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Abstract
Monofunctional analog of chemical warfare agent sulfur mustard (HD), 2-chloroethyl ethyl sulfide
(CEES), induces tissue damage similar to HD. Herein; we studied the molecular mechanisms
associated with CEES-induced skin inflammation and toxicity in SKH-1 hairless mice. Topical CEES
exposure caused an increase in oxidative stress as observed by enhanced 4-hydroxynonenal (4-HNE)
and 5, 5-dimethyl-2-(8-octanoic acid)-1-pyrroline N-oxide (DMPO) protein adduct formations, and
an increase in protein oxidation. CEES-induced increase in the formation of 8-oxo-2-deoxyguanosine
(8-OH2dG) indicated DNA oxidation. CEES exposure instigated increase in the phosphorylation of
mitogen-activated protein kinases (MAPKs, ERK1/2, JNK and p38). Following CEES-exposure, a
significant increase in the phosphorylation of Akt at Ser473 and Thr308 was observed as well as up
regulation of its upstream effector, PDK1 in mouse skin tissue. Subsequently, CEES exposure caused
activation of AP-1 family proteins, and NF-κB pathway, including phosphorylation and degradation
of IκBα in addition to phosphorylation of NF-κB essential modulator (NEMO). Collectively, our
results indicate that CEES induces oxidative stress and the activation of transcription factors AP-1
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and NF-κB via upstream signaling pathways including MAPKs and Akt in SKH-1 hairless mouse
skin. These novel molecular targets could be supportive in development of prophylactic and
therapeutic interventions against HD-related skin injury.
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Introduction
Sulfur mustard (HD, bis(2-chloroethyl) sulfide), is a strong vesicant and an alkylating chemical
warfare agent. It was first used in World War I and has since been utilized in numerous conflicts,
including the Iraq–Iran war [1,2]. Apart from inflicting injury to lungs, eyes and other organ
systems, primary toxic effect of HD is on exposed skin tissue, where it induces severe damage
and inflammation including erythema, edema, necrosis, vesication, ulceration and
desquamation [3–6]. Detailed understanding of the molecular mechanisms involved in HD-
induced skin toxicity are important for the development of effective countermeasures and
therapeutics against this chemical warfare agent of mass destruction. Several reports show that
HD-induced tissue toxicity is mainly due to its alkylating properties, enhanced production of
inflammatory cytokines, and increased oxidative stress owing to production of damaging
reactive oxygen species (ROS) [1,7–9]. Though, there are compound mechanisms implicated
in HD-induced inflammation and toxicity, one of the important reported mechanisms is the
depletion of glutathione (GSH) that likely leads to an increase in the production of ROS, and
consequent membrane lipid peroxidation [5,7]. In addition, both direct alkylation and free
radical-induced alkylation that causes protein oxidation, lipid peroxidation and DNA/RNA
damage, could be involved in HD-caused skin toxicity and inflammation [7,10]. Roles of
mitogen activated protein kinases (MAPKs), transcription factor NF-κB, p53, poly (ADP-
ribose) polymerase (PARP), Fas calcium and calmodulin have also been suggested in the
molecular mechanisms of HD-induced skin toxicity and inflammation [3,5,11–14]. However,
despite extensive research attempts, complete understanding of the multiple molecular
mechanisms and signaling pathways involved in HD-induced skin inflammation and injury in
an efficient animal model, is still lacking. Commercially available monofunctional analog of
HD, CEES, a vesicant and an alkylating agent; has been experimentally explored to gain
knowledge of the mechanisms involved in HD-induced skin toxicity [15,16].

MAPKs are serine/threonine kinases phosphorylated in response to various stimuli, including
stress, pro-inflammatory cytokines, UV radiation etc [17]. Mediating signal transduction from
cell surface to the nucleus, the MAPKs are important pro-inflammatory mediators that also
play an important role in cell survival, cellular stress, and cellular proliferation and
differentiation [17]. There are three major MAPK pathways; extracellular signal regulating
kinases (ERK), p38 MAP kinases, and c-jun N-terminal kinases (JNKs). ERK kinases are
mainly activated by mitogenic signals, whereas JNK and p38 are predominantly activated by
environmental stress such as UV radiation, inflammatory cytokines, heat shock and DNA
damaging agents [18]. Individual phosphorylated MAPKs activate the MAPK/ERK kinase
(MEK), mitogen-activated protein kinase kinase (MKK3/6, MKK-4, MKK-7) that are
generally specific for individual MAPKs, and control diverse cellular processes [18]. Anti-
apoptotic and diverse cell survival stimuli including oxidative stress also activate the
phosphatidylinositol-3-kinase (PI3K/Akt) pathway that engages in the activation of various
transcription factors such as NF-κB and AP-1 [19–21]. The lipid kinase PI3K is involved in
the regulation of processes like transcription, migration, angiogenesis, cell growth,
proliferation and apoptosis.
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MAPK pathways effect the activity of AP-1, an important regulatory protein, which plays a
major role in epithelial cell growth, differentiation, transformation and apoptosis [22]. This
transcription factor is composed of protein dimers encoded by Fos (c-Fos, FosB, Fra-1, and
Fra-2), Jun (cJun, JunD, and JunB) and activating transcription factor families (ATF-1 and
ATF-2) [22,23]. The modulation of AP-1 families is mediated by MAPKs, while AP-1 is known
to play an important role in the transcriptional activation of metalloproteinases (MMPs) [23].
The NF-κB transcription factor, important mediator of inflammatory responses, is a complex
of homo or heterodimerization of its subunits p50, p52, RelA (p65), RelB and RelC [24]. It is
sequestered in cytoplasm in an inactive condition due to association with an inhibitory protein,
IκB [24]. Extracellular signals like pro-inflammatory cytokines, bacterial lipopolysaccharide,
UV irradiation, carcinogenic chemicals, genotoxic anticancer agents and intracellular oxidative
stress activate NF-κB via convergence on the cytoplasmic IκB kinase (IKK) complex [24,
25]. Activated IKK phosphorylates IκBα and IκBβ proteins and phosphorylated IκBα is
degraded by the 26S proteosome complex in the cytoplasm [25]. As a result, free NF-κB enters
into the nucleus, binds to its cognate sites in the promoter regions and activates the target genes.
Small ubiquitin like modifier I (SUMO I) and the modification of NEMO/IKKγ are required
for NF-κB activation [26,27].

It is reported that NF-κB and AP-1, that play a central role in mediating inflammatory
responses, are downstream targets of MAPK and Akt pathways that are, in part, activated by
oxidative stress [19,22,28,29]. Therefore, we hypothesize that CEES-mediated oxidative stress
could activate MAPK and Akt pathways; subsequent signals from both MAPKs and Akt could
congregate downstream and activate transcription factors NF-κB and AP-1 that could be
important in mediating various cellular responses leading to CEES-mediated skin
inflammation and injury. Our recent findings have established dose- and time-dependent
quantitative inflammatory biomarkers of HD analog, CEES-induced skin injury in more
resourceful SKH-1 hairless mouse model [16]. Based on this background, the present study
adopted a comprehensive approach to analyze the involvement of oxidative stress and roles of
MAPKs and Akt signaling, activation of their downstream transcription factors AP1 and NF-
κB in CEES-induced skin inflammation and toxicity in SKH-1 hairless mouse model. The
findings of this study identified useful molecular targets involved in CEES-induced skin
toxicity in a single efficient in vivo model, providing valuable molecular markers of
inflammation that could be used to identify and screen compounds to treat/prevent HD-caused
skin toxicity.

Materials and Methods
Chemicals and reagents

HD analog, CEES (purity 98 %) was obtained commercially from Sigma-Aldrich Chemical
Co. (St. Louis., MO). Consensus sequences of double stranded AP-1 and NF-κB
oligonucleotides were purchased from Santa Cruz Biotechnology (CA, USA). The
phosphorylated MEK1/2 (Ser217, 221), ERK1/2 (Thr202 and Tyr204), MKK- 4 (Ser257 and
Thr261), MKK3/6 (Ser189 and Ser207), MKK-7 (Ser271 and Thr275), JNK (Thr183/ Tyr185),
p38 (Thr180/ Tyr182), PDK1 (Ser241), Akt (Ser473 and Thr308), PTEN (Ser308/
Thr382/383), ATF-2 (Thr69/71) and p65 (Ser536 and Ser276), total MEK1/2, ERK1/2, JNK,
p38, Akt, IκBα, PETEN and ATF-2 primary antibodies were purchased from Cell Signaling
Technology (Beverly, MA, USA). Phosphorylated mouse monoclonal anti-cJun, -cFos and
non-phosphorylated rabbit-anti p65, p50, cJun, cFos, Fra-1, Fra-2, Fos B, Jun B, Jun D
antibodies were purchased from Santa Cruz Biotechnology (CA, USA). Mouse monoclonal
anti-SUMO-1 (anti GMP1) was purchased from Zymed Laboratories (San Francisco, CA,
USA). Mouse monoclonal anti-IKKγ (NEMO) was purchased from BD Pharmigen (San Jose,
CA, USA). Anti-4-HNE rabbit polyclonal antibody was kind gift from Dr. Dennis Petersen
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(School of Pharmacy, University of Colorado Denver, USA). Anti-DMPO nitrone polyclonal
antiserum was purchased from Cayman Chemicals (Ann Arbor, MI, USA). Monoclonal anti-
β-actin antibody was obtained from Santa Cruz Biotechnology (CA, USA). An anti-mouse IgG
HRP-linked secondary antibody was obtained from Amersham Bioscience (UK) and anti-
rabbit IgG horseradish peroxidase (HRP)-conjugated secondary antibody was obtained from
Cell Signaling Technology (Beverly, MA, USA). Protein assay kit was obtained from Bio-Rad
laboratory (USA) and enhanced chemiluminescence western blot detection reagents were
purchased from Amersham Biotech (Piscataway, NJ, USA). [γ-32P]ATP and 5X gel shift
binding buffer were obtained from Promega (Madison, WI, USA).

Animals and CEES exposure
Female SKH-1 hairless mice (5 weeks old) were obtained from Charles River Laboratories
(Wilmington, MA) and housed under standard conditions at the Center of Laboratory Animal
Care, University of Colorado Denver, CO. The animals were acclimatized for one week before
their use in experimental studies, which were carried out according to the specified protocol
approved by the IACUC of the University of Colorado Denver, CO. Acetone alone or the
required concentrations of CEES were diluted in acetone fresh and applied topically on the
mice medial and dorsal surface of the skin in a continuously operated chemical and biological
safety fume hood [16].

Experimental design
In the dose-response study, mice were exposed topically to CEES doses in the range of 0.05–
2 mg in 200 µl acetone /mouse that was applied on the dorsal skin for 12 h as described earlier
[16]. Briefly, a total of 50 mice were randomly divided into 10 groups; (i) control-untreated,
(ii) 200 µl acetone alone/mouse (vehicle control), (iii) 0.05 mg CEES, (iv) 0.1 mg CEES, (v)
0.25 mg CEES, (vi) 0.4 mg CEES, (vii) 0.5 mg CEES, (viii) 1 mg CEES, (ix) 1.5 mg CEES,
and (x) 2 mg CEES. As published in our previous study [16], time-response study employed
1 and 2 mg CEES doses, and the study time points were 3, 6, 9, 12, 24, 48, 72 and 168 h. At
the end of each desired treatment, the mice were euthanized, and the dorsal skin was collected
as described earlier [16,30] and snap frozen in liquid nitrogen.

Preparation of tissue lysates and western blot analysis
Subcutaneous fatty tissue was removed from each skin tissue and then whole cell extract,
cytosolic and nuclear fractions were prepared as published earlier [31,32]. The protein content
of the tissue extracts was determined by Lowry’s method (Bio-Rad, Regents Park, New South
Wales, Australia). Equal amounts of protein from the desired samples were resolved on Tris-
glycine gel (8 % to 12 %), transferred to nitrocellulose membranes and blocked for 1 h with 5
% nonfat dry milk. Membranes were incubated with the appropriate concentrations of primary
antibodies overnight at 4 °C, and then incubated with HRP-conjugated secondary antibody.
The same membrane was reprobed with anti-β-actin antibody as loading control.

Western blot analysis for protein oxidation
For western blot analysis of oxidative modification of protein, the OxyBlot Protein Oxidation
Detection kit (Chemicon International, USA) was employed following manufacturer’s
protocol. The protein lysate (20 µg) was denatured by adding 12 % sodium dodecyl sulfate
(SDS) to a final concentration of 6 % SDS. The protein samples were derivatized by adding
2, 4-dinitrophenylhydrazine (DNPH) solution and to the aliquot designated as the negative
control, derivatization-control solution instead of the DNPH solution was used for 15 min.
Reaction was stopped by adding the neutralizing solution to both the samples. The derivatized
samples and the negative control were loaded on the 12% sodium dodecyl sulfate (SDS)-
polyacrylamide gel for electrophoresis, and blotted onto a nitrocellulose membrane. The
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membrane was blocked in phosphate-buffered saline (PBS) containing 0.1 % Tween-20 (PBS-
T) and 5 % non-fat dry milk for 1 h. The membrane was then incubated overnight at 4 °C with
the corresponding diluted primary antibody (1: 150) in non-fat dry milk in PBS-T as described
by the manufacturer. This was followed by incubating the membrane with HRP-conjugated
secondary antibody (1: 300) for 1 h at room temperature in PBS-T containing 5 % non-fat dry
milk. The membrane was washed in PBS-T and treated with a chemiluminescence reagent ECL
detection kit (Piscataway, NJ, USA) according to the manufacturer’s protocol.

Analysis of DNA oxidation in mouse skin
DNA from control and 2 mg CEES-treated skin tissue was extracted using DNeasy tissue kit
(Qiagen; Valencia, CA, USA). DNA purity was measured using a Nanodrop 1000
spectrophotometer (Thermo Fisher). Roughly 6 µg purified DNA was incubated with 4 units
of Nuclease P1(US Biological, Swampscott, MA) at 60°C for 20 min, then with 4 units of
Alkaline Phosphatase (Sigma-Aldrich Chemical Co. St. Louis., MO) at 37°C for 60 min. The
samples where then analyzed for 8-hydroxy-2-deoxyguanosine (8-OHdG) and 2-
deoxyguanosine (2dG) respectively by HPLC coupled with UV and electrochemical detection
(CoulArray model 5600; ESA Inc., Chelmford, MA). Mobile phase A consisting of 50 mM
Sodium Acetate, pH 4.0, and mobile phase B consisting of 50 mM sodium acetate with
acetonitrile 85:15 (v:v), pH 4.2 with a flow rate of 1mL/min using a gradient of 100% A for 5
min; 60% A, 40% B for 12 min; 20% A, 80% B for 5 min; and 100% A for 8 min. Analysis
consisted of a 4.6 by 250 mm, C18 reverse phase column (Tosoh Bioscience, Montgomeryville,
PA) with the detection of 2dG by UV and 8-OHdG using electrode potentials of 140, 200, 260,
and 320 mV. The retention times for 2dG and 8-OHdG where 13.0 and 14.1 min, respectively.
Concentrations were determined using an 11 point standard curve and expressed as a ratio of
8-OHdG/105 2dG.

Electrophoretic mobility shift assay (EMSA)
DNA binding activities of AP-1 and NF-κB were measured by EMSA as described before
[32]. Briefly, EMSA was carried out using nuclear extracts prepared from CEES-treated skin
tissue. AP-1 and NF-κB consensus oligonucleotides were radiolabeled with [γ-32P]ATP in the
presence of T4 polynucleotide kinase in 10 X kinase buffer as per the manufacturer’s protocol
(Promega, Madison, WI, USA). Labeled probe was separated from free [γ-32P] ATP using
G-25 Sephadex column. Nuclear extract (10 µg) was incubated with 5X gel shift binding buffer
and then with 32P-labeled AP1 and NF-κB probe for 20 min at 37 °C. In super shift and
competition assays, nuclear extracts were incubated with anti- cFos, -cJun, -p65 and -p50
antibodies and unlabeled-oligos before adding labeled AP-1 and NF-κB oligos, respectively.
The DNA-protein complexes were separated from the free [32P]-oligonucleotides in native
polyacrylamide gel in EMSA-buffer by electrophoresis at 150 V/40 mA for 1 h at 25 °C
followed by gel drying and autoradiography.

Results
Topical CEES exposure caused an increase in lipid peroxidation

To determine whether oxidative stress results from CEES exposure, we compared the levels
of 4-HNE, a biomarker of oxidative stress resulting from lipid peroxidation [33,34], in skin
tissue of CEES exposed mice. A distinct dose- and time-dependent increase in the 4-HNE-
adduct formation was evidenced on anti-4-HNE immunoblots of protein extracts, which
revealed at least five discrete and rather broad bands between molecular masses of 6–192 kDa
(Fig. 1). Strong bands indicating 4-HNE adduct formation were consistently present in lanes
containing protein from skin tissue exposed to 1–2 mg CEES doses for 3–168 h as compared
to relevant untreated and vehicle controls. In addition, lower levels of 4-HNE-adducted proteins
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were spotted as faint, weaker, diffuse bands between approximate molecular masses of 40-31
kDa, 70-40 kDa and 83–131 kDa (Fig. 1).

Topical CEES exposure enhanced DMPO nitrone protein adduct formation
Measurement of protein radical adducts, formed as a result of oxidative stress via superoxide
and hydroxyl radicals, is currently feasible with the development of spin trap immunoassay,
which is an improved method over traditionally used electron paramagnetic resonance
detection [35]. To investigate the formation of DMPO nitrone protein adducts in mice skin
tissue, 1–2 mg doses of CEES were applied topically for 12 h, protein isolated and
immunoblotting was carried out with DMPO nitrone adduct antiserum. As shown in Fig. 2,
these exposures caused band-specific anti-DMPO staining. Molecular weight markers
demonstrated the most intense bands of DMPO nitrone protein adducts between 40 and 83
kDa, 131 and 192 kDa. The strongest protein adduct bands were consistently present in lanes
containing protein from skin tissue exposed to 1–2 mg CEES doses for 3–168 h as compared
to relevant untreated and vehicle controls (Fig. 2). Weaker and diffuse bands below 31 kDa
were also observed in these protein extracts (Fig. 2).

Topical CEES exposure caused an increase in protein oxidation
Recent studies have shown that UVB irradiation leads to accumulation of oxidatively modified
proteins in mouse skin tissue [36]. Oxidation of certain amino acid residues of lysine, argenine,
and proline leads to the production of carbonyl groups, and measure of these groups is a widely
used method for determining oxidative stress [37]. Based on our results that show CEES-caused
increase in the lipid peroxidation and DMPO nitrone adduct formation, we further performed
immunoblot detection of carbonyl groups, added into proteins by oxidative reactions, in mouse
skin tissue after CEES exposure using a specific antibody against DNPH. As shown in Fig. 3,
CEES (1–2 mg) exposure for 12 h resulted in higher levels of protein oxidation that was
evidenced by stronger carbonyl group bands relative to respective untreated and vehicle
controls (Fig. 3). In addition, CEES exposure at 2 mg dose also caused an increase in protein
oxidation in a time-dependent manner from 3–168 h of its exposure (Fig. 3).

Topical CEES exposure caused an increase in DNA oxidation
Since we observed an increase in lipid peroxidation and protein oxidation in CEES-exposed
skin tissue, we next assessed whether CEES-mediated oxidative stress also caused DNA
damage in the skin tissue. In vivo Oxidative DNA damage is commonly assessed by measuring
the formation of 8-oxo-2-deoxyguanosine (8-OH2dG) by HPLC-EC [38]. DNA oxidative
damage was assessed at 3, 6, 9, 12, 24 and 72 h after 2 mg CEES topical skin exposure. We
observed a time-dependent increase in 8-OH2dG in skin DNA that peaked at 12 h after CEES
exposure (Fig. 4). Skin DNA oxidation remained elevated up to 24 h after CEES exposure.
This data further illustrates the sustained nature of oxidative stress and DNA damage due to
topical CEES exposure.

Topical CEES exposure caused an increase in MAPKs phosphorylation
As we observed oxidative stress and oxidative DNA damage in CEES exposed skin tissue, we
also wanted to study the involvement of MAPKs and related signaling pathways, which are
known to be involved in oxidative stress related injuries [29,31,32]. The MAPKs are a family
of intracellular enzymes that are significant intermediary of signal transduction pathways and
are dually phosphorylated on a tyrosine/threonine in response to growth factors and stress
stimuli [17]. Therefore, we explored the activity of MAPKs in CEES exposed mouse skin
tissue, in both dose- and time-related studies. It is reported that in Raf/MEK/ERK pathway,
Raf 1 is activated by HD that further activates MEK1/2 in keratinocytes [11]. A downstream
target of Raf 1 is MEK1/2, and an increase in the phosphorylation of MEK1/2 at Ser217 and
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Ser221 was seen after 12 h exposure to 1, 1.5 and 2 mg CEES doses. Highest level of MEK1/2
phosphorylation at this time point was observed after exposure to 1.5 mg without any change
in total protein levels (Fig. 5A). CEES exposure at 2 mg dose resulted in a moderate increase
of MEK1/2 phosphorylated protein levels at 3–9 h; however, stronger phosphorylation at later
time-points of 12–168 h was observed compared to untreated and vehicle control groups (Fig.
5B). No significant change in total protein levels was seen. Based on the CEES-induced
MEK1/2 activation, we next investigated whether CEES affected the ERK1/2-mediated
mitogenic signal transduction pathway. As shown in Fig. 5A, compared to untreated and
vehicle controls, exposure to different doses of CEES for 12 h caused strong dose-dependent
activation of ERK1/2. CEES exposure at 2 mg dose for 3–6 h resulted in a low levels of ERK1/2
phosphorylation, however, stronger phosphorylation was observed at later time points of study
(Fig. 5B). Total ERK1/2 levels were not altered by CEES exposure in either dose or time kinetic
study.

Topical exposure of mice to 2 mg CEES for 12 h also resulted in strong phosphorylation of
stress-associated MAPKs, p38 and JNK1/2 without changes in their total protein levels (Fig.
5C). Comparable activation of p38 was observed at different time points after exposure to 2
mg CEES. As shown in Fig. 5D, compared to untreated and vehicle controls, CEES exposure
at 2 mg resulted in phosphorylation of p38 starting at 6 h that remained constant through 72 h
but again declined 168 h after exposure, without any change in the total protein levels. Under
similar treatment conditions, CEES exposure resulted in no detectable increase in the levels of
JNK1/2 protein phosphorylation at 3–9 h, that increased from 12 h and was stronger at later
time points and declined at 168 h of exposure, though the total level of JNK was unaltered
(Fig. 5D). An upstream target of p38 and JNK1/2, MKK4, was seen to be phosphorylated at
Ser257 and Thr261 at 12 h exposure to 2 mg CEES dose (Fig. 5C), and its phosphorylation at
this dose increased from 6–72 h (Fig. 5D) as compared to respective untreated and vehicle
controls. The other upstream kinases, which cause the activation of p38 and JNK1/2, are
MKK3/6 and MKK7. Interestingly, phosphorylation of MKK3/6 at Ser189/207 or of MKK7
at Ser271 and Thr275 was not detected in the CEES dose- and time-response studies.

Topical CEES treatment caused an increase in Akt and PDK 1 phosphorylation
The proto-oncogene Akt is a serine/threonine kinase involved in regulation of cell survival and
apoptosis and is activated by a variety of extracellular signals [20]. We explored the role of
endogenous Akt and its upstream kinase PDK1 activity in CEES-mediated signaling in mouse
skin tissue. Phosphorylation of PDK 1 at Ser241 increased after 12 h of exposure to 1, 1.5, and
2 mg doses of CEES (Fig. 6A). In a time-response study, moderate PDK1 protein
phosphorylation was observed beginning at 3 h, increasing between 12–72 h exposure as
compared to untreated and vehicle controls (Fig. 6B). Further, in both dose- and time-response
studies, an increase in phosphorylation of Akt at Ser473 and Thr308 was observed as compared
to respective controls, which was maximum at 12–72 h after 2 mg CEES exposure (Fig. 6A
and B). Total Akt protein levels were not altered by CEES exposure in both dose and time
response studies.

Topical CEES exposure caused an increase in the DNA binding activity, phosphorylation and
expression of AP-1 protein family

Because our studies showed CEES-induced phosphorylation of MAPKs and Akt, we next
assessed their downstream targets, cJun, cFos, and ATF-2, which belong to the AP-1 and CRE-
binding protein family of transcription factors [23]. First, we sought to study the stimulatory
effect of CEES exposure on AP1 activation in skin tissue nuclear extracts by EMSA, assessing
the DNA-binding activity of the nuclear transcription factor AP-1. Induction in the levels of
nuclear AP-1 was observed between 3 and 24 h of CEES exposure (Fig. 7A). Binding activity
began tapering after 24 h and continued to decline through 168 h (Fig. 7A). To identify the
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activation of AP-1 family members, nuclear extracts from CEES-treated skin tissue were
incubated with anti-c-Jun/anti-c-Fos or both, followed by EMSA. Results demonstrated a
supershift in c-Jun but not a non-significant shift in c-Fos, suggesting that the observed AP-1
band could consist of other subunits (Fig. 7A).

We also analyzed the protein levels of c-Fos and c-Jun, members of AP-1 family by
immunoblot analysis, to confirm if both or one of them was activated by CEES. As shown in
Fig. 7B, 12 h exposure to 1, 1.5 and 2 mg doses of CEES as well as 2 mg exposure for 3–168
h (Fig. 7C) resulted in phosphorylation of both cJun and cFos without any noticeable change
in their total protein levels. Expression of AP-1 family proteins can be differentially regulated
in response to various external and internal stimuli. We next examined the effect of topical
CEES exposure on the expression of members of AP-1 subunits, Jun, Fos, and ATF-2. As
shown in Fig. 7D, nuclear extracts from skin exposed to 2 mg CEES dose for 12 h, showed
dramatic increase in the phosphorylation of ATF2 (Thr69/71) as compared to untreated and
vehicle control skin tissue. Further time-response studies revealed that this effect of CEES at
2 mg dose began at 3 h after CEES exposure, and remained more or less unchanged until 168
h (Fig. 7E). Significant dose-dependent increases in Fos B, and Fra-2 phosphorylation was
evident after 12 h in mice exposed to CEES as compared to untreated and vehicle controls (Fig.
7D). At this time point, higher (1.5 and 2 mg) CEES exposures evidenced upregulated
expression of Jun B, however, analogous increases in Fra-1 and Jun D were observed at all
three doses of CEES (Fig. 7D). Increases in phosphorylation of these AP-1 subunits after
topical CEES exposure was also observed in the time-response study (Fig. 7E). These results
indicated that CEES exposure regulated Jun and Fos expressions at the transcriptional level.

Topical CEES exposure altered DNA binding activity and caused activation of NF-κB
The nuclear transcription factor NF-κB, is responsible for cellular responses to stimuli such as
stress, cytokines, free radicals, UV etc [24,39] and is reported to be a potential candidate in
mediating the CEES-induced cellular responses [1]. To study the stimulatory effect of CEES
on NF-κB activation, we employed EMSA to examine the DNA binding activity of NF-κB in
mouse skin tissue. A strong DNA-protein interaction was observed at 12 h after exposure to
1, 1.5 and 2 mg doses of CEES (Fig. 8). Similarly, in time-response study, CEES exposure
also induced strong activation of NF-κB-binding activity as compared to untreated and vehicle
controls (Fig. 8). This CEES-induced activation of NF-κB was seen as early as 3 h, and was
sustained until 72 h after exposure. Supershift assay demonstrated the presence of both p50
and p65 proteins in nuclear extracts after CEES exposure (Fig. 8). This suggested that DNA
binding complexes in SKH-1 hairless mice consisted of p50/p65 heterodimers after CEES
exposure, providing additional evidence for activation of the NF-κB pathway by CEES (Fig.
8).

Since we observed a strong DNA binding activity of NF-κB transcription factor in CEES-
exposed mouse skin tissue, we next determined the changes in the levels of NF-κB family
proteins. Using IκBα phosphorylation and degradation as a surrogate indicator of NF-κB
activation, we also found that exposure to CEES resulted in degradation of IκBα protein and
subsequent activation and translocation of NF-κB (p50/p65) to the nucleus. In the dose- and
time-response studies, level of phospho IκBα protein was induced by topical CEES exposure
and total IκBα protein decreased accordingly (Fig. 9A and 9B). CEES exposure for 12 h
resulted in phosphorylation of the p65 subunit at Ser536 and Ser276 as compared to untreated
and vehicle controls (Fig. 9A). This effect began after 3 h of CEES exposure and was persistent
up to 168 h (Fig. 9B). As shown in Fig. 9A, CEES exposure for 12 h increased total p50 and
p65 proteins in cytosolic fractions compared to untreated and vehicle controls. Reverse effect
was evidenced in the nuclear fractions, where exposure to CEES showed decreased expression
of p50 protein levels compared to untreated and vehicle controls (Fig. 9A). Parallel to cytosolic
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p50 expression, total p65 protein levels in nuclear fractions increased after exposure to CEES
for 12 h (Fig. 9A). In a time response study, an overall increase in both cytosolic and nuclear
p50 protein was noted at 3–168 h of CEES exposure. However, the relative nuclear and
cytoplasmic expression of p65 was varied over time (Fig. 9B). These results suggest that CEES
exposure modulates p50 and p65 expression at multiple levels.

Oxidative stress may be critical for induction of NEMO sumoylation [27]. Based on these
reports, we examined whether CEES exposure could modulate NEMO sumoylation and NF-
kB activation. As shown in Fig. 9C, an increase in the phosphorylation of NEMO at Ser85 was
observed in nuclear fractions after exposure of skin tissue to CEES for 12 h. In a time response
study, CEES exposure at 2 mg dose for 3–12 h resulted in strong expression and nuclear
accumulation of phosphorylated NEMO protein. However, at the later time-points of exposure
(24–48 h), neither phosphorylation nor accumulation was observed. This effect recurred at 72–
168 h after exposure relative to untreated and vehicle controls (Fig. 9D). In addition, at similar
time points, the expression of phospho-and total NEMO increased in cytosolic fractions after
exposure to CEES (Fig. 9C and D).

Discussion
Our knowledge of molecular mechanisms associated with both HD- and CEES-induced skin
injuries, e.g. inflammation and toxicity is limited. This could be attributed, in part, to the
inadequacy of efficient animal models for evaluation of these mechanisms. This has deterred
the development of effective medical countermeasures and treatments against HD-mediated
skin injury. In the present study, we show the involvement of oxidative stress and subsequent
roles of MAPKs and Akt signaling pathways followed by transcription factors AP-1 and NF-
κB in CEES-induced inflammatory response and skin injury in single efficient SKH-1 hairless
mouse skin model.

Apart from direct alkylation, reported to be the major mechanism leading to HD-caused
toxicity, various studies have indicated that another important mechanism involved in the
toxicity caused by HD is oxidative stress that can operate via various signal transduction
pathways, and can also cause alkylation [5,10,14,40]. Most previous reports indicate formation
of sulfonium and carbenium ions by HD that leads to protein, lipid and DNA alkylation
provoking the activation of PARP that causes the rapid depletion of NAD+/ATP leading to
cell death [1,7,13,14]. Recent reports have indicated that HD-induced ROS generation can be
involved in alkylation as well as induce GSH depletion that leads to lipid peroxidation, apart
from possible protein oxidation and DNA injury [14,38,40].

CEES, a monofunctional and less toxic analog of HD employed in this study, has been most
widely exploited as valuable laboratory experimental tool to gain insight into the mechanism
of action of HD [10,15,16,38]. Although, many reports have indicated the involvement of
oxidative stress in HD/CEES-induced skin and other tissue injuries [1,5,38,40], most studies
have been carried out in in vitro systems, and HD/CEES dose- and time–dependent changes
in lipid peroxidation as well as protein and DNA oxidation in a suitable animal model have
not been reported.

The most important feature of oxidative damage via stress signals including UVB radiation
are oxidation of biomolecules including lipids, proteins and DNA [41]. Lipid peroxidation
generates numerous cytotoxic degradation products such as malondialdehyde (MDA) and 4-
HNE [34], and these degradation products can form covalent adducts with proteins,
phospholipids and DNA in the compartments of the cells. [42,43]. Our findings show
significant increase in 4-HNE-protein adducts as early as 3 h in CEES-exposed skin tissue that
sustained up to 168 h and reflect increased oxidative modification of tissue proteins in vivo
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(Table 1). Moreover, relatively few distinct bands on immunoblots suggest that only a small
number of specific proteins are the major targets of 4-HNE conjugation in CEES exposed skin.
The formation of these adducts in cell compartments also suggests that significant proportion
of these toxicants escape detoxification in an in vivo system to form adducts with tissue
macromolecules. This study provides the first direct in vivo demonstration that suggests that
significant lipid peroxidation and protein modification occurs after CEES exposure in mouse
skin. As known that GSH plays an important role in lipid peroxidation [44], our results also
indicate that the depletion of GSH by CEES could be a key initial mechanism in CEES-induced
skin toxicity.

Spin trapping using DMPO has been used earlier to detect superoxide and hydroxyl radicals
via adduct formation in EPR spectra and also DNA damage caused by toxicants. In this study,
we employed an improved spin trap immunoassay [35] for detection of DMPO nitrone protein
adducts to identify the free radicals formed on CEES exposure of skin tissue. Our results show
a significant increase in the DMPO nitrone-protein adduct formation as early as 3 h in the
CEES-exposed skin tissue and reflects increased formation of superoxide and hydroxyl radicals
(Table 1).

Oxidation of amino acids (lysine, arginine, and proline), leads to the formation of carbonyl
derivatives that influence the biological activity of native proteins in biological systems [45].
In different in vivo models, a variety of studies have utilized the presence of carbonyl groups
as a measure of the oxidative damage of proteins. Oxidative stress conditions allow carbonyl
groups to react with DNPH and form stable hydrazone derivatives [46,47]. In the present study,
CEES exposure caused an increase in the levels of protein carbonyl groups in mouse skin both
in dose- and time-kinetic studies indicating in vivo protein oxidation.

In this study, we also demonstrated DNA oxidation in 2 mg CEES-exposed skin tissue as had
been recently shown in CEES-treated human bronchial and small epithelial cells [38]. It is
interesting that both in the present study and in the recent study of Gould and co-workers;
detection of CEES-mediated oxidative stress was delayed and peaked at 12 h post CEES
exposure. These data are consistent with the beneficial effects that antioxidants have been
reported to have in CEES and HD animal models in the lung, and support their use in skin
injury as well. Present study indicates that CEES-induced oxidative stress is perhaps the central
feature leading to lipid peroxidation as well as protein and DNA oxidations that occur within
3 h of CEES exposure (Table 1), and plays a key role in the activation of signaling pathways
and CEES-induced skin inflammation, further supporting the antioxidant therapy.

Herein, our results show that topical exposure of SKH-1 hairless mice skin to CEES resulted
in marked phosphorylation of MAPKs in both dose- and time-response studies, indicating
activation of MAPKs signaling pathways including ERK1/2, p38, and JNK (Table 1). These
results are in agreement with a previous finding that MAPK pathways are activated by HD/
CEES in keratinocytes [11] and in lungs of male guinea pigs [48], and that the inflammatory
cytokines, growth factors, and oxidative stress are the stimuli for the activation of JNK and
p38 [49]. The fact that CEES is capable of inducing an inflammatory response [16], makes it
very plausible that CEES activates not only JNK and p38 pathways predominantly involved
in response to oxidative stress, but also ERK, resulting in or contributing to, inflammation.
The proteins of the MAPK family are reported to stimulate NF-κB activation [50]. The CEES-
induced activation of all three MAPK signaling pathways shown here, foremost in an in vivo
skin toxicity model, could be responsible for the reported increases in the pro-inflammatory
mediators, activation of NF-κB and induction of metalloproteinases (MMPs) [1,4,51].
Therefore, MAPK signaling pathways could be key components in contributing to the CEES-
induced skin inflammation observed in dose- and time response-studies in this established
mouse model [16].
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Akt/protein kinase B (PKB) plays a crucial role in several processes associated with survival
and apoptosis [20,31]. Several studies have shown that the kinase activity of Akt is dependent
upon the phosphorylation of Akt at Thr308 by PDK1 and by phosphorylation within the
carboxy-terminus at Ser473 [19]. Consistent with these reports, the present study also shows
CEES-induced phosphorylation of Akt at Ser473 and Thr308, indicating activation of Akt
pathway in mouse skin tissue (Table 1). On the other hand, PDK1, the upstream effector of
Akt engaged in responses to stress and in growth factor signaling, potentially activates Akt and
protein kinase C isoenzymes [52]. Our results indicate that increased phosphorylation of PDK1
might be the key factor for the CEES-induced Akt activation. Akt pathway engages in the
activation of various transcription factors such as NF-κB and AP-1 [19,20] and therefore,
suggestively plays an important role in CEES-induced activation of these transcription factors
and subsequent inflammatory responses.

In this study, we further examined whether CEES-induced oxidative stress can stimulate
inflammatory responses via transcription factors AP-1 and NF-κB. MAPK pathways are shown
to be responsible for the phosphorylation of AP-1 proteins [23,49]. In the context of CEES-
caused lung injury, it has been shown in guinea pigs that CEES treatment activates AP-1 via
MAPK pathway [48]. This observation is comparable to our findings in skin exposed to CEES,
as CEES-caused AP-1 activation in skin tissue also correlated with the activation of MAPK
proteins, as well as could be activated via CEES-induced Akt pathway. Zhong et al. [49]
demonstrated that Fos and Jun proteins differ significantly in both their DNA binding and
transactivation potentials as well as regulation of their target genes. Present study shows that
CEES induced the activation of both c-Fos and c-Jun members of AP-1 family (Table 1).
Expression of different AP1 proteins is variably regulated in response to numerous extra
cellular stimuli that induce cellular stress. Since AP-1 is a homodimer or heterodimer of Fos,
Jun and ATF proteins, analysis the protein levels of individual components showed increased
expression of ATF-2, Jun B, Jun D, Fos B, Fra-1 and Fra-2 protein levels after CEES exposure
both in dose- and time-response studies. Further investigations are reasonable to elucidate the
individual contribution of AP-1 members in CEES-induced oxidative stress and skin
inflammation that could be important targets for medical interventions of its toxicity. As AP-1
proteins plays an important role in cell proliferation [22,23], the CEES-induced activation of
AP-1 observed here could be associated with the CEES-induced increase in epidermal cell
proliferation observed as increase in proliferating cell nuclear antigen (PCNA) staining
reported in our earlier study in this mouse model [16]. AP-1 also participates in the
transcriptional activation of MMPs that are reported to be important mediators in HD/CEES
induced skin injury and blistering as also seen in our studies (data not shown) [23,53,54].

NF-κB plays an important role in inflammation and cell proliferation, and is activated by
oxidants [41]. It causes an influence on responsive proteins PCNA, iNOS, Cox-2 and other
pro-inflammatory cytokines that are reported to play an important role in CEES/HD-mediated
skin injury [1,3,5,55,56] A recent report indicated that HD-induced NF-κB activation in
keratinocytes was associated with activation MAPK pathways [11], though a number of
previous studies have reported the role of NF-κB in CEES/HD-induced skin inflammation and
toxicity [5]. In the present study subsequent to MAPKs and AP-1 activation, CEES exposure
also induced NF-κB activation that was preceded by subsequent IκBα phosphorylation and its
degradation. Moreover, phosphorylation and subsequent degradation of inhibitory molecules
of IκB protein kinases are also required for optimal RelA/NF-κB activation by targeting
functional domains of NF-κB proteins themselves [11]. RelA/NF-κB is phosphorylated at
Ser536 and Ser276 by a variety of kinases via various signaling pathways and in most cases,
these phosphorylations enhance RelA transactivation potential. Our findings support the idea
that the phosphorylation and degradation of IκBα preceded phosphorylation of RelA/ NF-κB
at Ser536 and Ser276. The overall importance of the transactivating NF-κB subunit RelA for
HD-induced NF-κB activation is demonstrated by exposure of RelA-deficient keratinocytes
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to HD, where, no NF-κB-binding activity was observed [11]. Our results possibly imply that
NF-κB-binding activity in response to CEES is dependent on RelA phosphorylation at Ser536
and Ser276, and phosphorylation of this site is essential for RelA activity in CEES exposed
mouse skin.

Huang et al. [26] demonstrated that NEMO plays a pivotal role in NF-κB signaling pathways
by allowing physiological regulation of the cytoplasmic IKK complex. Besides, the signal
specificity is in part due to the requirement of the C-terminal ZF domain of NEMO for SUMO-1
modification and the ZF domain is essential for NF-κB activation by DNA damaging agents.
It is also reported that direct attachment of SUMO-1 to NEMO is sufficient to localize NEMO
to the nucleus and overcome the ZF deficiency [26]. The present study delineated the post-
translational modification of NEMO and its accumulation in nucleus and later shuttling to the
cytoplasm upon stress induction by CEES exposure in mouse skin tissue. This study indicates
an important role of NEMO in the activation of NF-κB upon CEES exposure in skin tissue,
which could be utilized as a target for medical intervention in CEES-induced skin injury.

Oxidative stress is reported as the possible first key event in HD toxicity that possibly activates
the transcription factors NF-κB and AP-1 leading to pro-inflammatory gene expression and an
inflammatory response [14]. Consistent with this, several antioxidants including GSH and its
precursors as well as AEOL 10150 have been implicated in attenuating the skin and lung injury
caused by HD/CEES [1,38]. The results of our present study are in accord with these previous
findings and further assert the role of oxidative stress in HD/CEES-caused skin inflammation,
injury and vesication. Though the roles of NF-κB, p53, p38, PARP, Fas and calcium pathways
are reported in the HD/CEES-caused skin inflammation and injury [5], their relation to
oxidative stress and the studies in a relevant single animal model that could be useful in efficacy
studies have been lacking. In this regard, the results of our present study clearly support the
notion that the molecular mechanism by which CEES possibly alters the transcription factors
AP-1 and NF-κB leading to skin inflammatory response and injury reported in our recent study
in SKH-1 hairless mouse [16], could be oxidative stress mediated activation of MAPKs and
Akt following CEES exposure of mouse skin (Table 1). The well studied and reported HD/
CEES-induced DNA alkylation [5,7] could also be involved in this process alongside oxidative
stress that possibly causes ROS generation leading to protein and DNA oxidation and lipid
peroxidation. The DMPO nitrone-protein adduct formation, indicating oxidative protein
damage, in the CEES exposed skin shown herein could be due to myeloperoxidase (MPO) that
produces hypochlorous acid (HOCI) in the occurrence of chloride ions and hydrogen peroxide
(H2O2), and is found to be the possible source of DMPO-OH adduct [57]. MPO is produced
mainly in the neutrophils,but also in monocytes and macrophages that are shown to infiltrate
in the CEES-exposed SKH-1 hairless mouse skin tissue in our recent studies [16,58]. In
diseased tissues, oxidative products of MPO have been detected that could be either via
generation of HOCl that could modify both lipids and proteins, via tyrosyl radical causing lipid
peroxidation, or possibly via nitrite oxidation to generate nitrating and chlorinating
intermediates leading to lipid peroxidation [58]. In future, it would be important to further
dissect the role of MPO alongside GSH depletion and other reported oxidative stress
mechanisms in HD/CEES-induced oxidative molecular damage that might help in
understanding the mechanistic aspect of this process. Furthermore, studies are also needed in
future possibly using selective ROS scavengers or pathway inhibitors to establish the role of
MAPKs and Akt signaling pathways together with activation of transcription factors AP-1 and
NF-κB by CEES as observed in the present study, on the recently reported inflammatory
responses by CEES in this mouse model [16]. The outcomes of such studies would contribute
in further understanding the mechanism of HD/CEES-induced skin injury and its direct
association with CEES-induced oxidative stress in mouse skin.
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In summary, the findings in present study expanded our knowledge of molecular mechanisms
involved in CEES-related dose- and time-dependent skin inflammatory responses reported
earlier in an efficient SKH-1 hairless mouse model [16]. The results presented here show the
induction of oxidative stress by CEES, possibly leading to lipid, protein and DNA oxidations
interlinked with multistep complex mechanisms of CEES-mediated skin inflammation and
injury (Table 1, Fig. 10). These mechanisms involve a number of signaling cascades, which
suggestively engage in the production of CEES-induced pro-inflammatory mediators and
advances inflammatory response (Fig. 10). Signaling pathways such as MAPKs, Akt and
transcription factors like AP-1 and NF-κB could be key factors involved in the CEES-caused
skin inflammatory process (Fig. 10). The valuable molecular targets explored in this study in
an efficient rodent model, could be supportive in designing potential medical interventions
especially contributing to the available antioxidant therapies, and can serve as valuable
indicators in future therapeutic efficacy studies against HD-induced skin toxicity. Further
studies are needed in future, possibly employing proteomic strategies, to identify the individual
adducted and oxidized proteins indicatively formed due to CEES-induced oxidative stress in
mouse skin in the present study. These findings will enhance our understanding of the CEES/
HD induced protein oxidation, contributing further in strategies to develop medical
countermeasures and therapy for any possible HD-induced skin injury in humans.
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List of Abbreviations

4-HNE 4-hydroxynonenal

AP-1 activator protein 1

ATF activating transcription factor

CEES 2-chloroethyl ethyl sulfide

DMPO 5, 5-dimethyl-2-(8-octanoic acid)-1-pyrroline N-oxide

DNPH 2, 4- dinitrophenylhydrazine

ERK extracellular signal-regulated kinase

IKK IkB kinase

JNK Jun-N terminal kinase

MAPK mitogen-activated protein kinase

MDA malondialdehyde

MKK mitogen activated protein kinase kinase

NEMO NF-κB essential modulator

8-OH2dG 8-oxo-2-deoxyguanosine

PARP poly (ADP-ribose) polymerase

PKB protein kinase B

ROS reactive oxygen species

HD sulfur mustard

SUMO small ubiquitin like modifier
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Fig. 1.
Effect of topical CEES exposure on 4-HNE-adducted protein modifications in SKH-1 hairless
mouse skin. Mice were treated topically with different doses of CEES or acetone alone, and
the dorsal skin was collected at specific time points as detailed under Materials and Methods.
Skin epidermis samples from both dose- and time-response studies were homogenized in lysis
buffer, and lysates were subjected to SDS-PAGE and immunoblotted with anti-4-HNE
antibody (1:2000) as described under Materials and Methods. After exposure to X-ray film,
the membranes were stripped and reprobed with β-actin. The gels are representative of two
animals in each dose- and time-response study. UC, untreated control; VC, vehicle control.
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Fig. 2.
Effect of topical CEES exposure on DMPO nitrone protein adducts formation in SKH-1
hairless mouse skin. Mice were treated topically with different doses of CEES or acetone alone,
and the dorsal skin was collected at specific time points as detailed under Materials and
Methods. Skin epidermis samples from both dose- and time-response studies were
homogenized in lysis buffer, and lysates were subjected to SDS-PAGE and immunoblotted
with anti-DMPO antibody (1:1000) as described under Materials and Methods. After exposure
to X-ray film, the membranes were stripped and reprobed with β-actin. The gels are
representative of two animals in each dose- and time-response study. UC, untreated control;
VC, vehicle control.
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Fig. 3.
Effect of topical CEES exposure on protein oxidation in SKH-1 hairless mouse skin. Mice
were treated topically with different doses of CEES or acetone alone, and the dorsal skin was
collected at specific time points as detailed under Materials and Methods. Skin epidermis
samples from both dose- and time-response studies were homogenized in lysis buffer, and
lysates were subjected to western blot analysis for protein oxidation as described under
Materials and Methods. Twenty µg of protein extracts were incubated with DNPH,
subsequently electrophoresed by SDS-PAGE, blotted onto a nitrocellulose membrane, and
incubated with polyclonal rabbit anti-DNPH antibody, as detailed under Material and Methods.
The gels are representative of two animals in each dose- and time-response study. UC, untreated
control; VC, vehicle control.
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Fig. 4.
Effect of topical CEES exposure on DNA oxidation in SKH-1 hairless mouse skin. Mice were
treated topically with 2 mg of CEES or acetone alone, and the dorsal skin was collected at
specific time points as detailed under Materials and Methods. Skin tissue DNA from time-
response study was extracted and 8-oxo-2-deoxyguanosine (8-OH2dG) was measured by
HPLC-EC as described under Materials and Methods. Data was reported as the ratio of 8-
OH2dG/105 2dG. *, p<0.001; $, p<0.02; #, p<0.05 as compared to untreated control group
(n=3–5). UC, untreated control; VC, vehicle control.
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Fig. 5.
Effect of topical CEES exposure on phosphorylation of MAPKs in SKH-1 hairless mouse skin.
Mice were treated topically with different doses of CEES or acetone alone, and the dorsal skin
was collected at specific time points as detailed under Materials and Methods. Western blot
analysis was carried out after 12 h treatment for phospho- and total MEK1/2, ERK1/2 (A), and
phospho- MKK-4, phospho- and total p38, and JNK1/2 (C) using specific antibodies, as
described in Materials and Methods. In time response study, skin samples were collected 3 to
168 h post-acetone alone or 2 mg CEES treatment and the MAPKs were analyzed similar to
dose-response study (B and D). The membranes were stripped and reprobed with β-actin as a
loading control. The results are representative of two animals in each dose- and time-response
study. UC, untreated control; VC, vehicle control.
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Fig. 6.
Effect of topical CEES exposure on phosphorylation of PDK1 and Akt in SKH-1 hairless
mouse skin. Mice were treated topically with different doses of CEES or acetone alone, and
the dorsal skin was collected at specific time points as detailed under Materials and Methods.
Western blot analysis was carried out for phospho-PDK1, and phospho- and total Akt in dose-
response post 12 h treatment (A) and in time-response study employing 2 mg CEES (B). The
membranes were probed with phosphorylated and total antibodies followed by peroxidase-
conjugated appropriate secondary antibody as detailed under Materials and Methods. After
exposure to X-ray film, the membrane was stripped and reprobed with β-actin as loading
control. The results are representative of two animals in each dose- and time-response study.
UC, untreated control; VC, vehicle control.
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Fig. 7.
Effect of topical CEES exposure on activation of AP-1 family proteins in SKH-1 hairless mouse
skin. Mice were treated topically with different doses of CEES or acetone alone, and the dorsal
skin was collected at specific time points as detailed under Materials and Methods. Nuclear
lysates were subjected to DNA binding activity by EMSA, for competition with cold AP1
consensus oligo, and super shift assay was conducted as described under Materials and Methods
(A). Western blot analysis was done after 12 h treatment for phospho- and total cFos and cJun
(B), and phospho- and total ATF-2, Fos B, Fra-1, Fra-2, Jun B, Jun D (D). These AP1 family
proteins were similarly analyzed in time response study (C and E) employing 2 mg CEES as
described under Materials and Methods. The membranes were stripped and reprobed with β-
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actin as loading control. The results are representative of two animals in each dose- and time-
response study. UC, untreated control; VC, vehicle control.
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Fig. 8.
Effect of topical CEES exposure on DNA binding activity of NF-κB in SKH-1 hairless mouse
skin. Mice were treated topically with different doses of CEES or acetone alone, and the dorsal
skin was collected at specific time points as detailed under Materials and Methods. Nuclear
extracts were subjected to DNA-binding activity in both dose- and time-response study by
EMSA for competition with cold NF-κB consensus oligo and the super shift was conducted as
described under Materials and Methods. The results are representative of two animals in each
dose- and time-response study. UC, untreated control; VC, vehicle control.
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Fig. 9.
Effect of topical CEES exposure on phosphorylation of NEMO and an activation of NF-κB in
SKH-1 hairless mouse skin. Mice were treated topically with different doses of CEES or
acetone alone, and the dorsal skin was collected at specific time points as detailed under
Materials and Methods. Nuclear and cytosolic lysates as required, from mouse skin, were
analyzed by western blot for phospho-IκBα, p65 and total IκBα, p65 and p50 (A), phospho-
NEMO and total NEMO (C) in dose-response study post 12 h treatment. In time-response
study, employing 2 mg CEES, western blot analysis was carried out similarly for phospho-
IκBα, p65 and total IκBα, p65 and p50 (B) and phospho-NEMO and total NEMO (D) as
described under Materials and Methods. The membranes were stripped and reprobed with β-
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actin as a loading control. The results are representative of two animals in each dose- and time-
response study. UC, untreated control; VC, vehicle control.
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Fig. 10.
Schematic representation of the possible key mechanism of CEES-caused skin injury and
inflammation in SKH-1 hairless mouse skin toxicity model.
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