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Abstract

Mustard gas, used in chemical warfare since 1917, is a mutagenic and carcinogenic agent that
produces severe dermal lesions for which there are no effective therapeutics; it is currently seen as
a potential terrorist threat to civilian populations. Sulforaphane, found in cruciferous vegetables, is
known to induce enzymes that detoxify compounds such as the sulfur mustards that react through
electrophilic intermediates. Here, we observe that a single topical treatment with sulforaphane
induces mouse epidermal levels of the regulatory subunit of glutamate-cysteine ligase, the rate-
limiting enzyme in glutathione biosynthesis, and also increases epidermal levels of reduced
glutathione. Furthermore, a glutathione S-transferase, GSTA4, is also induced in mouse skin by
sulforaphane. In an /in vivo model in which mice are given a single mutagenic application of the
sulfur mustard analog 2-(chloroethyl) ethyl sulfide (CEES), we now show that therapeutic
treatment with sulforaphane abolishes the CEES-induced increase in mutation frequency in the
skin, measured four days after exposure. Sulforaphane, a natural product currently in clinical
trials, shows promise as an effective therapeutic against mustard gas.
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Introduction

Mustard gas (bis-[2-chloroethyl]sulfide, SM) was first used in chemical warfare in 1917
(Papirmeister et al., 1991), and its potential use by terrorists against civilian populations is
currently considered a plausible threat by the Department of Homeland Security (http://
www.dhs.gov/xlibrary/assets/prep_chemical_fact_sheet.pdf). Dermal exposure results in
severe chemical burns affecting all layers of the skin (Papirmeister et a/., 1991), and patients
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require lengthy hospitalization. Despite recent progress in identifying agents that ameliorate
some of the effects of mustards (Anumolu et a/., 2010; Gordon et a/., 2010; O'Neill et al.,
2010; Anumolu et al., 2011), there are currently no effective therapies for the acute effects
of dermal exposure. Mustard gas and a less toxic analog, 2-(chloroethyl) ethyl sulfide
(CEES), induce DNA damage through structurally analogous electrophilic intermediates and
are mutagenic (Ogston et al., 1946; Fox and Scott, 1980; Liu et a/., 2010; Boulware et al.,
2012). Epidemiological evidence suggests that chronic SM exposure leads to increased risk
for respiratory malignancies (Wada et a/., 1968; Easton et al., 1988), and there have been
reports of carcinogenesis in mice following a single exposure (Heston, 1953).

Evidence has been presented (Drasch et al., 1987; Noort et al., 2002; Hattersley et al., 2008)
suggesting that sulfur mustard has a relatively long biological half-life in skin, allowing
ongoing damage to accumulate over a period of days. We have therefore been interested in
identifying potential therapeutic agents that might act to detoxify the active electrophiles /in
situ and thereby decrease the overall level of macromolecular alkylation. We have recently
shown (Boulware et al., 2012) that 2,6-dithiopurine (DTP), a nucleophilic scavenger of
many electrophilic DNA-damaging agents (MacLeod ef a/., 1993; Qing et al., 1996),
including CEES (Liu et al., 2010), can block CEES-induced mutagenesis in mouse skin. In
this model, DTP was applied therapeutically beginning one h after CEES treatment. This
suggests that biologically significant DNA damage continues to occur long after the initial
treatment, providing a therapeutic window of hours to days. We therefore hypothesized that
treatments that increase the organism’s endogenous capacity for detoxifying electrophiles,
for example through the glutathione (GSH) conjugation pathway (Lu, 2009), might also
provide therapeutic benefit.

Sulforaphane (SFN), a natural isothiocyanate found in cruciferous vegetables, blocks DNA
damage, mutagenesis and carcinogenesis caused by electrophilic chemicals (Cheung and
Kong, 2010; Kwak and Kensler, 2010), by inducing several Phase Il detoxication enzymes
that collectively enhance the conjugation of electrophiles to cellular reduced glutathione
(GSH). Effects on both the biosynthesis of GSH, and the expression of GSH S-transferases
(GSTs) have been observed (Marrot et al., 2008; Lu, 2009; Higgins and Hayes, 2011). In
cultures of normal human epidermal keratinocytes, SFN has shown marginal protective
effects against SM toxicity (Gross et al., 2006). Therapeutic and/or protective effects of SFN
are currently under study in clinical trials for cancer and other chronic diseases (http://
clinicaltrials.gov/ct2/results?term=sulforaphane). We now report the abolition of CEES-
induced mutagenesis in an animal model by therapeutic treatment with SFN.

Materials and Methods

Husbandry and treatment of C57BL/6 and Big Blue mice with CEES were as described
previously (Boulware et al., 2012). Briefly, our standard mutagenesis protocol utilized a
single topical treatment of shaved dorsal epidermis of Big Blue mice with 20 pL of 200 mM
CEES dissolved in ethanol. This resulted in a total dose of 4 umol CEES, and a dose density
of ~ 2.3 umol/cm?. Control mice received ethanol only. As described previously, this
treatment resulted in a 4-5-fold increase in mutation frequency with no apparent changes in
skin morphology detectable by histopathology (Boulware et a/., 2012). All animal
treatments were approved by the Institutional Animal Care and Use Committee. R-
Sulforaphane (SFN) was obtained from LKT Laboratories (St. Paul, MN) and dissolved in
acetone before use. The indicated doses of SFN were applied to the shaved dorsum of mice
in 200 pL acetone. At the indicated time points, mice were sacrificed and the dorsal skin
excised. Epidermal samples were prepared as previously described by scraping the
epidermal layer of the epidermis into radioimmunoprecipitation assay buffer (50 mM Tris-
HCI [pH7.4], 150 mM NaCl, 1ImM EDTA, 1% Triton X-100, protease cocktail [P8340;
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Sigma Aldrich], phosphatase inhibitor cocktails 1 and 2 [P2850, P5726, Sigma-Aldrich]
(Abel et al., 2010). Approximately one-third of the epidermal scraping was immediately
frozen in liquid nitrogen and reserved for analysis of GSH content. The remaining epidermis
was homogenized in RIPA buffer for immunoblot analysis as previously described (Abel et
al., 2010; Abel et al., 2011). Quantitative analysis of reduced GSH content was performed
using a fluorescent assay as described (Abel et al., 2011). Antibodies for GST, GSTA4, and
tubulin were as described (Abel et al.,, 2010; Abel et al., 2011). Antisera specific for mouse
GCLC and GCLM, the catalytic and regulatory subunits of glutamate-cysteine ligase,
respectively, were kindly provided by Dr. Terry Kavanagh.

Analyses of mutation frequencies in genomic DNA prepared from treated skins of female
Big Blue mice were performed as described (Boulware ef a/., 2012). Data were analyzed by
two-tailed Student’s t-test, and a p value of 0.05 or less is indicated by asterisks in the
Figures.

Sulforaphane induces phase Il detoxification enzymes in mouse skin

SFN is known to increase levels of cellular reduced glutathione (GSH) and of glutathione-S-
transferases (GSTs) (Cheung and Kong, 2010). We applied SFN to the skin of C57BL/6
mice and measured levels of reduced GSH in epidermal extracts 24 h later. Increasing single
doses of SFN produced increases in epidermal GSH (Figure 1A, left panel); the increase was
statistically significant with doses of 2 or 5 umol. Significant increases were seen at the 5
pumol dose as early as 12 h post-treatment, and GSH levels remained significantly elevated
for at least 48 h (Figure 1A, right panel).

The rate limiting enzyme in GSH biosynthesis, glutamate-cysteine ligase, consists of a
catalytic subunit (GCLC) and a regulatory subunit (GCLM). Expression of the genes for
both of these subunits has been shown to be induced by SFN treatment in other systems
through a Nrf2-dependent process (Marrot ef a/., 2008; Lu, 2009; Kwak and Kensler, 2010;
Higgins and Hayes, 2011), and we have previously observed SFN-induction of nuclear
NRF2 and GCLM /n vitro in a human Kkeratinocyte tumor cell line (Abel et al., 2011). We
hypothesized that SFN-induction of one or both subunits might underlie the observed
increase in epidermal GSH levels. Epidermal extracts were prepared at various times
following a treatment with 5 umol SFN, proteins in the extracts were separated by gel
electrophoresis, and the levels of GCLC and GCLM (relative to tubulin as a control) were
determined by immunoblotting with antibodies to the two subunits. Levels of GCLC
increased slightly after SFN treatment, but the increase was not statistically significant
(Figure 1B). On the other hand, GCLM levels increased significantly within 12 h of SFN
treatment, and remained significantly elevated for at least 48 h.

We also assayed several GSTs 24h after treatment with various doses of SFN. No significant
changes were seen in mu- or pi-class GSTs (data not shown), but the alpha-class GSTs were
significantly increased by 5 umol SFN (Figure 1C). Indeed, analyses with antibodies
specific for GSTA4 revealed a significant 6-fold elevation of this enzyme by SFN. Thus, it
seemed possible that enhancement of endogenous detoxication by SFN might block CEES-
induced mutagenesis.

Sulforaphane abolishes CEES-induced mutagenesis in vivo

We used the Big Blue strain of C57BL/6 mice to test this hypothesis. In these mice, multiple
copies of a bacteriophage genome, containing a reporter gene, are incorporated into the
mouse genome (Kohler et al., 1991). After in vivo treatment with a DNA-damaging agent,
phage DNA can be recovered and mutations in the reporter can be enumerated by a blue/
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white plaque assay (Kohler ef al,, 1991). We have previously shown that topical treatment
with CEES induces a robust increase in mutation frequency in mice, using DNA recovered
from the skin 4 days following treatment (Boulware et al.,, 2012). In the current experiments,
we measured a background mutation frequency (vehicle only controls) of ~2 x 1075,
Treatment of mice with 5 umol SFN only did not significantly alter the mutation frequency
(Figure 2; p>0.05). As expected from previous work (Boulware et al., 2012), we found that
in vivo treatment with 200 mM CEES increased the mutation frequency by ~5-fold over the
background mutation frequency (Figure 2; p<0.0002). However, when CEES treatment was
followed one h later by treatment with 5 umol SFN, with a total of three repeated treatments
at 24 h intervals, the mutation frequency decreased to 3.2 x 107>, not significantly different
than the control value (p>0.05). Thus, therapeutic SFN completely blocked CEES-induced
mutation in this model.

Discussion

SFN has been widely studied as a cancer chemopreventive agent due to its ability to induce
phase Il detoxication activities, particularly those involved with conjugation of cellular GSH
to electrophilic intermediates of chemical carcinogens (Kwak and Kensler, 2010). Many
such phase Il genes induced by SFN, including various GSH S-transferases and GSH
biosynthetic enzymes, are under the control of the Nrf2 signaling pathway, and the ability of
SFN to prevent chemical carcinogenesis is abrogated in the absence of Nrf2 (Kwak and
Kensler, 2010). We previously showed /n vitrothat SFN can induce GCLM in Kkeratinocytes,
and we have now extended this to mouse epidermis (Figure 1B). Correlated with this,
epidermal GSH levels (Figure 1A) and GSTA4 levels (Figure 1C) are also increased. SM
and CEES produce macromolecular damage through an electrophilic intermediate, generally
thought to be an episulfonium ion (Ogston ef al., 1946; Liu et al., 2010). These findings
suggest that GSH-conjugation of this intermediate may account in part for the observed
ability of topical SFN to abolish CEES-induced mutagenesis in the treated skin (Figure 2).
We believe that this represents the first report of a direct effect of SFN on mutagenesis /n
Vivo.

In addition to direct production of macromolecular damage through chemical adduct
formation, CEES treatment has been reported to induce oxidative damage in mouse skin
(Black et al., 2010; Inturi et al., 2011). One component of the oxidative damage induced by
CEES in mouse skin is thought to be derived from 4-hydroxynonenal, a lipid peroxidation
product (Pal et al., 2009). 4-hydroxynonenal is known to be a mutagen (Feng et al., 2003)
and may therefore contribute to the increased mutation frequency found after CEES-
treatment. GST4A specifically detoxifies 4-hydroxynonenal (Abel et al., 2010; Balogh and
Atkins, 2011). Thus, part of the effectiveness of SFN in abolishing CEES-induced
mutagenesis may derive from a reduction in epidermal 4-hydroxynonenal levels by GST4A-
mediated conjugation. Further experiments would be necessary to determine the relative
importance of effects of SFN treatment on the direct mutagenesis pathway and the indirect
pathway through induction of oxidative DNA damage.

Large numbers of civilians could be exposed to high levels of mustard gas in a terrorist
incident (e.g., http://publicintelligence.net/national-planning-scenarios-version-21-3-2006-
final-draft/, Scenario 5), inducing acute skin lesions that require hospitalization
(Papirmeister ef al., 1991). However, it is likely that a higher number of people would be
exposed to lower, mutagenic doses without overt toxicity. Given the known mutagenicity
and carcinogenicity (Heston, 1953; Wada et a/., 1968; Fox and Scott, 1980; Easton et al.,
1988) of mustard gas, this population might be at higher risk for mustard-related cancers
later in life. We previously demonstrated abolition of CEES-induced mutagenesis in this
model (Boulware et al., 2012) using DTP, a non-toxic, nucleophilic scavenger (MacLeod ef
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al,, 1993; Qing et al., 1996). As noted above, the fact that both compounds are effective
when given post-exposure is likely due to the existence of a skin reservoir of long-lived
mustard that damages DNA over an extended time-course (Drasch et al., 1987; Noort et al.,
2002; Hattersley et al., 2008). For SFN, the induction of the ability to conjugate lipid
peroxides such as 4-hydroxynonenal may also contribute to the therapeutic response. The
present results suggest that SFN is as effective as DTP in blocking mutagenesis. Since their
modes of action are complementary, it is expected that a therapeutic strategy incorporating
both agents might be effective against mustard gas exposure.
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SM Sulfur mustard [bis(2-chloroethyl)sulfide]
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GST Glutathione S-transferase
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Fig. 1. Induction of Phase Il detoxication genesin mouse skin by SFN

A. Epidermal extracts were assayed for reduced GSH content 24 h after the mice received
various doses of SFN (left panel), applied topically in acetone, or at various times after
receiving 5 umol SFN (right panel). Each graph represents the mean and standard deviation
of data from three mice per experimental group in three independent experiments. In all
panels, asterisks indicate statistically significant differences from the acetone control,
p<0.05. B. Epidermal extracts were assayed for GCLC and GCLM by immunoblotting 0, 12,
24 or 48 h after the mice received 5 umol SFN; a representative immunoblot is shown. Both
proteins were quantitated in the same gels. Data were normalized in each experiment to the
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level of tubulin seen in a duplicate gel, and data from three independent experiments are
plotted in the right-hand panel. Open bars, GCLC; solid bars, GCLM. C. Epidermal extracts
were assayed for GST-alpha and GSTA4 by immunaoblotting 24 h after the mice received
various doses of SFN (left panel); representative gels are shown. Data from three
independent experiments were normalized to tubulin controls in the same gel and are
presented in the right-hand panel. Open bars, GST-alpha; solid bars, GSTA4.
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Abolition of CEES-induced mutagenesis by sulforaphane. Big Blue mice (3 mice per group)
were treated once with either ethanol (Et) or 200 mM CEES in ethanol (6). Beginning one h
post-CEES, 4 daily treatments with acetone (Ac) or 5 umol SFN dissolved in acetone were
given. Genomic DNA was isolated from treated skin 4 days post-CEES, and mutation
frequency determined; mean and standard deviation are plotted for each group. *,
significantly different than Et/Ac control, p<0.0002.
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