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Abstract

Bifunctional alkyalating agent, Sulfur mustard (SM)-caused cutaneous injury is characterized by
inflammation and delayed blistering. Our recent studies demonstrated that 2-chloroethyl ethyl
sulfide (CEES), a monofunctional analog of SM that can be used in laboratory settings, induces
oxidative stress. This could be the major cause of the activation of Akt/MAP kinase and AP1/NF-
kB pathways that are linked to the inflammation and microvesication, and histopathological
alterations in SKH-1 hairless mouse skin. To further establish a link between CEES-induced DNA
damage and signaling pathways and inflammatory responses, skin samples from mice exposed to
2 or 4 mg CEES for 9-48 h were subjected to molecular analysis. Our results show a strong
CEES-induced phosphorylation of H2A.X and an increase in COX-2, iNOS, and MMP-9 levels,
indicating the involvement of DNA damage and inflammation in CEES-caused skin injury in male
and female mice. Since, our recent studies showed reduction in CEES-induced inflammatory
responses by glutathione (GSH), we further assessed the role of oxidative stress in CEES-caused
DNA damage and the induction of inflammatory molecules. Oral GSH (300mg/kg) administration
1 h before CEES exposure attenuated the increase in both CEES-induced H2A.X phosphorylation
(59%) as well as expression of COX-2 (68%), iINOS (53%) and MMP-9 (54%). Collectively, our
results indicate that CEES-induced skin injuries involve DNA damage and an induction of
inflammatory mediators, at least in part via oxidative stress. This study could help in identifying
countermeasures that alone or in combination, can target the unveiled pathways for reducing skin
injuries in humans by SM.
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1. Introduction

Sulfur mustard (bis (2-chloroethyl) sulfide, SM) is a powerful vesicating (blistering) and
bifunctional alkylating warfare agent, which readily penetrates the skin causing
histopathological changes, related to inflammation, and delayed blistering (Wormser, 1991;
Dacre and Goldman, 1996; Pal et al., 2009). The first target of SM is the basal epidermal
keratinocytes; it causes apoptotic cell death followed by protease digestion of anchoring
filaments at epidermal-dermal junctions leading to a skin blistering response via epidermal-
dermal separation (Kan et al., 2003; Greenberg et al., 2006; Hayden et al., 2009). The
mechanism/s of SM-caused responses has been linked mainly to its alkylating property, and
its effect on nucleophilic antioxidant, and glutathione (GSH) depletion. GSH depletion could
lead to oxidative stress and macromolecular damage, including that of DNA that possibly
induces the activation of signaling pathways (Rice, 2003; Kehe and Szinicz, 2005; Paromov
et al., 2007; Brimfield et al., 2009; Jowsey et al., 2009; Laskin et al., 2010; Shakarjian et al.,
2010; Tewari-Singh et al., 2010). The cellular GSH depletion could be due to its conjugation
with SM, and protective effects of exogenous GSH and its precursor, NAC, in reducing SM
or its analog-induced skin toxicity have been reported (Gross et al., 1993; Smith et al., 1997;
Amir et al., 1998; Han et al., 2004; Arfsten et al., 2007; Paromov et al., 2007).

Several reported studies including a study in cylooxygenase-2 (COX-2) null mice suggest
that COX-2, and COX-derived prostaglandins are important inflammatory mediators in SM-
induced skin toxicity (Casillas et al., 2000; Nyska et al., 2001; Wormser et al., 2004). Nitric
oxide synthases (NOSs), mainly endothelial NOS (eNOS) and inducible NOS (iNOS),
predominantly found in mononuclear phagocytes and neutrophils, are the proposed
important inflammatory mediators in SM-induced skin toxicity (Nyska et al., 2001; Gao et
al., 2007). SM induced up-regulation of iNOS expression is shown to lead to the production
of nitric oxide (NO), a potent oxidizing agent. However, at lower concentrations, NO acts as
an antioxidant and plays a role in would healing (Gao et al., 2007). After SM exposure,
matrix metalloproteinase (MMP) family proteases are reported to be up-regulated causing
the degradation of extracellular proteins, which are the major component of basement
membrane and separate epidermis from dermis causing vesication (Shakarjian et al., 2010).
Constitutively expressed MMP-2 and MMP-9 (induced by cytokines, chemokines) are the
most studied MMPs in SM-induced skin toxicity. Additionally, MMP-9 has been shown to
play an important role in SM-induced skin toxicity using the mouse ear vesicant model
(Johansson et al., 1997; Van den Steen et al., 2002; Shakarjian et al., 2006).

Because the molecular mechanism/s involved in SM-induced blistering and skin
inflammation are not completely known, the identification of effective medical
countermeasures for SM-caused skin injuries has not been possible. Consequently, to further
understand the mechanism of SM-caused skin injury, we conducted studies in the SKH-1
hairless mouse using the monofunctional sulfur mustard analog, 2-chloroethyl ethyl sulfide
(CEES). Due to the requirement of containment facilities for SM, CEES has been widely
used as a valid experimental alternative to SM for studies in laboratory settings (Han et al.,
2004; Jowsey et al., 2009; Tewari-Singh et al., 2009). This research demonstrated the
induction of oxidative stress by CEES leading to the activation of transcription factors AP-1
and nuclear factor- kB (NF-kB) via upstream signaling pathways including mitogen
activated protein kinases (MAPKS) and Akt, which were identified as possible mechanisms
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of the inflammatory responses observed in this skin injury model (Pal et al., 2009; Tewari-
Singh et al., 2009). To further establish a link between CEES-induced signaling pathways
and inflammatory responses, our objective in the present study was to analyze the
involvement of DNA damage and inflammatory mediators in CEES-induced inflammatory
and microvesication responses in SKH-1 hairless mice. Furthermore, because our earlier
studies showed the involvement of GSH and oxidative stress in CEES-induced molecular
and biological responses (Pal et al., 2009; Tewari-Singh et al., 2009; Tewari-Singh et al.,
2011), we also assessed their impact on DNA damage and the expression of inflammatory
mediators in the present study. This study is a valuable addition in understanding of the
mechanism of action of SM analog. Additionally, the study outcomes could help in the
selection of countermeasures, which alone or in combination can target the identified
pathways to attenuate SM and other vesicating agents’ related skin injuries in humans.

2. Material and Methods
2.1. Materials

2.2. Animals

The sulfur mustard analog, CEES was from Sigma-Aldrich Chemicals Co (St. Louis, MO).
MMP-2 antibody was from Calbiochem (San Diego, CA). MMP-9, H2A.X phospho ser139
antibodies and anti-rabbit 1gG horseradish peroxidase (HRP) conjugated secondary antibody
was from Cell Signaling Technology (Beverley, MA). COX-1 and COX-2 antibodies were
from Cayman chemicals (Ann Arbor, MI), iNOS antibody was from Abcam (Cambridge,
MA\) and B-actin antibody was from Sigma-Aldrich Co. (St. Louis, MO). Protein assay kit
was from Bio-Rad laboratories (Hercules, CA). Secondary anti-mouse 1gG HRP linked
antibody and enhanced chemiluminescence western blot detection reagents were from
Amersham Biotech (Piscataway, NJ). Other chemicals used were from Sigma-Aldrich (St.
Louis, MO) unless otherwise specified in the protocol.

Male and female SKH-1 hairless mice (5 animals per treatment group; 4-5 weeks of age)
were purchased from Charles River Laboratories and housed under standard conditions at
the Centre of Laboratory Animal Care, University of Colorado Denver, CO. The animals
were acclimatized for one week before their use in our experimental work, which was
carried out according to a specified protocol approved by the Institutional Animal Care and
Use Committee (IACUC) of the University of Colorado Denver, CO, USA.

2.3. CEES exposure

CEES was dissolved in acetone, and a dose of 2 mg (80 mg/kg) CEES in 200 ul acetone/
mouse or acetone alone was applied topically on the dorsal skin of male and female SKH-1
hairless mice for 9, 12, 24 and 48 h as reported previously (Tewari-Singh et al., 2009).
Similarly, 4 mg (160 mg/kg) CEES in 200 ul acetone/mouse was applied topically on the
dorsal skin of male SKH-1 hairless mice for the above time points. The use of 2 or 4 mg
CEES dose was based on the earlier reported doses of CEES used in animals, toxic doses of
SM that cause microvesication, and taking into consideration the lesser toxic effect of CEES
(Kehe et al., 2008). We have used 2 mg (80 mg/kg) CEES dose and established skin injury
model as published earlier (Tewari-Singh et al., 2009), and a higher dose of 4 mg (160 mg/
kg) CEES was employed to induce microvesication not observed with the lower dose in
these mice (Jain et al., 2011). Comparison in the toxic responses related to 2 mg CEES
exposure was carried out in both male and female mice that showed comparable
inflammatory responses in our earlier published studies (Tewari-Singh et al., 2009; Jain et
al., 2011). However, due to the possibility that males have more chances of exposure to this
warfare agent in the battlefield as well as first responders in case of a terrorist attack, male
mice were chosen for further studies using a higher dose of 4 mg CEES that induced
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microvesication in these mice. Acetone, a well established vehicle for skin topical
treatments, was used as a vehicle for CEES application due to its ability to enhance the skin
permeability to hydrophilic and amphipathic compounds (Tsai et al., 2001; Tewari-Singh et
al., 2009). An untreated mice group was included as a control. For both male and female
mice, five animals per control and CEES exposed groups were utilized. At the end of each
experiment, mice were euthanized and dorsal skin was collected as described earlier
(Tewari-Singh et al., 2009) and either snap frozen using liquid nitrogen or fixed in formalin
for immunohistochemical (IHC) analysis.

2.4. GSH treatment

GSH was given at a dose of 300 mg/kg of body weight in 200ul saline by oral gavage, and
five female mice were then either untreated, exposed to 2 mg CEES topically on the dorsal
skin or exposed to acetone as vehicle control. At the end of the experiment, mice were
euthanized and dorsal skin was collected and snap frozen using liquid nitrogen or fixed in
formalin for immunohistochemistry (IHC).

2.5. Preparation of tissue lysates and western blot analysis

Approximately 100 mg of tissue was taken from the skin samples of two animals per control
or CEES exposed group that were chosen randomly to avoid any bias. Subcutaneous fatty
tissue and blood capillaries were removed. After washing with cold PBS, skin tissues were
homogenized in lysis buffer (L0mM Tris-HCL, 150 mM NacCl, 1% Triton X-100, 1mM
EDTA, ImM EGTA, 0.1 mM DTT, 0.5mM PMSF, 0.2 mM Sodium Orthovandate, 5ug/ml
Aprotinin, 1.25 pg/ml Benzamidine and 0.5% NP-40) using a biospec homogenizer to
prepare total cytosolic and nuclear lysates according to a previously published protocol (Gu
et al., 2005; Gu et al., 2007). After preparation of aliquots, protein content was measured
using Lowry’s method (Lowry et al., 1951). For Western blotting, 50 ug of protein per
sample was denatured in 2x SDS-PAGE sample buffers and subjected to SDS-PAGE on 8,
12 or 16% polyacrylamide tris-glycine gels followed by immunoblotting as described earlier
(Gu et al., 2005; Gu et al., 2007).. After blocking in 5% milk in TBST for 1 h, membranes
were probed with primary antibodies against H2A.X at S139, COX-1, COX-2, iNOS,
MMP-2 and MMP-9 for over night at 4°C, followed by peroxidase-conjugated appropriate
secondary antibodies for 1 h at room temperature. Protein bands were visualized by an
enhanced chemiluminescence detection system (GE Healthcare Life Sciences, Pittsburgh,
PA). In each case, protein loading was monitored by stripping and re-probing the blots with
B-actin. The autoradiograms/bands were scanned and where mentioned, mean density of
bands was determined using Adobe Photoshop 6.0 (Adobe Systems, San Jose, CA). The
densitometry analysis of the respective protein bands was performed using a Scion image
program (NIH, Bethesda, MD). Change in mean band intensity is reported in terms of fold
change to vehicle control and the values of band intensities were adjusted with B-actin.

2.6. Immunohistochemistry

The paraffin embedded sections were deparaffinized, rehydrated and antigen retrieval
performed on them using 10 mM sodium citrate (pH 6.0) in a decloaking chamber for 30
min at 70°C. The endogenous peroxide activity was blocked using 3% hydrogen peroxide in
methanol (v/v) and the sections were incubated with rabbit polyclonal phospho-H2A.X
ser139 antibody at 1:100 dilution in PBS overnight at 4°C in a humidity chamber. The N-
Universal negative control rabbit 1gG antibody (DAKO) was used as a negative control.
After washings in PBS, the sections were incubated with the anti-rabbit biotinylated
secondary antibody for 1 h. This was followed by incubation with HRP conjugated
streptavidin (DAKO) in PBS for 30 min at room temperature (RT) in a humidity chamber.
The sections were then incubated in DAB (3,3'-diaminobenzidine) working solution for 5
min at RT and counterstained with diluted hematoxylin for 2 min followed by dehydration
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and mounting for microscopic observation. The brown colored DAB positive nuclei were
counted in 10 randomly selected fields (400X magnification). The DNA damage nuclei
index was determined by counting number of H2A.X ser 139 stained positive cells X 100/
total number of cells (Black et al., 2010).

2.7. Statistical analysis

3. Results

All the IHC stained slides were observed under a Zeiss Axioscop 2 microscope (Carl Zeiss,
Inc., Germany), and image analysis was done using Carl Zeiss Axiovision Rel 4.5 software.
The data were analyzed and all statistics calculations done using SigmaStat (software
version 2.03, Jandal Scientific Corp., San Raphael, CA). Data are expressed as mean + SEM
(Standard Error Mean) and analyzed via one way ANOVA, followed by the Bonferroni t-
test for multiple comparisons. P< 0.05 was considered to be statistically significant.

3.1. Topical application of CEES causes an increase in H2A.X phosphorylation at ser139

SM is a highly reactive alkylating agent and its skin exposure is reported to lead to DNA
damage, eventually inducing cell death, inflammation and cytotoxicity (Rogakou et al.,
1998; Jowsey et al., 2009; Black et al., 2010). The DNA damage, especially the double
strand breaks, triggers the phosphorylation of histone variant H2A.X at serine 139 and is
considered to be a reporter of DNA double strand breaks required for cell cycle checkpoint
arrest and DNA repair (Rogakou et al., 1998; Huang and Darzynkiewicz, 2006). Herein, we
analyzed if the CEES-induced inflammatory and blistering response observed in our earlier
study (Pal et al., 2009) is associated with DNA damage in SKH-1 hairless mouse skin.
Phosphorylation of H2A. X at ser139 was evaluated by western blot analysis and IHC in the
skin tissue exposed to CEES for 9-48 h. As shown in Fig. 1A, 2 mg CEES exposure
increased H2A. X phosphorylation to 1.7 fold at 9 h of exposure as compared to vehicle
control and was maxed out at 12 h and 48 h (3 or 3.1 fold), then decreasing at 24 h (2.1 fold)
after exposure in female mice. The male mice study with 2 mg CEES exposure showed
maximum phosphorylated protein expression of H2A.X at 12 h (7.4 fold) and at 24 h (5.5
fold) of exposure in comparison to vehicle control (Fig. 1B). Compared to the vehicle
control group, 4 mg CEES exposure also resulted in an increase in H2A.X phosphorylation,
which was 1.7, 1.5 and 4.7 fold at 12, 24 and 48 h exposure, respectively (Fig. 1C). Similar
results were observed in IHC analysis for H2A.X ser139 phosphorylation in the skin tissue
of male mice exposed to 4 mg CEES (Fig. 1D and E). An increase in the H2A. X ser139
phosphorylated epidermal cells (red arrows; Fig. 1D) at all time-points was observed
following CEES exposure in comparison with the control group (Fig 1D and E).

3.2. Topical application of CEES induces COX-2 and iNOS expression

Cyclooxygenase enzymes, which play an important role in skin inflammation, exist in two
isoforms; COX-1 and COX-2 (Smith et al., 2000). COX-1 is expressed constitutively while
COX-2 is an inducible enzyme and is expressed in mononuclear phagocytes and neutrophils
(Gilroy et al., 1999). COX-2, involved in prostaglandin biosynthesis, plays an important role
in SM-induced skin inflammation by increasing the capillary permeability which lead to
influx of inflammatory cells and other inflammatory mediator at the site of the injury
(Shakarjian et al., 2010). To investigate the role of these enzymes in mediating the CEES-
caused inflammatory and microvesicating responses and their link with the activation of
signaling cascades observed in our earlier studies, we analyzed the expression of COX-1 and
COX-2 inadose (2 and 4 mg) and a time (9-48 h) response study in SKH-1 hairless mice.
Western immunoblot analysis of skin samples showed that COX-2 expression increased
following 2 mg of CEES exposure to the dorsal skin of both female and male mice, and
following 4 mg of CEES exposure in male mice (Fig. 2). Mean band intensity measurements
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revealed that COX-2 expression was maximum at 24 h (3.0 fold) and 48 h (3.3 fold) in
female mice exposed to 2 mg CEES (Fig. 2A). In male mice, 2 mg CEES exposure caused
1.8-2.7-fold increase in COX-2 levels at 9-48 h of exposure in comparison with the vehicle
control group (Fig. 2B). Exposure to the 4 mg CEES dose also showed a strong induction in
COX-2 expression, with a maximum at 24 h (4.3 fold) of exposure (Fig. 2C). On the other
hand, a CEES-induced increase of 1.5 fold or more in COX-1 expression was not observed
in both male and female mice (Fig. 2A-C).

It has been reported that iNOS and associated NO play an important role in SM-induced skin
injury (Shimizu et al., 1997; Korkmaz et al., 2006; Ishida et al., 2008). Similar to COX
immunoblot analysis, INOS was also analyzed in the dorsal skin tissue from the mice
exposed to 2 or 4 mg CEES. Results showed enhanced iNOS expression following 2 or 4 mg
CEES exposure in both male and female mice (Fig. 2). In female mice, there was more than
a two-fold increase in the expression of iNOS following 2 mg CEES exposure for 9-24 h in
comparison to the vehicle control group (Fig 1A). In the male mouse study, 2 mg CEES
exposure caused more than a 4-fold increase in the iNOS expression at 9, 12 and 24 h then
declined at 48 h (Fig. 2B). On exposure to a higher dose of 4 mg CEES for 24 h, a two-fold
increase in the iINOS expression as compared to vehicle control group was observed in male
mice (Fig. 2C).

3.3. Topical application of CEES induces MMP expression

SM exposure causes an activation of proteolytic enzymes that degrade components of the
extracellular matrix and basement membrane causing epidermal-dermal separation followed
by blister formation on the skin (Cowan et al., 2003). Gelatinases (MMP-2 and MMP-9) are
reported to be major proteases in SM-induced blistering and skin injury (Johansson et al.,
1997; Kahari and Saarialho-Kere, 1997; Ravanti and Kahari, 2000; Ries et al., 2009). Our
previous studies have shown microvesication and an inflammatory response with CEES
(Jain et al., 2011). Therefore, we assessed the involvement of MMP-2 and MMP-9 in CEES-
induced skin injury in SKH-1 hairless mice in this study. CEES exposure at both the 2 and 4
mg doses resulted in a strong induction of MMP-9 protein; however, a much smaller
increase in MMP-2 was observed in response to CEES as compared to controls (Fig. 3). In
female SKH-1 hairless mice, exposure to 2 mg CEES resulted in a 6-fold increase in
MMP-9 expression at 9 h. This progressively decreased at 12 h (5.5 fold), 24 h (5.4 fold)
and minimum at 48 h (3.5 fold) in comparison with the vehicle control (Fig. 3A). In the
male mouse study, 2 mg CEES exposure caused an increase in the MMP-9 expression at 9,
12, 24 and 48 h, which was 1.9, 3.7, 2.9 and 3.2.-fold greater than respective vehicle control,
(Fig. 3B). Exposure to 4 mg CEES for 24 h induced a maximum MMP-9 expression of 3.5
fold (Fig. 3C). With regard to MMP-2, the 2 mg CEES dose in male mice resulted in a
maximum increase in MMP-2 expression at 12 h (2.0 fold), which did not increase further
with the larger CEES dose of 4 mg (Fig. 3).

3.4. GSH treatment reduces the CEES-caused increase in H2A.X ser139 phosphorylation
and COX-2, iINOS and MMP9 levels

GSH is an important antioxidant found in tissues or cells, which protects cells from
oxidative stress (Meister and Anderson, 1983; Meister, 1994). SM and CEES exposures are
known to deplete GSH leading to oxidative stress that causes DNA damage and triggers
signaling pathways, which result in cell death and skin tissue injury (Paromov et al., 2007;
Shakarjian et al., 2010; Tewari-Singh et al., 2010). Our in vivo studies in female SKH-1
hairless mice have shown the involvement of oxidative stress in CEES-caused inflammatory
responses and that treatment of female mice with GSH via oral gavage 1 h prior to CEES
exposure was found to significantly protect against CEES-caused inflammatory responses
(Pal et al., 2009; Tewari-Singh et al., 2011). To further study the involvement of oxidative
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stress in CEES-caused DNA damage, skin tissues from the current study were analyzed for
H2A.X ser139 phosphorylation with GSH pre-treatment. Results from the IHC analysis in
terms of the H2A. X ser139 stained nuclei (red arrows; Fig. 4A and B) and protein
expression (Fig. 4C) showed that GSH pre-treatment caused a 59% and 58% decrease,
respectively, in the CEES-caused increase in H2A. X ser139 phosphorylation (Fig. 4). To
assess the role of oxidative stress in CEES-induced expression of inflammatory mediators,
skin tissues from female mice were also analyzed for COX-2, iNOS, and MMP-9 expression
by western immunoblotting following GSH pre-treatment. GSH pre-treatment also
attenuated the CEES-induced increase in the expression of inflammatory mediators COX-2
iNOS and MMP-9 by 68%, 53% and 54%, respectively (Fig. 5).

4. Discussion

Outcomes of this study suggest that both DNA damage and inflammatory mediators are an
important link between our earlier reported CEES-induced signaling pathways and skin
injury responses involving oxidative stress (Pal et al., 2009; Tewari-Singh et al., 2009; Jain
etal., 2011). Our studies employed SKH-1 hairless mouse model as reported earlier (Pal et
al., 2009; Tewari-Singh et al., 2009; Jain et al., 2011) because it is the most widely used
mouse model in skin research due to being unpigmented and immunocompetent. These mice
are equipped for skin manipulation, application of topical drugs, UVR, etc. as well as
cutaneous response can be easily analyzed in these mice (Kligman and Kligman, 1998;
Benavides et al., 2009). Mice were exposed to a monofunctional analog of SM, CEES, that
alkylates biological molecules similar to SM including the formation DNA monoadducts,
and lead to similar pathological lesions (Han et al., 2004; Jowsey et al., 2009; Tewari-Singh
etal., 2009).

DNA damage is reported as a key consequence of SM exposure and can occur either via
direct DNA alkylation by SM or via oxidative or nitrosative stress (Ruff and Dillman, 2007;
Jowsey et al., 2009). The signaling cascades activated by DNA damage phosphorylate
downstream target proteins, mainly p53, histone H2A.X and cell cycle checkpoint kinases
(Jowsey et al., 2009). Both 2 and 4 mg CEES-caused DNA damage was observed in this
study in the strong phosphorylation of H2A.X at ser139 at 12-24 h of exposure that
decreased by 48 h in both male and female SKH-1 hairless mice. These results indicate a
decrease in DNA damage by CEES by 48 h of exposure suggesting a repair response by this
time following CEES exposure. These findings further support previous studies reporting
DNA damage as an important early consequence of SM exposure and related skin injury
(Jowsey et al., 2009; Kehe et al., 2009; Black et al., 2010; Shakarjian et al., 2010).
Furthermore, the results of this in vivo study also corroborate our earlier study in skin
epidermal cells showing that DNA damaging effects of CEES activates ataxia telangiectasia
mutated (ATM)/ataxia telangiectasia-Rad3-related (ATR) cell cycle signaling as well as
PARP pathways leading to cell cycle arrest and apoptotic cell death (Tewari-Singh et al.,
2010). Overall, the results of this and our other recent study suggest that DNA damage-
related signaling could be one of the major mechanisms of CEES-caused skin inflammation
and vesication, together with MAPKs/Akt activated NF-«xB/AP-1 related signaling cascades
involving COX-2, iNOS and MMP-9 as important mediators (Fig. 6).

The main pathogenic effect of SM on the skin is inflammation, which includes erythema,
edema and infiltration of inflammatory cells including mast cells, macrophages and
neutrophils at the site of injury (Smith et al., 1995b; Millard et al., 1997; Valent et al., 1998;
Rice, 2003). Our previous studies have shown CEES-induced histopathological changes to
correlate with a high infiltration of mast cells, macrophages and neutrophils in SKH-1
hairless mice (Tewari-Singh et al., 2009). COX-derived prostaglandins play an important
role in inflammation and are reported in SM-induced skin injury, including a study where
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SM exposure in COX-2 null mice or in mice treated with COX-2 inhibitor resulted in
reduced inflammatory responses (Yourick et al., 1995; Nyska et al., 2001; Wormser et al.,
2004). Our results here show an induction of COX-2 expression in both CEES dose- and
time- response studies in male and female SKH-1 hairless mouse skin, whereas only a slight
CEES-associated induction of COX-1 expression was observed. This is in accord with
earlier reports that COX-2 is an important inflammatory mediator in CEES-caused skin
injury (Rikimaru et al., 1991; Shakarjian et al., 2010). Our findings also suggest that CEES
exposure induces COX-2 expression, which increases vascular permeability and facilitates
the influx of inflammatory cells.

iNOS is an inducible form of nitric oxide synthase which is expressed by epithelial cells as
well as activated neutrophils and macrophages that infiltrate during inflammation (Bloch et
al., 2007; Gao et al., 2007). CEES-induced infiltration of neutrophils and macrophages,
which is linked to the activation of MAPK/Akt-NF-xB/AP-1 pathways, was observed in our
earlier studies in SKH-1 hairless mice (Pal et al., 2009; Tewari-Singh et al., 2009),
indicating that iNOS is another important inflammatory mediator in the skin injury response
observed in the CEES-skin injury model. Indeed, our results in the present study showed an
induction of iNOS in both female and male mice at both the 2 and 4 mg CEES doses which
have been previously reported to cause skin injury including microvesication (Tewari-Singh
et al., 2009; Jain et al., 2011). NO is synthesized from L-argenine mainly by iNOS proteins.
NO could affect the wound healing process either positively or negatively depending upon
the production of peroxynitrite (ONOQ™) following reaction with superoxide (O, ™) radicals.
This process can cause subsequent oxidation of cellular macromolecules (Ishida et al.,
2008). The present study supports earlier reports that iNOS-related ONOQO™, alone or
together with other free radicals, can also cause increased DNA strand breakage. This event
triggers activation of DNA repair enzymes including PARP, leading to necrotic cell death
and related pathogenesis by SM (Korkmaz et al., 2006; Debiak et al., 2009). Because
calcium and calmodulin have been identified to play an important role in formation of NO
(Kehe et al., 2009), further studies are required to analyze the role of these molecules, as
well as the positive and/or negative action of NO produced by iNOS in wound healing as
well as in DNA damage induced by SM.

Proteases play an important role in blister formation at epidermal-dermal junctions in SM-
induced skin injury (Ray et al., 2002; Cowan et al., 2003). SM directly reacts with
anchoring filament laminin-5 and or activates different kinds of proteases, mainly MMPs,
which degrade collagen and other extracellular matrix protein (ECM) (Smith et al., 1995a;
Sabourin et al., 2002; Chang et al., 2009; Mol et al., 2009). Our results show CEES-induced
a strong expression of MMP-9 as compared to MMP-2 suggesting MMP-9 as an important
mediator in CEES-caused skin microvesication and inflammation in both male and female
SKH-1 hairless mice. These results are in accordance with other reports on differential
expression of MMP-2 and MMP-9 in SM exposure studies in different skin injury models
(Nova et al., 2003; Shakarjian et al., 2006; Ries et al., 2009). In addition, our study suggests
an important mediatory role of MMP-9 in the CEES-caused activation of MAPK/Akt-NF-
«kB/AP-1 pathways and related inflammatory and microvesication responses observed in our
earlier studies in SKH-1 hairless mice (Pal et al., 2009; Tewari-Singh et al., 2009).

Oxidative stress is one of the most studied mechanisms in SM-induced skin injury (Han et
al., 2004; Pal et al., 2009; Pohanka and Stetina, 2009; Laskin et al., 2010). Our previous
studies have shown that oxidative stress plays an important role in the activation of complex
signaling pathways that lead to CEES-caused skin injury (Pal et al., 2009; Tewari-Singh et
al., 2010). It has also been reported that SM or its analog CEES exposure decreases the
intracellular GSH levels leading to elevated production of ROS and oxidation of
biomolecules including DNA (Han et al., 2004; Laskin et al., 2010). Several studies have
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shown that pre-treatment with antioxidants including GSH, N-acetyl cysteine (NAC),
superoxide dismutase (SOD) and catalytic antioxidant AEOL 10150 can reduce SM-induced
skin toxicity (Paromov et al., 2007; Gould et al., 2009; Tewari-Singh et al., 2010). Our
earlier study in female SKH-1 hairless mice showed a protective effect of oral GSH in
ameliorating CEES-caused inflammatory responses, which supports the involvement of
GSH and oxidative stress in CEES-caused activation of signaling cascades and skin
inflammation (Tewari-Singh et al., 2010). Our previous study supported the oral
administration of GSH because oral route is possibly a more practical and fast treatment
route in case of a chemical emergency. In addition, following oral uptake, an increase in the
GSH levels in the blood and other tissues including skin have been reported (Campbell and
Griffith, 1989; Aw et al., 1991; Stabler et al., 2000; Kariya et al., 2007). The present study
further confirms the impact of GSH and oxidative stress in the CEES-induced expression of
COX-2, iNOS and MMP-9. CEES-caused oxidative DNA damage was observed in our
previous study in SKH-1 hairless mice (Pal et al., 2009). In the present study, CEES-caused
increases in H2A.X ser139 phosphorylation were significantly decreased in GSH-treated
mice asserting a role of GSH and oxidative stress in CEES-induced DNA damage. The
involvement of these processes in etiology of blistering and microvesication caused by
CEES exposure is supported by this study.

Similar to our previous study where comparable CEES-induced inflammatory responses
were observed in male and female SKH-1 mice (Tewari-Singh et al., 2009; Jain et al.,
2011), this study also shows comparable CEES-caused increase in DNA damage and
expression of inflammatory mediators in male and female mice. Based on the known
mechanism of SM-caused skin injury, efficacy studies have been conducted using COX-2,
iNOS, protease inhibitors as well as antioxidants to reduce SM-related inflammation and
vesication (Han et al., 2004; Wormser et al., 2004; Gould et al., 2009; Mol et al., 2009;
Tewari-Singh et al., 2011). Findings in the present study suggest that oxidative stress, in
part, mediates a simultaneous mechanism of CEES-caused skin injury involving both DNA
damage and inflammatory signaling cascades (Fig. 6). CEES-induced GSH depletion and
oxidative stress or direct alkylating effect can cause DNA damage leading to skin injury via
activation of DNA damaging pathways (Fig. 6). In addition, CEES-induced GSH depletion
and oxidative stress can lead to the activation of signal transduction pathways and
transcription factors (Pal et al., 2009) that can cause skin inflammation and vesication via
inflammatory mediators like COX-2, iNOS and MMP-9 (Fig. 6). The outcomes of the
present study and the SKH-1 hairless mouse model could be useful in designing efficacy
studies to identify and develop effective countermeasures alone or in combination to
overcome the SM and other vesicating agents’ related skin inflammation and vesication in
humans.

Acknowledgments

This research was supported by the Countermeasures Against Chemical Threats (CounterACT) Program, National
Institutes of Health (NIH) Office of the Director, and National Institute of Environmental Health Sciences, Grant
Number (U54 ES-015678). The study sponsor (NIH) had no involvement in the study design; collection, analysis
and interpretation of data; the writing of the manuscript; nor the decision to submit the manuscript for publication.

Abbreviations

ATM ataxia telangiectasia

ATR ataxia telangiectasia-Rad3-related
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ECM extra cellular matrix protein
eNOS endothelial NOS
GSH glutathione
iNOS inducible NOS
MAPKSs mitogen activated protein kinases
MMPs Matrix metalloproteinases
MMP-2 Matrix metalloproteinase-2
MMP-9 Matrix metalloproteinase-9
NF-kB nuclear factor- kB
NOS Nitric oxide synthase
(O~ superoxide
ONOO~ peroxinitrite
ROS reactive oxygen species
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Figure 1.

Effect of topical CEES exposure on H2A.X phosphorylation, a marker of DNA damage, on
female and male SKH-1 hairless mouse skin. Female mice were treated topically with 2 mg
of CEES (A) and male with 2 mg (B) or 4 mg (C-E) of CEES or acetone alone. Dorsal skin
was collected at 9, 12, 24 and 48 h time points and either skin tissue lysates were prepared
for western immunoblotting of H2A.X ser139 phosphorylation (A—C) or skin samples were
processed for IHC staining of H2A.X ser139 (D and E) as described in the Material and
Methods. Data are presented as fold increase in comparison with their respective vehicle
controls and values of band intensities were adjusted with B-actin loading control (A-C).
Data are representative of the results from randomly chosen two CEES exposed animals
taken at each time point of the study for both male and female mice (A—C). Following IHC
analysis (panel D) in the skin tissue samples of male mice exposed to 4 mg CEES, H2A.X
ser 139 phosphorylation positive cells were counted in five randomly selected fields per
tissue section (400X magnification); data presented are mean = SEM of five animals in each
group (E). UC, untreated control; VC, vehicle (acetone) control; red arrows, H2A.X ser139
phosphorylation-positive cells.
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Figure 2.

Effect of topical CEES exposure on the expression of COX-2, COX-1 and iNOS in female
and male SKH-1 hairless mouse skin. Female mice were treated topically with 2 mg (A) of
CEES or acetone alone and male mice were treated with 2 mg (B) or 4 mg (C) of CEES or
acetone alone. Dorsal skin tissue was collected at 9, 12, 24 and 48 h time points following
CEES exposure and lysates were prepared. Western blot analysis was carried out to assess
the expression of COX-1, COX-2 and iNOS using specific antibodies as described under
Material and Methods. The membranes were then stripped and reprobed for B-actin as a
loading control. Data are presented as fold increase in comparison with their respective
vehicle controls and values of band intensities were adjusted with -actin loading control
(A-C). Data are representative of the results from randomly chosen two CEES exposed
animals taken at each time point of the study for both male and female mice. UC, untreated
control; VC, vehicle (acetone) control.
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Figure 3.

Effect of topical CEES exposure on the expression of MMP-9 and MMP-2 in female and
male SKH-1 hairless mouse skin. Female mice were treated topically with 2 mg (A) of
CEES or acetone alone and male mice with 2 mg (B) or 4 mg (C) of CEES or acetone alone.
Dorsal skin tissue was collected at 9, 12, 24 and 48 h time points following CEES exposure
and lysates were prepared. Western blot analysis was carried out to assess the expression of
MMP-9 and MMP-2 using specific antibodies as detailed under material and methods. The
membranes were then stripped and reprobed for B-actin as a loading control. Data are
presented as fold increase in comparison with their respective vehicle control and values of
band intensities were adjusted with B-actin loading control (A—C). Data are representative of
the results from randomly chosen two CEES exposed animals taken at each time point of the
study for both male and female mice. UC, untreated control; VVC, vehicle (acetone) control.
Values of band intensities were adjusted with p-actin and data presented are representative
of the results from two animals at each time point of the study.
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Figure 4.

Effect of GSH treatment 1 h before topical CEES exposure on H2A.X ser139
phosphorylation in female SKH-1 hairless mouse skin. Mice were treated either with 300
mg/kg/mouse GSH by oral gavage 1 h before 2 mg CEES exposure, GSH alone, CEES
alone, acetone alone as CEES vehicle control or left untreated. Mice were sacrificed after 24
h of CEES exposure, dorsal skin was collected, and western immunoblotting or IHC analysis
for H2A.X ser 139 phosphorylation was carried out as detailed in the Material and Methods.
Representative pictures of H2A.X ser139 IHC staining are shown in panel A. In IHC stained
skin tissue, the H2A.X ser139 positive cells were counted in five randomly selected fields
per tissue section (400X magnification); data presented are mean + SEM of five animals in
each group (B). After western immunoblotting for H2A.X ser139 phosphorylation,
membranes were reprobed with B-actin as a loading control (C). Data are presented as fold
increase in comparison with their respective vehicle control and values of band intensities
were adjusted with B-actin loading control. Data are representative of the results from
randomly chosen two animals taken at each time point of the study for CEES exposed and
GSH treated groups (C). UC, untreated control; VC, vehicle (acetone) control; G,
Glutathione alone; GC, Glutathione + CEES; red arrows, H2A.X ser139 positive cells.
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Figure 5.

Effect of GSH treatment 1 h before topical CEES exposure on the protein expression of
COX-2, iINOS, MMP-9, MMP-2 in female SKH-1 hairless mouse skin. Mice were treated
with either 300 mg/kg/mouse GSH by oral gavage 1 h before 2 mg CEES exposure, GSH
alone, CEES alone, acetone alone as CEES vehicle control or left untreated. Mice were
sacrificed after 24 h of CEES exposure, dorsal skin was collected, and western blot analysis
was carried out to assess the expression of COX-2, iNOS, MMP-2 and MMP-9 using
specific antibodies as detailed under Material and Methods. The membranes were then
stripped and reprobed for B-actin as a loading control. Data are presented as fold increase in
comparison with their respective vehicle control and values of band intensities were adjusted
with B-actin loading control. Data are representative of the results from randomly chosen
two animals taken at each time point of the study for CEES exposed and GSH treated
groups. UC, untreated control; VC, vehicle (acetone) control; GSH, Glutathione alone; GSH
+CEES, Glutathione + CEES.
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Figure 6.

Schematic representation of the possible mechanism of CEES-caused cutaneous
inflammation and micro-vesication in SKH-1 hairless mouse skin. CEES could damage
DNA directly, or via an induction of oxidative stress due to a decrease in GSH and an
increase in reactive oxygen species (ROS) leading to oxidative DNA damage. This would
further trigger a signal transduction pathway leading to cell death and tissue injury. CEES-
induced oxidative stress could also cause the activation of transcription factors such as AP-1
and NF-«xB via MAPK and Akt pathways, inducing the level of inflammatory mediators like
COX-2, iINOS and MMPs leading to inflammation and micro-vesication and skin injury. e,
epidermis; d, dermis; green arrow, microvesication.
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