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Abstract
Employing mouse skin epidermal JB6 cells and dermal fibroblasts, here we examined the
mechanisms of DNA damage by 2-chloroethyl ethyl sulfide (CEES), a monofunctional analog of
sulfur mustard (SM). CEES exposure caused H2A.X and p53 phosphorylation as well as p53
accumulation in both cell types, starting at 1 h, that was sustained for 24 h, indicating a DNA-
damaging effect of CEES, which was also confirmed and quantified by alkaline comet assay.
CEES exposure also induced oxidative stress and oxidative DNA damage in both cell types,
measured by an increase in mitochondrial and cellular reactive oxygen species and 8-
hydroxydeoxyguanosine levels, respectively. In the studies distinguishing between oxidative and
direct DNA damage, 1 h pretreatment with glutathione (GSH) or the antioxidant Trolox showed a
decrease in CEES-induced oxidative stress and oxidative DNA damage. However, only GSH
pretreatment decreased CEES-induced total DNA damage measured by comet assay, H2A.X and
p53 phosphorylation, and total p53 levels. This was possibly due to the formation of GSH–CEES
conjugates detected by LC-MS analysis. Together, our results show that CEES causes both direct
and oxidative DNA damage, suggesting that to rescue SM-caused skin injuries, pleiotropic agents
(or cocktails) are needed that could target multiple pathways of mustard skin toxicities.
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Sulfur mustard (2,2-dichlorodiethyl sulfide; SM) was first introduced as a chemical warfare
agent by Germany during World War I against British soldiers in 1917 and has since been
used in numerous military conflicts [1,2]. Its wide use as a chemical warfare agent is due to
its vesicating or blister-forming property, which causes severe damage to skin, eyes, and
respiratory tract [3–5]. Apart from the threat of SM being used in a possible warfare or
terrorist attack, there is also a risk of accidental exposure to SM due to the improper disposal
of old artillery shells containing SM [6]. On cutaneous exposure, SM is rapidly absorbed by
the skin, and 70% of the absorbed SM concentrates in the epidermis, whereas the remaining
is found in the basement membrane and dermis [7]. SM exposure is known to attack and
cause death of proliferating keratinocytes in the basal epidermal layer of the skin, which
might be a contributing factor to the vesication caused by this chemical agent [8–10]. The
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cytotoxic effects of SM are mainly attributed to its DNA-damaging ability, which could
result from alkylation and/or oxidative stress-related mechanisms [11–13].

SM is a bifunctional alkylating agent and, in the presence of water, undergoes nucleophilic
substitution to form a cyclic sulfonium ion, which in turn opens to generate a carbenium ion.
This intermediate rapidly reacts with most of the cellular macromolecules, including DNA,
RNA, and proteins [14]. In addition, SM can also lead to the depletion of cellular
glutathione (GSH) and antioxidant enzymes such as superoxide dismutase, catalase, and
glutathione peroxidase, resulting in the accumulation of reactive oxygen species (ROS)
followed by lipid peroxidation, protein oxidation, and DNA damage [15,16]. 2-Chloroethyl
ethyl sulfide (CEES; a monofunctional SM analog) is extensively used to study the
mechanisms of SM-induced toxicity, including both direct and oxidative DNA damage
[17,18]. Numerous studies have also shown the involvement of oxidative stress and GSH
depletion in SM/CEES-induced skin toxicity [16,19,20]. Studies using CEES have shown an
increase in oxidative DNA damage, lipid peroxidation, protein oxidation, and ROS
production, in both animal and cell culture models [18,21]. CEES-caused DNA damage is
also suggested by studies showing activation of ATM/ATR checkpoint kinases as well as the
PARP pathway, which activate DNA damage repair by stimulating the DNA damage
sensors p53 and H2A.X [22–24].

Taken together, previous studies have shown that CEES exposure could lead to oxidative
DNA damage; however, the extent of involvement of oxidative stress in CEES/SM-induced
DNA damage is not fully studied. Accordingly, here we first quantified the CEES-induced
DNA damage, employing the DNA damage markers H2A.X and p53 and the comet assay,
and then deciphered the involvement of oxidative DNA damage. For our studies, we used
both skin epidermal cells and dermal fibroblasts, as both the cell types exhibit variable
mechanisms of cell death after SM exposure [25]. Our results using the antioxidants Trolox
and GSH, the latter also known to form conjugates with SM [26], show that oxidative DNA
damage is not the prominent contributor to the overall CEES-induced DNA damage.

Materials and methods
Cell lines and CEES treatment

JB6 cells were obtained from American Type Culture Collection (Manassas, VA, USA) and
cultured in minimal essential medium (Gibco BRL, Grand Island, NY, USA) containing 5%
heat-inactivated fetal bovine serum (FBS) and 25 µg/ml gentamycin. The SKH-1 fibroblasts
were isolated from neonatal SKH-1 hairless mouse skin using the protocol by Hakkinen et
al. [27]. The isolated fibroblasts were cultured in Dulbecco's modified Eagle's medium with
10% FBS, 25 mM Hepes and 1% antibiotic and antimycotic (Gibco BRL). Both the cell
lines were grown under standard culture conditions at 37 °C in a humidified 5% CO2
incubator. CEES, GSH, Trolox, antimycin A, and valinomycin were obtained from Sigma–
Aldrich Chemical Co. (St. Louis, MO, USA). A 1M stock solution of CEES was prepared
fresh in dimethyl sulfoxide (DMSO) and the treatment of cells was carried out as described
earlier [23]. Cells were exposed to either DMSO (vehicle control) alone or various
concentrations of CEES (0.1, 0.25, 0.5, 0.75, and 1 mM), and studies were carried out at the
desired time points up to 24 h. For GSH treatments, 100 mM stock was prepared and pH
adjusted to 7.4 before treatment. Cells were exposed to either DMSO alone or 0.5mM CEES
for 1 h or treated with 10 mM GSH or 800 µM Trolox 1 h before CEES exposure, and
desired assays were carried out 1–4 h after these treatments. Unless stated otherwise, the
final concentration of DMSO in the culture medium during treatments did not exceed 0.1%
(v/v). All CEES preparations were carried out in a continuously operated chemical and
biological safety hood, and treatments were done under a safety laminar hood using all
required and approved personal protective equipment.
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Western blot analysis
After the exposures and treatments, whole-cell lysates were prepared at the desired time
points. Protein estimation was done using the Lowry method (Bio-Rad Laboratories,
Richmond, CA, USA), and immunoblot analysis using 80 µg of protein per sample was
carried out using SDS–PAGE on 12% Tris–glycine gels via Western blotting as reported
earlier [21,23]. Membranes were blocked using Odyssey blocking buffer for 1 h at room
temperature and probed against primary antibodies for H2A.X Ser139 and p53 Ser15 (Cell
Signaling, Beverly, MA, USA) overnight at 4 °C, followed by incubation with IRDye
800CW conjugated, goat anti-rabbit IgG polyclonal secondary antibody for 1 h at room
temperature. The membranes were then visualized using an Odyssey infrared imager (Li-
Cor Biosciences, Lincoln, NE, USA). To ensure equal protein loading, each membrane was
stripped and reprobed with β-actin antibody (Sigma–Aldrich).

Immunofluorescence confocal microscopy
Immunofluorescence studies were done as described earlier in [28]. Briefly, cells were
plated on coverslips placed in six-well plates overnight and then exposed to either DMSO or
0.5 mM CEES for 4 h. After the desired exposures, cells were washed gently with
phosphate-buffered saline (PBS) and fixed in 3% formaldehyde for 10 min. Cells were again
washed twice with PBS, incubated with Triton X-100 for 5 min, and later washed twice with
PBS followed by a final wash with 10 mM Tris–HCl, pH 8.0, 150 mM NaCl, 0.2% v/v
Tween 20. Cells were incubated in Cas-block blocking solution for 1 h followed by
overnight incubation with H2A.X Ser139 antibody. Cells were then washed three times with
PBS and finally incubated with Texas red-tagged goat anti-rabbit secondary antibody for 45
min and counterstained with 4′,6′-diamidino-2-phenylindole (DAPI) for 5 min. Cell images
were captured at 400× magnification on a Nikon D Eclipse C1 confocal microscope (Nikon
Instruments, Melville, NY, USA), and images were processed by EZC1 Freeviewer
software.

Comet assay
Single-cell gel electrophoresis (SCGE), also known as the alkaline comet assay (pH ≥ 13),
was employed to measure the DNA damage [29,30] after the desired exposures and
treatments. Briefly, 300 µl of cell suspension was mixed with 1000 µl of 1% low-melting-
point agarose and added to a slide precoated with 1% normal-melting-point agarose.
Thereafter, the slides were left at 4 °C in the dark overnight in lysis solution (2.5 M NaCl,
100mM EDTA, 10 mM Tris–base, pH 10.5, to which 1% Triton X-100 and 1% DMSO were
freshly added). After lysis, the slides were washed with ddH2O for 1 h, transferred to an
electrophoresis unit, covered with fresh electrophoresis buffer (300mM NaOH, 1 mM
EDTA, pH ≥ 13), left for unwinding of DNA for 30 min, and electrophoresed for 20 min at
22 V and 200 mA. The slides were then neutralized with neutralization buffer (500mM Tris–
HCl, pH 8.0), washed with ddH2O, and stained with 3 µg/ml of propidium iodide. The slides
were then dried overnight and scored for comets using fluorescence microscopy under a
Nikon inverted microscope (Nikon Eclipse TE300) at 200× magnification. Images were
captured using an attached CoolSNAPES CCD camera. One hundred fifty cells, 50 each on
triplicate slides, were captured and scored using Komet 5.5 software (ANDOR Technology,
South Windsor, CT, USA). The DNA damage is represented as tail extent moment (TEM),
which is the product of tail length and percentage tail DNA.

Cellular and mitochondrial superoxide detection
After DMSO or CEES exposure and GSH or Trolox treatment before CEES exposure,
cellular and mitochondrial ROS, mainly superoxide , were measured using
dihydroethidium (DHE) and MitoSOX red (Invitrogen; Carlsbad, CA, USA), respectively.

Inturi et al. Page 3

Free Radic Biol Med. Author manuscript; available in PMC 2013 May 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



DHE or MitoSOX red was added to the cells at a final concentration of 5 µM and incubated
for 30 min or 1 h, respectively, at 37 °C. At the end of the treatment, the medium was
removed, and the cells were washed with warm PBS (500 µl), scraped, and placed into
microtiter tubes. JB6 cells, treated with 30 µM antimycin A for 20 min or 200 nM
valinomycin for 1 h, were used as positive controls for the selectivity of MitoSOX red and
DHE staining, respectively, and 100 µM H2O2 for 10 min was used as a negative control.
Fluorescence was measured using a Beckman Coulter Cytomics FC 500 flow cytometer
(Beckman Coulter, Brea, CA, USA), and the results were obtained by gating the
fluorescence of MitoSOX red or DHE versus linear side scatter (SS Lin) of the
homogeneous cell population.

8-Hydroxydeoxyguanosine (8-OHdG) ELISA
After the desired exposure and treatment, cells were collected and DNA was extracted using
a DNeasy tissue kit (Qiagen, Valencia, CA, USA). DNA purity was measured using a
Nanodrop 1000 spectrophotometer (Thermo Fisher Scientific). Approximately 135 µl of
1mg/ml DNA was incubated at 95 °C for 5 min and rapidly chilled on ice followed by
incubation with 5 units of nuclease P1 (Sigma–Aldrich) for 2 h at 37 °C in 20 mM sodium
acetate, pH 5.2, and 5 units of alkaline phosphatase (Sigma–Aldrich) for 1 h at 37 °C in 100
mM Tris, pH 7.5. The samples were then analyzed for 8-OHdG levels using an OxiSelect
oxidative DNA damage ELISA kit (STA-320 from Cell Biolabs). The absorbance was read
at 450 nm using a Spectra Max 190 microplate reader (Molecular Devices, Sunnyvale, CA,
USA). The 8-OHdG levels were calculated and expressed in ng/ml.

LC-MS for GSH–CEES conjugate detection
CEES (0.5 mM) in DMSO vehicle was incubated with 10 mM GSH in water, pH 7.4, for 1 h
and analyzed for GSH–CEES conjugate formation. The HPLC system used was an Agilent
1100 capillary system (Agilent Technologies, Santa Clara, CA, USA), and GSH–CEES
conjugate formation was assayed using a C18 MS column (Vydac). Mobile phase A was
0.1% formic acid in water and mobile phase B was 0.1% formic acid in acetonitrile. The
solvent gradient ramped from 3 to 80% solvent B from 0 to 15 min and was held there for 2
min before ramping back to starting conditions. The flow rate was 50 µl/min. The mass
spectrometric analysis was performed using a Waters Quattro LC triple-quadrupole, running
MassLynx 4.1. The instrument was run in positive mode with a capillary voltage of 3 kV
and a cone voltage of 23 V with a scan range of 50 to 650 m/z over 0.5 s.

Statistical analysis
Data were analyzed using the SigmaStat 2.0 software (Jandel Scientific, San Rafael, CA,
USA) employing one-way analysis of variance to determine the statistical significance of the
difference between groups, followed by Tukey's test for multiple comparisons (SigmaStat
3.5). Differences were considered significant if the P value was ≤0.05.

Results
CEES exposure causes an increase in the phosphorylation of H2A.X Ser139 and p53
Ser15, accumulation of total p53, and increase in DNA comet tail, indicating DNA damage

To examine CEES-caused DNA damage, first we assessed the phosphorylation of H2A.X at
Ser139 and p53 at Ser15 as well as total p53 levels, which are considered DNA damage
markers [31,32]. CEES exposure, in both cell types, caused an increase in the
phosphorylation of H2A.X and p53 as well as an increase in total p53 level after 1 h, with a
much stronger effect on these parameters between 2 and 4 h that persisted up to 24 h
exposure (Figs. 1A and B). The CEES-induced phosphorylation of H2A.X was further
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confirmed by immunofluorescence analysis after 4 h of CEES exposure. The results in Fig.
1C demonstrate that compared to vehicle controls, CEES exposure caused an increase in the
formation of γH2A.X foci (red fluorescence) in the nuclei of both epidermal keratinocytes
and fibroblasts, confirming the Western blot results.

To further quantify CEES-induced DNA damage, we employed the alkaline comet assay.
This is a well-known technique for the quantification of damaged DNA, in which SCGE is
used to determine the extent of DNA damage via the measurement of the fluorescence of the
DNA tail from the cell (Fig. 2). Fig. 2A shows representative pictures of untreated
fibroblasts and fibroblasts exposed to DMSO or 0.5 mM CEES for the indicated times and
subjected to comet assay, in which damaged DNA is seen as a fluorescent tail attached to the
cell. A dose-dependent increase in DNA damage was observed at 2 h of CEES exposure in
both JB6 cells and fibroblasts with the maximum DNA damage seen with 1.0 mM CEES
(Figs. 2B and C). Next, a time-kinetics study of the DNA damage caused by 0.5 mM CEES
showed that the TEM was maximum between 1 and 2 h after exposure in both cell lines
(Figs. 2D and E). However, starting at 4 h of CEES exposure, there was a decrease in TEM
that was substantial by 16 h of exposure (Figs. 2D and E), suggesting a possible role of
repair and rescue mechanisms coming into the effect by this time.

CEES exposure causes an increase in mitochondrial and cellular ROS as well as 8-OHdG
levels, indicating oxidative DNA damage

To assess whether and to what extent CEES causes oxidative stress in mouse skin epidermal
cells and fibroblasts, we measured both mitochondrial and cellular ROS levels. As
mitochondria are the major source of ROS within the cell, we measured mitochondrial 
production using MitoSOX red, which selectively detects mitochondrial  via its oxidation,
thus forming a red-fluorescent compound that is measurable in live cells [33]. Treatment of
JB6 cells with antimycin A, which induces the production of superoxide radicals, caused an
increase in MitoSOX red fluorescence-positive cells. However, after H2O2 treatment there
was no significant increase in such fluorescence-positive cells (Fig. 3A), showing the
specificity of MitoSOX red in detecting superoxide radicals. Next, cells were exposed to 0.5
mM CEES from 1 to 24 h, incubated with MitoSOX red for 30 min, and measured for live
cell fluorescence by flow cytometry. As seen in the representative flow cytograms (Fig. 3B),
CEES caused an increase in MitoSOX red fluorescence-positive cells within 1 h of its
exposure but the most significant increase was seen at 4 h in JB6 cells and between 2 and 4
h in fibroblasts (Figs. 3C and D). We also sought to determine how cellular ROS production
was affected by CEES and, therefore, next used DHE, an indicator of cellular  generation.
Treatment of JB6 cells with valinomycin, which induces the production of superoxide
radicals, caused an increase in DHE fluorescence-positive cells. However, after H2O2
treatment there was no significant increase in such fluorescence-positive cells (Fig. 3E),
showing the specificity of DHE in detecting cellular superoxide radicals. As we did during
mitochondrial  detection, we next exposed both JB6 cells and fibroblasts to 0.5 mM
CEES from 1 to 24 h, incubated them with DHE for 20 min, and measured live cell
fluorescence by flow cytometry. As seen in the representative flow cytograms (Fig. 3F),
both JB6 cells and fibroblasts, relative to control cells, demonstrated a significant increase in
DHE fluorescence-positive cells at 6 h, and thereafter, there was a decrease at 16 and 24 h,
respectively (Figs. 3G and H). These results show that CEES induces maximum 
production at 2–6 h after exposure, indicating oxidative stress in both mitochondria and
whole cells.

Next, to identify the role of oxidative stress in the CEES-induced DNA damage in both
these cell types, we measured the levels of 8-OHdG, a ubiquitous marker of oxidative DNA
damage, which measures the oxidation of deoxyguanosine (one of the constituents of DNA),
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leading to the formation of 8-OHdG (Fig. 4). There was an increase in 8-OHdG levels
within 2 h after 0.5 mM CEES exposure in both cell types, with the levels further increasing
by 6 h, thus indicating the role of oxidative stress in CEES-induced DNA damage (Fig. 4).
In JB6 cells, compared to 1.9 ng/ml 8-OHdG levels in the vehicle-treated cells, 6 h of CEES
exposure resulted in a significant increase (11.7 ng/ml) in 8-OHdG levels (Fig. 4A).
Similarly, in fibroblasts, 2 and 6 h CEES exposure resulted in 7.6 and 9.2 ng/ml 8-OHdG
levels, respectively; compared to 2.5 ng/ml 8-OHdG in vehicle controls (Fig. 4B).

GSH and Trolox treatments protect the cells from CEES-induced ROS generation and
oxidative DNA damage

Our previous studies have shown that CEES exposure causes depletion of intracellular GSH
levels and that replenishing the GSH levels exogenously helped in reversing CEES-induced
cytotoxicity as reflected by cell viability and DNA synthesis and also by measurement of S-
and G2/M-phase arrest in the cell cycle progression [20]. Herein, we further assessed the
protective effect of GSH on CEES-induced oxidative stress and oxidative DNA damage.
GSH is known for its antioxidant and conjugating properties that could affect CEES-induced
DNA damage through both of the pathways [34,35]. To distinguish the effect of GSH's
conjugating properties from its antioxidant properties we also used the antioxidant Trolox, a
cell-permeative analog of vitamin E [36], which could help identify the effect of its
antioxidant properties alone on CEES-induced DNA damage.

Cells were treated with 10 mM GSH or 800 µM Trolox for 1 h before 4 h of CEES exposure
and the live cell fluorescence was measured with DHE. In JB6 cells, GSH and Trolox
treatments caused 96% and complete decrease in CEES-induced cellular  production,
respectively (Fig. 5A). Similar GSH and Trolox treatments in fibroblasts resulted in 47 and
66% decrease in CEES-induced cellular  production, respectively (Fig. 5B). These results
showed that both GSH and Trolox prevented CEES-induced cellular production of ROS.
Next, to determine the effects of the antioxidant properties of GSH and Trolox on CEES-
induced oxidative DNA damage, we measured the 8-OHdG levels in cells treated for 1 h
with 10 mM GSH or 800 µM Trolox before 0.5 mM CEES exposure (Figs. 5C and D).
Results showed that both GSH and Trolox treatments caused 68 and 82% (JB6 cells) and 78
and 76% (fibroblasts) attenuation of CEES-caused increase in 8-OHdG levels, respectively
(Figs. 5C and D). These data show that both GSH and Trolox cause a significant decrease in
oxidative DNA damage caused by CEES.

GSH treatment has a greater protective effect than Trolox in attenuating CEES-induced
DNA damage

Because we observed that both GSH and Trolox can decrease CEES-induced ROS levels
and oxidative DNA damage, we sought to determine if this effect was reflected in total DNA
damage seen after CEES exposure. Both JB6 cells and fibroblasts were subjected to comet
assay after treatment for 1 h with 10 mM GSH or 800 µM Trolox before 0.5 mM CEES
exposure (Fig. 6A). GSH 1-h pretreatment caused a 92 and 86% reversal of the CEES-
induced increase in DNA damage (measured as TEM in comet assay) in JB6 cells and
fibroblasts, respectively (Figs. 6B and C). However, Trolox 1-h pretreatment resulted in
only 27 and 10% reversal of the CEES-induced increase in TEM in JB6 cells and
fibroblasts, respectively (Figs. 6B and C). We also used Western blotting to determine this
variable effects of GSH and Trolox on DNA damage by measuring the phosphorylation of
H2A.X and p53 as well as total p53 levels after similar treatments of GSH or Trolox 1 h
before 4 h of 0.5 mM CEES exposure (Figs. 6D and E). Comparable to the results obtained
from measuring the DNA damage by comet assay, Western blotting also showed that GSH
but not Trolox pretreatment significantly reduced the CEES-induced H2A.X and p53
phosphorylation as well as total p53 levels (Figs. 6D and E).
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GSH forms conjugates with CEES in aqueous medium
We next employed LC-MS analysis, to determine if the protective effect of GSH
pretreatment on CEES-induced DNA damage could be due to its conjugation with CEES.
Incubation of 0.5 mM CEES with 10 mM GSH for 1 h resulted in the LC-MS detection of
peaks with m/z 79, m/z 267, and m/z 396 (Fig. 7). The m/z 79 peak corresponds to DMSO,
which is the vehicle for CEES; m/z 267 peak corresponds to CEES conjugated to a fragment
of glutathione, formed from the loss of a neutral glutamic acid [37]; and m/z 396 peak
corresponds to GSH–CEES conjugate. These results show that a decrease in CEES-induced
DNA damage by GSH pretreatment could be due to its conjugation ability with CEES
compared to its antioxidant properties.

Discussion
Earlier studies have reported that SM-induced DNA damage and subsequent skin toxicity
involve alkylating properties of SM as well as oxidative stress [38–42]. However, this study
is the first comprehensive report on the SM analog CEES-induced DNA damage, oxidative
stress, and oxidative DNA damage and the effects of antioxidants GSH and Trolox on these
consequences in both skin epidermal cells and dermal fibroblasts. Results from this study
show that oxidative stress is involved in CEES-induced DNA damage in both the skin cell
types; however, a decrease in CEES-caused DNA damage by GSH but not the antioxidant
Trolox suggests that oxidative stress does not play a major role in CEES-induced DNA
damage under these conditions. Additionally, our results demonstrate the conjugation of
GSH with CEES in an aqueous environment, which possibly contributes to the ability of
GSH to reduce the total DNA damage induced by CEES in the epidermal cells and
fibroblasts.

Unlike SM, which forms cross-links and adducts with biological molecules, its
monofunctional analog CEES is capable of forming only adducts because of the presence of
one chlorine atom, compared to the two chlorine atoms in SM. Nonetheless, because of the
high resemblance to the biological effects of SM and formation of DNA adducts similar to
SM, CEES has been widely used to study the mechanism of action of SM [43,44]. In
addition to the effect of SM exposure mainly on epidermal keratinocytes, higher doses of
SM are reported to cause damage to dermal fibroblasts and related inflammatory responses
in the dermis [45]. Accordingly, we have investigated the mechanisms of CEES-induced
DNA damage in both mouse skin epidermal (JB6) cells and mouse skin primary fibroblasts
and found that CEES had similar effects on both these cell types. Our results suggested an
important role for DNA damage as well as the activation of DNA damage repair pathways in
CEES-induced toxic effects (Table 1). This is in agreement with other studies showing that
DNA is an important target of SM- and CEES-induced skin injury [22,24,45]. Other data in
this study showing that both H2A.X and p53 are phosphorylated within 1 h of CEES
exposure suggest that DNA damage is an early event after CEES exposure (Table 1). In
addition, a substantial decrease in DNA damage after 16 h of CEES exposure suggests the
possibility of the start of DNA repair at this time point. This is consistent with our recent
findings showing that CEES causes the activation of DNA-damage-sensing pathways such
as ATM and ATR, which are involved in cell cycle arrest for DNA repair [23]. Earlier
studies have also shown the activation of p53 and its role in SM-induced skin toxicity [46–
48]. H2A.X phosphorylation, an indicator of direct and indirect formation of the DNA
double-strand breaks (via single-strand breaks, adducts, and cross-linking) [49], is also
shown to be activated after SM exposure [24,50]. Taken together, our results and those
published earlier suggest that the activation of DNA repair molecules is an early event in
CEES-induced DNA damage and is comparable among SM and CEES exposures. Hence
they could be important biomarkers in the efficacy studies of the rescue agents.
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SM- and CEES-induced ROS generation has been shown to induce inflammatory responses
in the skin [17,21,45]. The role of oxidative stress in SM- and CEES-induced skin injury is
also shown by the depletion of GSH and thioredoxin, ROS generation, and supplementation
of antioxidants and antioxidant enzymes to reduce the toxic effects of these agents
[16,18,20,51]. The oxidative stress thus induced by exposure to vesicating agents leads to
lipid peroxidation, protein adduct formation, and oxidative DNA damage in skin [18,21].
However, the extent of the involvement of oxidative stress in CEES-induced DNA damage
is not fully defined. Our present study using MitoSOX red and DHE dyes for the first time
demonstrates that CEES induces mitochondrial and cellular oxidative stress, mainly due to
the production of , not only in epidermal cells but also in primary dermal fibroblasts. The
occurrence of peak mitochondrial oxidative stress before peak cellular oxidative stress could
be due to the lipophilic nature of CEES, which allows it to freely enter mitochondria,
causing mitochondrial DNA damage and dysfunction [18,52]. Mitochondria, being the
major source of ROS in the cell, may lead to an earlier increase in mitochondrial oxidative
stress compared to the total cellular oxidative stress. Our results also showed for the first
time that CEES-induced oxidative stress plays a critical role in the observed oxidative DNA
damage by CEES in both skin epidermal cells and dermal fibroblasts. Notably, CEES-
induced oxidative stress and oxidative DNA damage responses were similar in both these
cell types (Table 1). Taken together, these findings implicate the possible involvement of
fibroblast (dermal layer)-mediated oxidative stress, together with that of epidermal cells, in
CEES-induced inflammatory responses in skin.

SM and its analogs cause depletion of GSH via their alkylating properties or oxidative
stress, and addition of extracellular GSH or N-acetylcysteine and sulforaphane, which
increases the intracellular GSH levels, causes a reversal in CEES-induced skin injury
[16,20,39,53]. Results of this study showed that treating cells with GSH or the antioxidant
Trolox before CEES exposure significantly reduces the oxidative stress and oxidative DNA
damage induced by CEES. Importantly however, unlike GSH, Trolox was unable to reverse
the CEES-induced DNA damage. Our additional studies using LC-MS analysis suggested
that, whereas antioxidant properties of GSH could decrease CEES-induced oxidative stress,
the major contribution to the observed protective effect of GSH was possibly due to its
ability to form conjugates with CEES. More studies are needed in the future to further
support this notion; however, GSH has been shown to form conjugates with SM [26],
supporting our present observation with CEES. Taken together, our data indicate that
oxidative stress is an early event after CEES exposure and is involved in CEES-induced
oxidative DNA damage in both skin epidermal cells and dermal fibroblasts. However,
oxidative DNA damage is not the prominent contributor to the overall CEES-caused DNA
damage. Thus, pleiotropic agents (or cocktails) that target the direct attack of CEES as well
as counteract the consequences of CEES-induced oxidative stress are needed for the rescue
of vesicating agent-induced skin injuries.
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Abbreviations

ATM ataxia telangiectasia mutated

ATR ataxia telangiectasia-Rad3-related
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CEES 2-chloroethyl ethyl sulfide

DAPI 4′,6′-diamidino-2-phenylindole

DHE dihydroethidium

DMSO dimethyl sulfoxide

FBS fetal bovine serum

GSH glutathione

8-OHdG 8-hydroxydeoxyguanosine

PARP poly(ADP-ribose) polymerase

ROS reactive oxygen species

SCGE single-cell gel electrophoresis

SM sulfur mustard

TEM tail extent moment
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Fig. 1.
Effects of CEES exposure on the phosphorylation of H2A.X at Ser139 and p53 at Ser15 in
JB6 cells and fibroblasts. (A) JB6 cells and (B) fibroblasts were exposed to DMSO or 0.5
mM CEES and collected at various time points starting within 1 h of CEES exposure.
Whole-cell lysates were prepared and subjected to SDS–PAGE followed by Western blot
analysis for H2A.X Ser139 and p53 Ser15 using 80 µg protein as detailed under Materials
and methods. Total p53 protein levels and β-actin levels were determined by stripping and
reprobing the membranes with total p53 and β-actin antibodies. (C and D) 4 h after similar
treatments, both cell types were subjected to immunofluorescence to assess the
phosphorylation of H2A.X Ser139, which were seen as foci formation in the nucleus
(stained using DAPI). Cell images were captured at 400× original magnification on a Nikon
D Eclipse C1 confocal microscope as described under Materials and methods. UC, untreated
control; DMSO, vehicle control.
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Fig. 2.
Effects of CEES exposure on the extent of DNA damage in JB6 cells and fibroblasts. (A)
Comet assay was performed in JB6 cells and fibroblasts, and representative pictures (as
shown here for fibroblasts) of the comets formed after CEES exposure at various time points
were taken using a fluorescence microscope at 200× original magnification. (B and C) For
CEES dose–response study, the cells were exposed to DMSO either alone or with 0.1 to 1.0
mM concentration of CEES for 2 h and subjected to comet assay. (D and E) In a time–
response study, cells were exposed to either DMSO or 0.5 mM CEES and collected at
various time points from 30 min to 16 h of treatment and subjected to comet assay as
described under Materials and methods. Data are presented as means ± SEM, n = 4.
*P<0.001 compared to untreated control. UC, untreated control; DMSO, vehicle control.
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Fig. 3.
Effects of CEES exposure on oxidative stress in JB6 cells and fibroblasts. (A and E) The
specificity of the MitoSOX red and DHE toward superoxide was determined by treating JB6
cells with 30 µM antimycin A and 200 nM valinomycin, respectively, and 100 µM H2O2. (B
and F) The representative flow cytograms of JB6 cells subjected to MitoSOX red and DHE
staining, respectively, after 0.5 mM CEES exposure. (C and G) JB6 cells and (D and H)
fibroblasts were exposed to DMSO or 0.5 mM CEES for 1 to 16 h and then incubated for 30
min with the mitochondrial  indicator MitoSOX red (C and D) or with the cellular 
indicator DHE (G and H), and the live cell fluorescence was determined using flow
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cytometry as described under Materials and methods. Data are presented as means ± SEM, n
= 3. *P<0.001, $P<0.005, #P<0.05 compared to untreated control. UC, untreated control;
DMSO, vehicle control.
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Fig. 4.
Effects of CEES exposure on oxidative DNA damage in JB6 cells and fibroblasts. (A) JB6
cells and (B) fibroblasts were treated with DMSO or 0.5 mM CEES for 2 and 6 h. DNA was
isolated from the cells and 8-OHdG levels were measured using indirect ELISA as described
under Materials and methods. Data are presented as means ± SEM, n = 3. *P<0.001,
#P<0.05 compared to untreated control. UC, untreated control; DMSO, vehicle control.
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Fig. 5.
Effects of GSH or Trolox treatment on CEES-induced oxidative stress and oxidative DNA
damage in JB6 cells and fibroblasts. (A and B) JB6 cells and fibroblasts were treated with 10
mM GSH or 800 µM Trolox for 1 h before 0.5 mM CEES exposure for 4 h and the cellular
ROS were determined by incubation with DHE for 30 min followed by flow cytometry as
described under Materials and methods. (C and D) To assess the effect of 1 h pretreatment
with 10 mM GSH or 800 µM Trolox on the oxidative DNA damage caused by 0.5 mM
CEES exposure, DNA was isolated after the desired treatments and 8-OHdG ELISA was
conducted as described under Materials and methods. Data are presented as means ± SEM, n
= 3. *P<0.001, $P<0.005 compared to 0.5 mM CEES exposure. UC, untreated control;
DMSO, vehicle control.

Inturi et al. Page 18

Free Radic Biol Med. Author manuscript; available in PMC 2013 May 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
Effects of GSH or Trolox treatment on CEES-induced DNA damage in JB6 cells and
fibroblasts. (A–C) JB6 cells and fibroblasts were treated with 10 mM GSH or 800 µM
Trolox for 1 h before 0.5 mM CEES exposure for 1 h; cells were thereafter collected and
subjected to comet assay as described under Materials and methods. (A) Representative
pictures of the comet showing the effects of the GSH or Trolox treatment in fibroblasts. (D
and E) JB6 cells and fibroblasts were treated with 10 mM GSH or 800 µM Trolox for 1 h
before 0.5 mM CEES exposure for 4 h; whole-cell lysates were prepared at the end of the
treatments and subjected to SDS–PAGE followed by Western blot analysis as described
under Materials and methods to detect H2A.X Ser139 and p53 Ser15 phosphorylation.
Membranes were stripped and reprobed with total p53 and β-actin antibodies. Data are
presented as means ± SEM, n = 3. *P<0.001 compared to 0.5 mM CEES treatment. UC,
untreated control; DMSO, vehicle control.
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Fig. 7.
Detection of GSH–CEES conjugates through LC-MS. 0.5 mM CEES prepared in DMSO
was incubated for 1 h with 10 mM GSH prepared in water, with pH adjusted to 7.4, and
subjected to LC-MS analysis as described under Materials and methods. The formation of
GSH–CEES conjugate was detected as a peak with m/z 396.

Inturi et al. Page 20

Free Radic Biol Med. Author manuscript; available in PMC 2013 May 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Inturi et al. Page 21

Ta
bl

e 
1

E
ff

ec
t o

f 
C

E
E

S 
on

 th
e 

bi
om

ar
ke

rs
 o

f 
D

N
A

 d
am

ag
e 

an
d 

ox
id

at
iv

e 
st

re
ss

 in
 J

B
6 

ep
id

er
m

al
 c

el
ls

 a
nd

 d
er

m
al

 f
ib

ro
bl

as
ts

.

B
io

m
ar

ke
rs

T
im

e 
af

te
r 

C
E

E
S 

ex
po

su
re

JB
6 

C
el

ls
F

ib
ro

bl
as

ts

1–
2 

h
4–

6/
8 

h
16

–2
4 

h
1–

2 
h

4–
6/

8 
h

16
–2

4 
h

1.
 D

N
A

 D
am

ag
e

A
. C

om
et

 A
ss

ay
+

+
+

+
+

+
+

+
+

+
+

+

B
. W

es
te

rn
 Im

m
un

ob
lo

tti
ng

i. 
Ph

os
ph

o 
H

2A
X

+
+

+
+

+
+

+
+

+
+

+
+

+
+

ii.
 P

ho
sp

ho
 P

53
+

+
+

+
+

+
+

+
+

+
+

+
+

iii
. T

ot
al

 P
53

+
+

+
+

+
+

+
+

+
+

+
+

2.
 O

xi
da

tiv
e 

st
re

ss

A
. M

ito
SO

X
 R

ed
+

+
+

+
+

+
+

+
+

+
+

+
+

B
. D

H
E

+
+

+
+

+
+

+
+

+
+

+
+

3.
 O

xi
da

tiv
e 

D
N

A
 d

am
ag

e

(8
-O

H
dG

)
+

+
+

+
+

N
D

+
+

+
+

+
+

N
D

(+
+

+
),

 h
ig

h,
 (

+
+

),
 m

ed
iu

m
 o

r 
(+

) 
lo

w
 e

ff
ec

t o
f 

C
E

E
S 

on
 D

N
A

 d
am

ag
e,

 o
xi

da
tiv

e 
st

re
ss

 a
nd

 o
xi

da
tiv

e 
D

N
A

 d
am

ag
e 

fo
llo

w
in

g 
1–

24
 h

 o
f 

its
 e

xp
os

ur
e 

in
 e

pi
de

rm
al

 a
nd

 d
er

m
al

 c
el

ls
.

N
D

, n
ot

 d
et

er
m

in
ed

.

Free Radic Biol Med. Author manuscript; available in PMC 2013 May 23.


