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Abstract
Sulfur mustard is a potent vesicant that induces inflammation, edema and blistering following
dermal exposure. To assess molecular mechanisms mediating these responses, we analyzed the
effects of the model sulfur mustard vesicant, 2-chloroethyl ethyl sulfide, on EpiDerm-FT™, a
commercially available full-thickness human skin equivalent. CEES (100–1000 μM) caused a
concentration-dependent increase in pyknotic nuclei and vacuolization in basal keratinocytes; at
high concentrations (300–1000 μM), CEES also disrupted keratin filament architecture in the
stratum corneum. This was associated with time-dependent increases in expression of proliferating
cell nuclear antigen, a marker of cell proliferation, and poly(ADP-ribose) polymerase (PARP) and
phosphorylated histone H2AX, markers of DNA damage. Concentration- and time-dependent
increases in mRNA and protein expression of eicosanoid biosynthetic enzymes including COX-2,
5-lipoxygenase, microsomal PGE2 synthases, leukotriene (LT) A4 hydrolase and LTC4 synthase
were observed in CEES-treated skin equivalents, as well as in antioxidant enzymes, glutathione S-
transferases A1–2 (GSTA1–2), GSTA3 and GSTA4. These data demonstrate that CEES induces
rapid cellular damage, cytotoxicity and inflammation in full-thickness skin equivalents. These
effects are similar to human responses to vesicants in vivo and suggest that the full thickness skin
equivalent is a useful in vitro model to characterize the biological effects of mustards and to
develop potential therapeutics.
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Introduction
Sulfur mustard is a potent skin vesicant known to cause oxidative stress, inflammation,
blistering and persistent tissue damage (Papirmeister et al., 1991; Shakarjian et al., 2009).
As a bifunctional alkylating agent, sulfur mustard modifies many tissue components
including lipids, proteins and nucleic acids, forming monofunctional adducts and
intermolecular cross-links (Debouzy et al., 2002; van der Schans et al., 2002; Mol et al.,
2008). Basal keratinocytes appear to be particularly sensitive to sulfur mustard and the
blistering process involves apoptosis and necrosis, and detachment from the basement
membrane (Papirmeister et al., 1991). This is followed by wound healing, a process by
which surviving keratinocytes in adjacent areas migrate into sites of tissue damage and
regenerate the epidermal layers of the skin. A variety of factors regulate the response of the
skin to sulfur mustard including dose and duration of exposure, persistence in the tissue, the
generation of reactive metabolites, and the activity of antioxidant defense and detoxification
pathways. Turnover of damaged cells in the epidermis following sulfur mustard exposure
can also contribute to the wound healing response.

Most studies on the mechanism of action of sulfur mustard have used animal models
including mice, guinea pigs, pigs and rabbits (Dannenberg et al., 1985; Harada et al., 1987;
Monteiro-Riviere and Inman, 1997; Monteiro-Riviere et al., 1999; Babin et al., 2000; Reid
et al., 2000; Dachir et al., 2002; Dachir et al., 2004; Wormser et al., 2004a; Pal et al., 2009;
Tewari-Singh et al., 2009; Dachir et al., 2010). While these models recapitulate many of the
actions of sulfur mustard in human skin including inflammation, necrosis and wound repair,
gross blistering, a major response following human exposure is not observed (Smith et al.,
1997a). This has limited the utility of animal models for the development of dermal
pharmaco-therapeutics.

In vitro models have also been used to investigate the cytotoxic actions of sulfur mustard
including human skin explants, isolated human and mouse epidermal keratinocytes, and
keratinocyte cell lines (Smith et al., 1990; Cowan et al., 2002; Lefkowitz and Smith, 2002;
Dillman et al., 2003; Dillman et al., 2004; Gross et al., 2006; Shakarjian et al., 2006;
Simbulan-Rosenthal et al., 2006; Rebholz et al., 2008; Black et al., 2010; Tewari-Singh et
al., 2010). Using these models, sulfur mustard-induced cell signaling pathways have been
identified, and DNA and antioxidant modifications characterized (Dillman et al., 2004;
Rebholz et al., 2008; Black et al., 2010). However, these systems are also limited in their
utility since they do not resemble differentiated keratinocytes in the skin.

Of recent interest is the development of in vitro human skin equivalents that more closely
resemble human skin (Ponec et al., 2002; Hayden et al., 2003). These models, referred to as
full-thickness skin equivalents, consist of primary human epidermal keratinocytes grown on
membrane supports in the absence and presence of a dermal substratum such as primary
human fibroblasts embedded in an artificial extracellular matrix. Keratinocytes within these
skin equivalents differentiate, forming distinct basal, spinous and granular layers, as well as
a stratum corneum, when placed at an air-liquid interface. In addition to expressing a
number of differentiation markers including involucrin, K1/K10 cytokeratins, and type I
epidermal transglutaminase, full-thickness skin equivalents also form a well defined
basement membrane overlaying the dermal component (Boelsma et al., 2000; Ponec et al.,
2002). These models have also been reported to express many of the genes encoding
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xenobiotic metabolizing enzymes found in human skin, including phase I and phase II
enzymes (Luu-The et al., 2009; Hu et al., 2010).

Full-thickness skin equivalents have been shown to be highly sensitive to exposure to sulfur
mustard and the related vesicant, 2-chloroethyl ethyl sulfide (CEES), which readily induce
microblister formation and associated structural damage to basal keratinocytes (Blaha et al.,
2000b; Blaha et al., 2001; Hayden et al., 2009). CEES treatment also results in the release of
inflammatory proteins including interleukin-1 (IL-1) α, prostaglandin E2 and IL-1 receptor
antagonist (Blaha et al., 2000b). In the present studies, we used a full-thickness skin
equivalent to further characterize the effects of CEES on keratinocyte DNA damage and
expression of antioxidants and enzymes that generate inflammatory mediators. Our data
provide support for the use of this human skin equivalent model for investigating
mechanisms of sulfur mustard-induced toxicity and developing effective countermeasures.

Materials and Methods
Reagents

Rabbit polyclonal anti- poly(ADP-ribose) polymerase (PARP) antibody was purchased from
Cell Signaling Technology (Beverly, MA), anti-proliferating cell nuclear antigen (PCNA)
and anti-cyclooxygenase-2 (COX-2) antibodies from Abcam (Cambridge, MA), anti-5-
lipooxygenase (5-LOX) antibody from Cayman Chemical (Ann Arbor, MI), and anti-
phospho-histone H2AX antibodies from R&D systems (Minneapolis, MN) or Cell Signaling
Technology (Beverly, MA). Rabbit polyclonal antibodies to leukotriene A4 hydrolase (LTA4
hydrolase), goat polyclonal antibodies to β-actin, and horseradish peroxidase-labeled donkey
anti-goat secondary antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA).
Horseradish peroxidase-labeled goat anti-rabbit secondary antibodies and detergent-
compatible protein assay reagents were from Bio-Rad Laboratories (Hercules, CA). Rabbit
IgG was from ProSci (Poway, CA) and the Vectastain Rabbit Kit and the Peroxidase
Substrate Kit DAB from Vector Labs (Burlingame, CA). Multiscribe Reverse Transcriptase
was from Promega Corporation (Madison, WI), the RNeasy purification kit from Qiagen
(Minneapolis, MN), precast gradient polyacrylamide gels from Pierce Biotechnology, Inc.
(Rockford, IL), and the Western Lightning Enhanced Chemiluminescence (ECL) kit from
Perkin Elmer Life Sciences, Inc. (Boston, MA). SYBR Green Master Mix and other PCR
reagents were purchased from Applied Biosystems (Foster City, CA). CEES, protease
inhibitor cocktail, and all other chemicals were from Sigma-Aldrich (St. Louis, MO).

Treatment of skin equivalents
EpiDerm-FT™ full-thickness human skin equivalents (EFT-400) and EFT-400-MM
(medium supplemented with growth factors, hormones and lipid precursors) were kindly
provided by MatTek Corporation (Ashland, MA). The skin equivalents were placed in 6-
well plates in 2 ml of EFT-400-MM. After overnight incubation at 37° C in a humidified
incubator, 1 ml of PBS containing vehicle control or CEES was added to the apical surface
of the tissues. The cultures were then incubated at 37°C. A stock CEES solution (100 mM)
was prepared fresh in absolute ethanol immediately before use and diluted to the appropriate
concentrations in PBS. After 2 hr, the skin equivalents were removed from the plates,
washed in PBS, immediately placed in the same 6-well culture dishes and incubated for the
indicated times. Analysis of the effects of CEES on Epiderm-FT™ was performed in four
independent experiments

Tissues were then harvested and stored at 4°C in 3% paraformaldehyde in PBS
supplemented with 2% sucrose. For histological and immunohistochemical analysis, tissues
were removed from the supports and transferred to 50% ethanol and then paraffin
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embedded. Tissue sections (5 μm) were stained with hematoxylin and eosin (H&E) or
Gomori One-Step Trichrome stain, followed by counterstaining with aniline blue (Goode
Histolabs, New Brunswick, NJ). Specimens were analyzed by light microscopy using
ProgRes Capture v2.5 software. For immunohistochemistry, tissue sections were
deparaffinized, blocked in 5% or 100% serum at room temperature for 2 hr, and then
incubated for 30 min at room temperature or overnight at 4°C with rabbit IgG control, a
1:250 dilution of PCNA or PARP antibodies, 1:100 dilution of phospho-H2AX antibodies or
a 1:400 dilution of COX-2 antibodies. The sections were then incubated for 30 min at room
temperature. Binding was visualized using a Peroxidase Substrate Kit. In some experiments,
the epidermis was removed from unfixed skin equivalents by gentle peeling and
immediately used for either mRNA or protein analysis.

Western blotting
Epidermal sheets were lysed in buffer containing 50 mM Tris-HCl pH 8.0, 150 mM NaCl
and 1% Triton X-100 supplemented with 5 μl protease inhibitor cocktail which consisted of
4-(2-aminoethyl)benzenesulfonyl fluoride, aprotinin, bestatin hydrochloride, N-(trans-
epoxysuccinyl)-L-leucine 4-guanidinobutylamide, EDTA and leupeptin. Proteins (20 μg)
from lysates were separated on 10% or precast 4–20% gradient SDS-polyacrylamide gels
and then transferred to nitrocellulose membranes. After incubation in blocking buffer (5%
dry milk Tris-buffered saline containing 0.1% Tween 20) for 1 hr at room temperature, the
membranes were incubated overnight at 4°C with primary antibodies (PCNA, 1:200
dilution; PARP, phospho-H2AX and COX-2, 1:1000 dilutions; 5-LOX, 1:7500 dilution; or
LTA4 hydrolase, 1;1500 dilution) followed by horseradish peroxidase-conjugated secondary
antibodies for 1 hr at room temperature. Protein expression was visualized using ECL
reagents. Densitometric analysis of western blots was performed using Adobe Photoshop
CS2 (Adobe Systems Inc., San Jose, CA) and results are reported in arbitrary units.

Real-time polymerase chain reaction (PCR)
For analysis of mRNA by RT-PCR, each point was analyzed in triplicate. RNA was isolated
from the epidermis using an RNeasy purification kit following the manufacturer's protocol.
RNA was converted to cDNA using a Multiscribe reverse transcriptase and diluted 1:10 in
RNase-DNase-free water for PCR analysis. For each gene to be tested, a standard curve
composed of a serial dilution of pooled cDNA from the samples was used as a reference. All
values were normalized to GAPDH (n = 3). The control was assigned a value of one and
treated samples calculated relative to control. Real-time PCR was performed on an ABI
Prism 7300 Sequence Detection System using 96-well optical reaction plates. SYBR-Green
was used for detection of fluorescent signal and the standard curve method was used for
relative quantification analysis. The primer sequences for the genes were generated using
Primer Express software (Applied Biosystems) and the oligonucleotides synthesized by
Integrated DNA Technologies, Inc. (Coralville, IA). The forward and reverse sequences (5'
→ 3') were: COX-2, GCCTGATGATTGCCCGACT and
GCTGGCCCTCGCTTATGATCT; FLAP, AAGTGGAGCACGAAAGCAGG and
CGGTCCTCTGGAAGCTCCTC; GAPDH, TGGGCTACACTGAGCACCAG and
GGGTGTCGCTGTTGAAGTCA; GSTA1–2, TTGATGTTCCAGCAAGTGCC and
CACCAGCTTCATCCCATCAAT; GSTA3, TTCTGCCCTTATGTCGACCTG and
TGATCAAGGCAATCTTGGCAT; GSTA4, GCTCCACTATCCCAACGGAA and
AAAACCCATCTCACGGACTCC; 5-LOX, TCGAGTTCCCCTGCTACCG and
TCAGGACAACCTCGACATCG; LTA4 hydrolase, TGAAGTTTACCCGGCCCTTA and
GGATTTGTCAAAGGCAGCA; LTC4synthase, AGTACTTCCCGCTGTTCCTCG and
GAAAGAAGATGCCGGCGAC; mPGES-1, CACCGGAACGACATGGAGAC and
GACGAAGCCCAGGAAAAGG; mPGES-2, GATGTACGTGGTGGCCATCA and
CTCTTCTTCCGCAGCCTCAC; Cu,Zn-SOD, GTCGTAGTCTCCTGCAGCGTC and
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CTGGTTCCGAGGACTGCAA; and Mn-SOD, TCTGGACAAACCTCAGCCCT and
GCAACTCCCCTTTGGGTTCT.

Statistical analysis
Data are expressed as mean ± SEM. Statistical differences between the means were
determined using two-way ANOVA and were considered significant at p < 0.05.

Results
Effects of CEES on skin structure

In initial studies, we assessed structural alterations in full-thickness human skin equivalents
following CEES administration. H&E staining of control tissue showed a stratified
epidermal layer containing both basal keratinocytes and differentiated suprabasal cells
including prominent granular cells and a thick stratum corneum (Fig. 1A). Following
exposure to CEES (100 – 1000 μM), an increase in the number of pyknotic nuclei and
cytoplasmic vacuolization was evident in basal keratinocytes (Figs. 1A and 2). In the
stratum corneum from both control and CEES (100 μM)-treated skin equivalents, prominent
trichrome staining was detected (Fig. 1B). However, a marked decrease in staining was
noted with 300 μM and 1000 μM CEES (Fig. 1B). These data indicate that CEES causes a
dose-related disruption of the keratin filament structure in the stratum corneum.

Effects of CEES on markers of cell proliferation and DNA damage
PCNA is a DNA polymerase cofactor important in both DNA synthesis and repair
(Moldovan et al., 2007). Immunohistochemistry revealed that PCNA was constitutively
expressed in basal keratinocytes in the skin equivalent. CEES treatment resulted in a time-
dependent increase in expression of PCNA which reached a maximum after 6–24 hr with
1000 μM CEES; subsequently, levels decreased, and by 72 hr were at control levels (Fig. 3).
PCNA was detected largely in basal keratinocytes and in fibroblasts. Western blot analysis
of lysates from epidermal sheets isolated from the skin equivalents indicated that PCNA was
constitutively expressed in keratinocytes. Expression of the protein was upregulated as early
as 15 min post-exposure, persisting for at least 24 hr (Fig. 4). Maximal protein expression
was evident with 300–1000 μM CEES (Fig. 4).

The DNA repair enzyme, PARP, was also constitutively expressed in skin equivalents
(Debiak et al., 2009). Treatment with CEES (1000 μM) increased PARP expression within
2–6 hr, mainly in basal keratinocytes (Fig. 5). These effects were transient, with little to no
staining detectable at 72 hr post-CEES treatment. PARP protein was also upregulated 15
min, 6 hr and 24 hr following CEES treatment with maximum expression at 1000 μM CEES
(Fig. 4).

Phosphorylated histone H2AX (phospho-H2AX) is key for the repair of double-strand DNA
breaks (Mah et al., 2010). Low constitutive expression of phospho-H2AX was evident in the
granular keratinocyte layer of the epidermis in the skin equivalents (Fig. 6). Treatment with
1000 μM CEES resulted in a rapid increase in expression of phospho-H2AX in basal
keratinocytes with a maximum at 2–6 hr. In the granular layer, phospho-H2AX protein
continued to increase up to 72 hr. Western blot analysis of the tissue confirmed that
phospho-H2AX protein expression increased 24 hr following CEES treatment. Maximum
levels were evident with 100–1000 μM CEES (Fig. 4).

Effects of CEES on expression of enzymes that mediate eicosanoid production
A characteristic response of the skin to irritants is upregulation of COX-2, the rate-limiting
enzyme in the production of prostaglandins (Fitzpatrick, 2004). Treatment of skin
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equivalents with CEES caused a time and dose-dependent increase in COX-2 expression;
maximal increases were observed 6 hr post-treatment with 1000 μM of the vesicant (Fig. 7).
At early time points (2 hr), COX-2 expression was detected largely in fibroblasts, while
subsequently (6 hr), the protein was also evident in keratinocytes (Fig. 7). CEES (100–1000
μM) also upregulated expression of COX-2 mRNA and protein at 6 hr and 24 hr post-
treatment as determined by real-time PCR and Western blot analysis of lysates from
epidermal sheets isolated from the skin equivalents (Figs. 4 and 8).

Oxidation of arachidonic acid by COX-2 generates prostaglandin PGH2, which is converted
to PGE2 by at least two microsomal PGE2 synthases, mPGES-1 and mPGES-2 (Murakami
et al., 2002). CEES (100–1000 μM) treatment of skin equivalents resulted in a 2-fold
increase in mRNA expression of mPGES-1 and mPGES-2, which was observed 24 hr post-
exposure. Expression of mPGES-1, but not mPGES-2, was also upregulated 6 hr post-
treatment (Fig. 8).

Leukotrienes are generated via the actions of 5-LOX and 5-LOX activating protein (FLAP)
(Funk, 2001). Products include leukotriene A4 (LTA4) which is converted to leukotriene B4
(LTB4) and leukotriene C4 (LTC4) by LTA4 hydrolase and LTC4 synthase, respectively
(Funk, 2001). Increased mRNA expression of 5-LOX (3–4-fold at 6 and 24 hr), but not
FLAP, was detected in the skin equivalents following CEES treatment (Fig. 8 and not
shown). LTA4 hydrolase and LTC4 synthase mRNA were also upregulated 2–3-fold after 6
hr and 24 hr (Fig. 8). This was correlated with increased expression of 5-LOX and LTA4
hydrolase protein at 6 hr and 24 hr post-CEES treatment (Fig. 4).

Effects of CEES on expression of primary and secondary antioxidant enzymes
In further studies, we determined if CEES exposure altered antioxidant enzyme expression
in the full-thickness skin equivalents. CEES (100–1000 μM) treatment resulted in a 2-fold
increase in mRNA expression of Cu,Zn-SOD after 24 hr (Fig. 9). In contrast, Mn-SOD
mRNA expression decreased rapidly (6 hr) after CEES (Fig. 9). The glutathione S-
transferase (GST) superfamily of secondary antioxidant enzymes, in particular, members of
the GST alpha (GSTA) subfamily, are critical mediators in the detoxification of oxidized
macromolecules via glutathione conjugation (Hayes et al., 2004). Figure 9 shows that CEES
treatment of human skin equivalents resulted in increased mRNA expression of GSTA1–2
(4-fold at 6 and 24 hr), GSTA3 (3–6-fold at 6 hr and 24 hr) and GSTA4 (4-fold at 6 and 24
hr).

Discussion
Sulfur mustard has been shown to injure basal keratinocytes in humans and in animal
models, inducing chromatin condensation and cytoplasmic vacuolization followed by
cellular swelling and loss of cell membrane integrity (Papirmeister et al., 1991; Smith et al.,
1995; Smith et al., 1998; Rice, 2003; Shakarjian et al., 2009). This results in microblister
formation at the dermal-epidermal junction and, in some cases, separation of the epidermis
from the dermis (Smith et al., 1997a). Consistent with these studies, we found that CEES
treatment of the full-thickness human skin equivalent results in the formation of pyknotic
nuclei and vacuolization in basal keratinocytes. These morphologic changes are directly
linked to blister formation in human skin (Proskuryakov et al., 2003), suggesting that the
full-thickness human skin equivalent model is useful in recapitulating the in vivo dermal
responses of humans to vesicants. Trichrome staining of CEES-treated full-thickness skin
equivalents also revealed alterations in keratin organization in the stratum corneum. These
results are in agreement with earlier studies demonstrating that vesicants induce keratin
aggregation and abnormal filament assembly and can directly modify cytoskeletal proteins
including cytokeratins 5, 6, 9, 14 and 16, actin and annexin A2 (Dillman et al., 2003; Hess
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and FitzGerald, 2007; Mol et al., 2008; Sayer et al., 2009). Single amino acid mutations in
keratin 5 and keratin 14 can perturb filament assembly, resulting in skin blistering diseases
(Uitto et al., 2007). Sulfur mustard-induced modifications in keratins 5 and 14 are thought to
lead to alterations in hemidesmosomes which attach basal keratinocytes to the basement
membrane (Dillman et al., 2003). Further studies are needed to determine if these keratins
are similarly modified in skin equivalents and if this can lead to the detachment of
keratinocytes from the dermal-epidermal junction. It should be noted that the stratum
corneum is also key for maintaining the barrier functions of the skin; disruption of the
cytokeratin architecture by vesicants may interfere with this activity, contributing to toxicity.
In this regard, sulfur mustard has been reported to increase transepidermal water loss in both
animal and in vitro models (Graham et al., 2002; Dachir et al., 2010).

DNA is a major target for sulfur mustard and related vesicants and is readily modified by the
formation of both monofunctional and bifunctional adducts, generating apurinic sites and
strand breaks (Papirmeister et al., 1991). In response to DNA damage, several key
biochemical pathways are activated which are important in protecting cells against injury
and initiating repair processes. For example, following CEES administration,
phosphorylation of the DNA damage sensors, ataxia telangiectasia-mutated (ATM) and
ataxia telangiectasia-RAD-3-related (ATR) proteins is observed, as well as check point
kinases 1 and 2, and the down-stream cell cycle regulatory proteins, cdc25A, cdc25C and
cdk2 (Tewari-Singh et al., 2010). PCNA, a DNA polymerase cofactor that promotes DNA
replication, is also increased in mouse and pig skin following sulfur mustard or CEES
exposure (Smith et al., 1997b; Tewari-Singh et al., 2009). Similarly, we found that CEES
treatment of the full-thickness skin equivalent model results in increased PCNA expression
which was evident in histology sections and in western blots of isolated epidermis. Increased
PARP expression was also detected. PARP is a NAD+-dependent nuclear enzyme activated
in response to single- and double-strand DNA breaks (Debiak et al., 2009). Following
activation, PARP binds to DNA and (ADP-ribosyl)ates itself, as well as many other proteins
involved in DNA repair and chromatin remodeling. Previous studies have shown that PARP
is rapidly activated by sulfur mustard and CEES in guinea pig skin and in cultured
keratinocytes (Hinshaw et al., 1999; Bhat et al., 2000; Kan et al., 2003; Bhat et al., 2006;
Tewari-Singh et al., 2010). Moreover, inhibition of PARP suppresses DNA repair in sulfur
mustard-treated human keratinocytes, demonstrating that activation of this enzyme is
involved in this process. It has also been suggested that PARP may indirectly contribute to
sulfur mustard toxicity. According to this “PARP hypothesis”, sulfur mustard-induced DNA
adducts impair the replication process, resulting in extensive DNA strand breaks and
activation of PARP. Subsequent activation of PARP can lead to rapid depletion of
intracellular stores of pyridine nucleotides and, consequently, inhibition of ATP production
resulting in cell death (Papirmeister et al., 1985; Papirmeister et al., 1991). Whether PARP
contributes to toxicity or wound healing may depend on doses and duration of exposure to
sulfur mustard.

H2AX is rapidly phosphorylated following double-strand DNA breaks and is key in
activating DNA damage response pathways important in repair (Mah et al., 2010).
Following CEES treatment, increased phosphorylation of H2AX was detected in the nuclei
of basal cells of the full-thickness human skin equivalents, confirming DNA damage.
Interestingly, low constitutive expression of phosphorylated H2AX was also evident in
granular layers of the skin equivalents, and this increased after CEES administration. In
contrast to nuclear localization in basal cells, in granular cells, phosphorylated H2AX was
distributed throughout the cytoplasm. Granular keratinocytes are known to undergo terminal
differentiation and form the stratum corneum; during this process, the nuclear membrane
and the DNA degrade and this may underlie nuclear delocalization of H2AX (Houben et al.,
2007). Thus, increased phosphorylated H2AX in the granular layer post-CEES treatment
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may result from increases in expression of this protein in individual keratinocytes and in the
number of cells undergoing differentiation. Increased levels of phoshorylated-H2AX have
also been described in human fibroblasts and Chinese hamster cells following exposure to
DNA alkylating agents including cisplatin and nitrogen mustard (Clingen et al., 2008), and
human keratinocytes treated with sulfur mustard (Miller et al., 2010).

Accumulating evidence suggests that the toxicity of vesicants involves the generation of
reactive oxygen species (ROS) and induction of oxidative stress (Laskin et al., 2010). This is
associated with increased expression of antioxidant enzymes, which function to limit
cytotoxicity (Droge, 2002). We have recently reported that CEES stimulates ROS generation
by mouse keratinocytes and induces protein oxidation (Black et al., 2010). This was
correlated with increased expression of a number of antioxidant enzymes including Cu,Zn-
SOD, thioredoxin reductase, catalase, GSTA1–2 and GST-P1. Increased protein and DNA
oxidation have also been described in CEES-treated mouse skin (Pal et al., 2009). The
present studies demonstrate that CEES similarly alters expression of antioxidants in full-
thickness human skin equivalents. Thus, while increases in Cu,Zn-SOD expression were
evident 24 hr after CEES treatment, a small decrease in Mn-SOD was noted after 6 hr.
GSTA1–2, GSTA3 and GSTA4 mRNA were also upregulated after 6 and 24 hr. Cu,Zn-SOD
is a cytosolic enzyme, while Mn-SOD is localized in the mitochondria (Droge, 2002). Sulfur
mustard exposure is known to selectively damage mitochondria and this may result in
decreased Mn-SOD expression (Shahin et al., 2001; Gould et al., 2009). Antioxidants
including SOD are known to play a role in protecting cells from oxidative DNA damage and
previous studies have shown that pretreatment of guinea pigs with Mn-SOD or Cu,Zn-SOD
reduce sulfur mustard-induced skin damage (Eldad et al., 1998). Our findings of increased
expression of Cu,Zn-SOD after CEES treatment are consistent with this protective role in
full-thickness human skin equivalents. Earlier work has also shown that sulfur mustard
increases total GST activity in human keratinocytes (Gross et al., 2006). GSTs constitute a
large superfamily of detoxification enzymes that conjugate glutathione to oxidized cellular
macromolecules, a process that increases their elimination from cells (Hayes et al., 2004).
The GST alpha (GSTA) family of enzymes is known to remove lipid hydroperoxides,
thereby breaking radical-forming chain reactions (Hayes et al., 2004). Increases in
expression of GSTA enzymes following CEES exposure may be important in protecting
keratinocyte membranes from lipid peroxide-induced damage.

Hallmarks of sulfur mustard-induced skin toxicity include erythema, edema and pruritis
(Rice, 2003). This is accompanied by increased production of eicosanoids (Shakarjian et al.,
2009). Sulfur mustard and CEES have been reported to upregulate expression of COX-2, the
rate-limiting enzyme in prostaglandin biosysnthesis, in mouse skin (Nyska et al., 2001) and
in mouse keratinocytes grown at an air-liquid interface (Black et al., 2010). Consistent with
these results, we found that COX-2 mRNA and protein expression were increased in the
full-thickness skin equivalent following CEES treatment, suggesting that this enzyme plays
a key role in mediating dermal inflammation and injury following vesicant exposure. This is
supported by findings that sulfur mustard-induced skin injury and inflammation are reduced
in COX-2 deficient mice and in mice treated with topical inhibitors of cyclooxygenase
activity (Babin et al., 2000; Casillas et al., 2000; Dachir et al., 2002; Dachir et al., 2004;
Wormser et al., 2004b). In full-thickness skin equivalents, CEES was also found to
upregulate mPGES-1 and mPGES-2 mRNA expression, two prostanoid synthases
downstream of COX-2 that generate PGE2, a key mediator in the development of dermal
inflammatory responses (Murakami et al., 2002). Increased PGE2 production has been
reported in sulfur mustard-treated human skin explants and mouse skin (Rikimaru et al.,
1991; Dachir et al., 2004), as well as in CEES-treated full-thickness human skin equivalents
(Blaha et al., 2000a; Blaha et al., 2000b). Our findings that COX-2, mPGES-1 and
mPGES-2 are coordinately upregulated in the human full thickness skin equivalent
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following CEES treatment suggest a potentially important mechanism for the generation of
PGE2 in the skin following vesicant exposure. 5-LOX, LTA4 hydrolase and LTC4 synthase,
enzymes responsible for the synthesis of LTB4 and LTC4, were also upregulated in the skin
equivalents after CEES exposure. These results are in agreement with previous findings on
the effects of CEES in mouse keratinocytes grown at an air-liquid interface (Black et al.,
2010), and that sulfur mustard increases LTB4 levels in inflammatory lesions in rabbit skin
(Tanaka et al., 1997). Additional studies correlating eicosanoid biosynthetic enzyme gene
and protein expression with enzymatic activity and production of prostaglandins and
leukotrienes in the full-thickness human skin equivalent will be important in assessing the
role of these mediators in vesicant-induced inflammation and injury.

In summary, the present studies demonstrate the utility of the full-thickness human skin
equivalent model to investigate mechanisms of vesicant-induced skin toxicity and for the
development of countermeasures. Vesicants can be applied directly to the stratum corneum
on the air surface, which more accurately reflects human exposure. Moreover, vesicants
generate basal cell damage generally similar to that observed in human skin. Markers for
DNA damage in both basal and granular layers of the full thickness skin equivalents were
evident, as well as increased expression of mediators that regulate inflammation and wound
repair including enzymes that generate arachidonic acid-derived lipid mediators. We also
observed changes in expression of antioxidants that may be important in protecting
keratinocytes from oxidative stress. At the present time, there are few effective
countermeasures against vesicant-induced dermal toxicity. Vesicant-induced changes in the
full thickness human skin equivalent model may provide important leads in identifying
effective therapeutic strategies. The fact that the skin equivalents are an in vitro model will
also allow a better understanding of the mechanisms of vesicant toxicity as well as early
development of drugs to counter toxicity without the use of animal models.
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Fig. 1. Morphologic changes in full-thickness human skin equivalents following CEES treatment
EpiDerm-FT™ was treated with CEES (100–1000 μM) or vehicle control. After 24 hr,
tissue samples were stained with hematoxylin and eosin (Panel A) or trichrome (Panel B).
Arrows indicate abnormal trichrome staining in the stratum corneum. Original
magnification, 400×.
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Fig. 2. Alterations in basal keratinocytes in a full-thickness human skin equivalent following
CEES treatment
EpiDerm-FT™ was treated with CEES (100–1000 μM) or vehicle control. After 24 hr,
tissue samples were stained with hematoxylin and eosin. Note the prominent nuclear
condensation in basal keratinocytes following exposure to 300 μM and 1000 μM CEES.
Original magnification, 1000×.
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Fig. 3. Effects of CEES on PCNA expression
EpiDerm-FT™ was treated with CEES (1000 μM) or control. Tissues were collected 2–72
hr later and stained with anti-PCNA antibody. Binding was visualized using a peroxidase
DAB substrate kit. Original magnification, 400×.
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Fig. 4. Effects of CEES on expression of markers of injury and inflammation
EpiDerm-FT™ was treated with CEES (100, 300 or 1000 μM) or control for 15 min, 6 hr, or
24 hr, as indicated. Panel A. Epidermal sheets were collected and analyzed for protein
expression by Western blotting using anti-PCNA, PARP, phospho-H2AX, COX-2, 5-LOX,
and LTA4 hydrolase antibodies. β-actin was used as a control to ensure equal protein
loading. Panel B. Densitometry was performed on Western blots shown in Panel A. Data is
presented in arbitrary units.
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Fig. 5. Effects of CEES on PARP expression
EpiDerm-FT™ was treated with CEES (1000 μM) or control. Tissues were collected 2–72
hr later and stained with anti-PARP antibody. Binding was visualized using a peroxidase
DAB substrate kit. Original magnification, 400×.
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Fig. 6. Effects of CEES on phospho-H2AX expression
EpiDerm-FT™ was treated with CEES (1000 μM) or control. Tissues were collected 2–72
hr later and stained with anti-phospho-H2AX antibody. Binding was visualized using a
peroxidase DAB substrate kit. Original magnification, 400×.
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Fig. 7. Effects of CEES on COX-2 expression
EpiDerm-FT™ was treated with CEES (1000 μM) or control. Tissues were collected 2–72
hr later and stained with anti-COX-2 antibody. Binding was visualized using a peroxidase
DAB substrate kit. Original magnification, 400×.
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Fig. 8. Effects of CEES on mRNA expression of eicosanoid biosynthetic enzymes
EpiDerm-FT™ was treated with CEES (100, 300 or 1000 μM) or control. After 6 or 24 hr,
epidermal sheets were collected and mRNA isolated and analyzed for gene expression by
real-time PCR. Data are presented as fold change in gene expression relative to untreated
cells. *Significantly different from control (p < 0.05).
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Fig. 9. Effects of CEES on keratinocyte mRNA expression of primary antioxidants and
glutathione S-transferases
EpiDerm-FT™ was treated with CEES (100, 300 or 1000 μM) or control. After 6 or 24 hr,
epidermal sheets were collected and mRNA isolated and analyzed for gene expression by
real-time PCR. Data are presented as fold change in gene expression relative to untreated
cells. *Significantly different from control (p < 0.05).
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