studies.

Penetration of PFOA was observed in both
mouse (39%) and human (24%) skin samples.
In addition, if one considers the amount of
chemical within the skin to be absorbable,
then the total absorbable amount of PFOA was
50% in full-thickness mouse skin, and 48% to
69% in human skin (epidermis and full thick-
ness, respectively). From the data described
in Table 2, only 69-87% of the applied dose
is accounted for as penetration, surface, and
skin amounts for mouse and human skin. In
considering the vapor pressure of solid PFOA
(Table 1), these suboptimal recoveries (missing
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up to 30%) may be explained by the poten-
tial for sublimation of surface PFOA (Kaiser
et al. 2010). Despite low recoveries, the results
nevertheless demonstrate significant dermal
absorption of PFOA from these finite-dose
applications.

While significant PFOA penetration was
observed in both mouse and human skin sam-
ples, previous studies performed by Fasano
et al. (2005) reported that only a small amount
of APFO, the aluminum salt of PFOA, pene-
trates human epidermal membranes in vitro.
To try and explain this discrepancy, the effect
of PFOA ionization state on dermal penetra-
tion was explored. The pH-partition hypoth-
esis, originally proposed more than 50 years
ago, holds that passive transport of charged
chemical species across biological membranes
is small, owing to their poor solubility in lipids
(Shore et al. 1957). The acid dissociation con-
stant (pK,y) of PFOA is a matter of contro-
versy, with reported values in the approximate
range of 0.5-3 (Rayne and Forest 2009). The
fraction of non-ionized PFOA in an aqueous
solution can be predicted from the Henderson—
Hasselbalch equation. Assuming the larger pK,
value, it is clear that PFOA is almost fully
ionized at the pH of stratum cornuem (approx-
imately 5.5). Therefore, PFOA dermal perme-
ation, first as the substantially un-ionized free
acid in water (measured pH 2.25), and at its
near fully ionized state at normal skin surface
pH, was examined. The median permeability
coefficient of the free acid (5.5 x 102 cm/h)
was found to be more than 1000-fold greater
than that of the charged species (4.4 x 107
cm/h) from a buffered (pH 5.5) solution. These
differences are supported by considerations of
lipid solubility. Based on the log Ko, and log
D values listed in Table 1, the lipophilicity of
the un-ionized species is 870 times greater
than that of the ionized. If penetration can be
attributed primarily to the un-ionized species
(Vecchia and Bunge 2003), then a permeabil-
ity coefficient ratio of 1000-fold, as measured
here, can be explained by the ionization sta-
tus of PFOA at the experimental pH. This
premise is supported by results from predic-
tive models of skin permeability. The estimated
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permeability coefficients listed in Table 3, using
appropriate values of log K, as inputs, com-
pare favorably with the measured k, values.
The human epidermal permeability coefficient
of APFO measured by Fasano et al. (2005),
approximately 10 cm/h, is comparable to
our ionized PFOA permeability of 5.8 x 107
cm/h. These results suggest that the ioniza-
tion state of PFOA is a major consideration in
the dermal absorption of this compound. At
normal stratum corneum pH, PFOA is largely
ionized and very little penetration occurs. If,
however, the compound is present in a non-
ionized state, then a substantial penetration
is expected. It should be noted that most
real-world PFOA exposures, particularly very
low-level environmental exposures, would be
to the ionized state. While the permeability
under these conditions is low, the dermal expo-
sure route should nevertheless be considered in
evaluating the total exposure to this chemical.

As a result of its acidic nature, these stud-
ies also evaluated corrosivity as a potential
mechanism mediating PFOA dermal absorp-
tion. EpiDerm and other corrosivity tests using
human skin models have been validated by
both the European Center for the Validation of
Alternative Methods (ECVAM, 2000) and the
Interagency Coordinating Committee on the
Validation of Alternative Methods (ICCVAM,
2002). The corrosive potential of PFOA was
determined by assessing cytotoxicity, measured
as a reduction in mitochondrial dehydrogenase
activity, following dermal application of the test
substance. Following a 1-h exposure, 50 mg
undiluted PFOA solid was classified as corro-
sive (14% viability), while a 1% solution PFOA
in acetone was classified as noncorrosive (18%
viability). Both values are near the cutoff point
of 15% required for the classification of “corro-
sive.” The classification scheme set forth by the
manufacturer is supported independently by
correlation of EpiDerm results with a large data
set of skin corrosivity measurements (ICCVAM
2002). However, given the small differences
in values the likelihood for a true biological
difference between these two test articles is
questionable.
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Independent of the specific classification,
exposure to the 1% PFOA solution is detri-
mental to underlying epidermal cellular func-
tion, as cell viability was only 18% follow-
ing a 1-h exposure. Since PFOA is corrosive
to epidermis, it might be suggested that the
observed increase in serum PFOA levels, fol-
lowing dermal application in mice, may simply
be the result of deterioration of the skin bar-
rier. However, no visual signs of irritation were
detected on mouse ears following topical appli-
cation of PFOA at concentrations up to 2%
(data not shown).

Although a 1% PFOA solution was catego-
rized as noncorrosive in EpiDerm studies, the
high level of cell death <15% compared to
control (Table 4) associated with the exposure
raised the question of whether dermal expo-
sure induced inflammation that may contribute
to injury and/or modulation of immunologic
responses. Various environmental stimuli have
previously been shown to induce epidermal
keratinocytes to release inflammatory cytokines
(IL-1, TNF-), chemotactic factors (IL-8, Ccl2),
and growth-promoting cytokines (IL-6, GM-
CSF TGF-B) (Corsini and Galli 1998). In addi-
tion, certain inflammatory cytokines produced
by keratinocytes, such as IL-18 and IL-33, have
the potential to engage the adaptive immune
response and can regulate the development
of humoral versus cellular immune responses
(Moussion et al. 2008; Wittmann et al. 2009).
Since dermal exposure to PFOA was shown to
suppress T-cell-dependent IgM and IgG anti-
bodies response and enhance IgE-mediated
responses to protein and chemical allergens,
evaluation of these cytokines was included in
these studies (Anderson et al. 2009; Dewitt
et al. 2008; 2009a; 2009b; Fairley et al. 2007;
Yang et al. 2001; 2002).

The present data suggest that despite its
corrosive potential, PFOA did not induce the
expression of cytokines that may be involved
in the modulation of immunologic responses
and/or inflammation. Although a time course
was evaluated, these studies only examined the
effect of a single PFOA exposure. Repeated-
exposure experiments will be required to fully
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investigate the effect of dermal PFOA applica-
tion on skin inflammatory cytokine production.
In summary, PFOA has been detected in
the blood of virtually all Americans tested
during the last decade (Calafat et al. 2007).
Although it was long believed that PFOA was
biologically inactive, more recent experiments,
using controlled animal studies, showed an
association between PFOA exposure and hep-
atic toxicity, carcinogenicity, reproductive toxi-
city, hormone disruption, and immunotoxicity
(DeWitt et al. 2009b). While the majority of
animal studies investigated the health effects
associated with oral and inhalation routes of
PFOA exposure, little is known about the sig-
nificance of dermal exposure in the human
population. The current studies indicate that
the potential for dermal absorption is significant
in both mouse and human skin and emphasize
that the extent of PFOA dermal absorption is
dependent on its ionization state. These results
raise concern regarding the possibility for der-
mal exposure in both occupationally exposed
individuals and the general population.
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