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Figure 1. Distribution and accumulation of HD via circulation after dermal/inhalation exposure.

by Saddam HusseinOs military forces against civilian targets in Halabja and later during
the Iran-Iraq war. Mustard gas produces casualties in the battlefield and forces opposing
troops to wear full protective equipment thus slowing the tempo of military operations. It

is highly probable that mustard gas could be used by terrorists since it is a simple chemical
compound readily synthesized without elaborate technology. Moreover, as a Opersistent
agentO (US Army classification) aerosolized mustard gas presents a threat for up to 1 week
under dry and warm weather conditions because it remains in the environment until fully
hydrolyzed. Along with nerve agents, mustard gas presents a major threat as a potential and
effective chemical weapon. The possibility of low technology production, easy stockpiling,
and difficulty in verifying its storage makes mustard gas a continuing worldwide threat.
Presently, there is no antidote or effective treatment for mustard gas intoxication.

PATHOPHYSIOLOGY OF SULFUR MUSTARD ON SKIN

Clinical and physiological characteristics

Mustard gas is lethal in high doses and causes severe damage to the interface organs, that
is, skin, lungs, respiratory tract, and eyes. The most prominent toxic effects of HD are on
skin where it produces severe damage including extremely slow healing lesions and blisters
which can ulcerate, vesicate, and promote secondary infections. Because of its hydrophobic
nature, mustard gas easily penetrates and accumulates in the lipid component of exposed
tissues. Upon contact with the skin, about 80% of HD evaporates and only about 20% is
absorbed by the skin. Skin not only accumulates but also distributes HD to other tissues.
Only about 10%D12% of the initially absorbed HD is retained in the skin, whereas up to 90%

of HD enters circulation as indicated in FigureBxtractable skin reservoirs of HD can be
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found in the dermis and epidermis even 24 to 48 hours postexposure.? In the case of a lethal
poisoning, HD concentration in skin blisters remains very high even 7 days after exposure.®
Consequently, even after the initial exposure, skin reservoirs continue to distribute HD
via circulation to the body tissues thereby increasing damage to several organs. Figure 1
schematically shows the distribution pathway of HD toxicity throughout the human body.
We would like to point that, although skin is the initial accumulator of HD, its toxic effect
is also prominent in distal organs. Therefore, the effect of HD after dermal exposure is not
limited only to skin tissues

While the epidermis contains no blood vessels, both the dermis and the subcutaneous
regions are rich in blood vessels. Adipose cells in the subcutaneous skin layer are likely to
be a depository for HD due to their high lipid content (as indicated in Figure 1). Moreover,
HD solublized in adipose cells would be out of contact with water and thereby resistant to
hydrolysis. After acute skin exposure, HD would be systemically delivered to various tissues
in the body via lipid rich blood cell membranes and plasma lipoproteins and accumulate in
lipid rich tissues (adipose tissues, brain, and skin). Chemical analyses following acute HD
exposure show a high accumulation in thigh fat, brain, abdominal skin, kidney, and muscle
tissues, in decreasing order.® In addition, HD can be found in the spleen, liver, and bone
marrow.* The organs acquiring the most damage after dermal and/or respiratory exposure
are indicated in Figure 1.

Skin damage caused by aerosolized HD appears after a latent period of up to 24 hours.
First symptoms, such as itching, burning, and erythema, are followed by hyperpigmenta-
tion, tissue necrosis, and blister formation in warm moist areas of the body. When a large
skin area is exposed to HD, medical conditions can be complicated by fluid imbalance,
general inflammation, systemic intoxication, and secondary infection. At high doses, HD
can also produce systemic effects with gastrointestinal symptoms (nausea and vomiting),
respiratory distress due to the bronchospasm, temporary blindness as well as corneal dam-
age. In most lethal cases, massive skin burns and wounds, as well as lung damage, are the
primary causes of death. Since it damages DNA, mustard gas promotes mutagenesis and
carcinogenesis.l'>’ Acute and severe exposures to HD have been shown to produce skin
cancers.°

A few limited cases of HD exposure in humans provide some evidence for oxidative
stress. HD metabolites derived from hydrolysis (thiodiglycol, thiodiglycol sulphoxide), as
well as HD metabolites from glutathione (GSH) conjugates by the beta-lyase pathway, can
be found in human urine after HD exposure.'%' Both thiodiglycol sulphoxide and beta-
lyase metabolites can be detected indicating GSH conjugation. Thiodiglycol has also been
detected in urine samples from individuals not exposed to HD and is therefore not useful
as a definitive marker for HD exposure.'! In contrast, HD metabolites from the glutathione
(GSH)/beta-lyase pathway are specific for HD exposure.'%! These observations suggest
that GSH depletion occurs in humans, and that GSH-HD/beta-lyase pathway metabolites
provide a specific and useful biomarker for diagnosing HD exposure. GSH is a key in-
tracellular antioxidant and its depletion by HD would be expected to increase oxidative
stress.

The effects of HD in humans are very complicated and not fully elucidated. Figure 2
summarizes some of the key potential molecular mechanisms for HD toxicity in skin cells
(as discussed in more detail below). Macromolecular damage and thiol depletion are pri-
mary and presumably the most dangerous intracellular events following HD exposure to
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this study, the generation of malondialdehyde (MDA) was used as an indirect measure of
lipid peroxidation Vitamin E or flavonoids, while not influencing hepatic GSH depletion,
did reduce MDA levels, suggesting a therapeutic potettial.

The effects of topically applied HD on key antioxidant enzymes have been measured
but with conflicting results. For example, Husain ef’dound that HD decreased the
levels of glutathione peroxidase in white blood cells, spleen, and liver compared to control.
Elsayed et at® however, found an increased level of glutathione peroxidase compared to
controls. Elsayel interpreted the increased level of glutathione peroxidase (and other
antioxidant enzymes) as an upregulation in response to oxidative stress, whereas Husain
et af? interpreted the decreased levels of glutathione peroxidase as a potential cause of
oxidative stress. Careful in vitro work with purified enzymes may help clarify these issues.

Despite the importance of skin itself as a primary target for HD toxicity, this organ
has not been extensively studied with respect to oxidative stress. Youricklatsahg the
hairless guinea pig model, analyzed the skin NAD+ and NADP+ content as a function of
time after HD exposure. Skin NAD+ content was found to decrease to a minimum after 16
hours (20% of control) whereas NADP+ levels increased (260%) between 1 and 2 hours and
returned to control levels at 4 hours. This marked increase in NADP+ levels was thought to
be an early marker of oxidative stress and a contributory factor for HD to¥icihcreased
NADP+ levels are a result of increased NADPH consumption: NADPH is a major source of
reducing equivalents for key antioxidant enzymes such as glutathione reductase/peroxidase
and thioredoxine reductase/peroxidase and lack of NADPH would be a source of oxidative
stress.

The data presented above support the view that diminished antioxidant protective
mechanisms are a consequence of HD exposure. It is less clear, however, whether or not the
resulting oxidative stress is a direct contributing factor to mustard toxicity or a secondary
effect due to inflammation. In any event, the ability of exogenous antioxidants (as discussed
below) to decrease HD toxicity supports the hypothesis that decreasing oxidative stress
and/or inflammation is a viable therapeutic strategy.

Antioxidant protection in animal models

As early as 1985, work by Vojvodic et?dldemonstrated that vitamin E was very effective
in extending the survival time of rats acutely poisoned by HD. Vitamin E is, however, a
generic term referring to at least 4 different tocopherols (alpha-, beta-, gamma-, and delta-)
and 4 tocotrienols (alpha-, beta-, gamma-, and delta-). The particular form of vitamin E
used in the Vojvodic et al experiments was not specifeditamin E is generally con-
sidered to be the primary lipid soluble antioxidant but it is now recognized that vitamin E
has important OnonantioxidantO roles in modulating various signal transduction and gene
regulation pathway$**> Moreover, the different chemical forms of vitamin E are now
known to have distinct chemical and biological propertf&%. It is important, therefore,
to specify the particular chemical and stereochemical form of vitamin E used in a given
experiment.

Superoxide dismutase (SOD, EC 1.15.1.1) is a key antioxidant enzyme that catalyzes
the dismutation of superoxide radicals into oxygen and hydrogen peroxide. Eld&dsaied
ied the therapeutic role of both Cu-Zn-SOD (cytosolic form) and Mn-SOD (mitochondrial
form) in HD skin damage, using the Hartley guinea pig model. Pretreatment of the animals
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by intraperitoneal injection with either form of SOD resulted in a dramatically reduced skin
lesion area induced by H#. Treatment with SOD was, however, not effective when given

1 hour after HD poisoning® These data strongly suggest that superoxide radicals play a key
role in HD-induced skin toxicity. Superoxide radicals alone are not a particularly damaging
form of free radicals but they rapidly react with nitric oxide radicals to form peroxynitrite,
which is a potent oxidant capable of causing tissue darfiéitle.

HD and its analogs are alkylating agents that chemically react with and deplete bi-
ological thiols such as GSH, which is a key intracellular antioxidant. By promoting ROS
generation and lipid peroxidation (as discussed above), HD will also promote the consump-
tion of GSH and a reduced level of NADPH (see above) will inhibit the regeneration of
GSH from GSSG. It is reasonable, therefore, that exogenous G8Hametylt -cysteine
(NAC) would help minimize oxidative stress induced by HD or its analogs. Kumaft al
tested the potential protective effect of GSH given to Swiss albino female mice follow-
ing acute exposure to HD by either inhalation or percutaneous routes. GSH was admin-
istered by intraperitoneal injection and the dose was 400 mg/kg of body weight, which
translates into about a 20 mM concentration in blood. Survival time following inhalation
exposure to HD was increased by GSH administration as well as 2 other antioxidants: trolox
(6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid), which is a water-soluble
derivative of alpha-tocopherol, and quercetin, which a flavor®ithhalation exposure
to HD depleted hepatic GSH levels, and increased hepatic and lung lipid peroxidation (as
indirectly measured by MDA levels), and exogenous GSH was able to reduce lung and
hepatic lipid peroxidation as well as prevent GSH depletion in these ti$heme of the 3
antioxidants tested were able to significantly increase survival time following percutaneous
exposure to HD but exogenous GSH was effective in preventing GSH depletion in blood and
liver. Surprisingly, lung levels of GSH were not altered by percutaneous HD exp#siine.
data present in work by Kumar etakhow that the potential effectiveness of antioxidant
therapy is dependent on the route of HD exposure.

The role of GSH and NAC (and other antioxidants) in attenuating acute lung injury by
2-chloroethyl ethyl sulfide (CEES) has recently been studied in a rat model in which lung
damage was quantitatively measured by the extravasatihldfovine serum albumin into
the extravascular compartmeit* CEES is a monofunctional analog of HD that has proven
very useful in mimicking HD exposure. When the experimental animals were depleted of
either complement or neutrophils prior to CEES exposure (by intrapulmonary injection)
lung damage was significantly decreasédJeutrophil depletion was accomplished by
IP injection of rabbit anti-serum to rat polymorphonuclear neutrophils and complement
depletion by IP injections cobra venom factbrAntioxidants such as catalase, dimethyl
sulfoxide, dimethyl urea, resveratrol, and NAC all provided significant protection in this
animal modeP* NAC (an acetylated form af-cysteine) can directly function as free radical
scavenger and its metabolites are capable of stimulating GSH synthB& was found
to be the most effective antioxidant among those té$fédand was effective even when
given up to 90 minutes after lung exposure to CEES.

In the work of McClintock et af3 NAC was superior to GSH. In vitro work by Gross
et aP® found that pretreatment of human peripheral blood lymphocytes (PBL) with 10 mM
NAC elevated GSH level to 122% of untreated control but caused only a partial protec-
tive effect on HD-induced cytotoxicity. These researches also noted work by Meister and
Anderson, suggestidgthat exogenously added GSH does not appear to enter the cell very
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effectively. This may help explain why NAC is superior to GSH in the work by McClintock
etal.®

Bhat et al®® have studied the potential therapeutic use of lipoic acid to decrease ox-
idative stress and mustard gas toxicity in a rat model. Lipoic acid is a disulphide derivative
of octanoic acid, and it is known to be a crucial prosthetic group for various cellular en-
zymatic complexes. Lipoic acid has been identified as a potent antioxidant and a potential
therapeutic agent for the prevention or treatment of pathological conditions mediated via
oxidative stress, as in the case of ischemia-reperfusion injury, diabetes, radiation injury, and
oxidative damage of the central nervous system.**3 Lipoic acid is taken up and reduced
by cells to dihydrolipoate, a more powerful antioxidant than the parent compound, which
is also exported to the extracellular medium; hence, protection is affected in both extra-
cellular and intracellular environments. Both lipoic acid and dihydrolipoate, in addition to
their direct antioxidant properties, have been shown to regenerate, through redox cycling,
other antioxidants such as vitamin C and vitamin E, and to raise intracellular glutathione
levels.*+*° Bhat et al® found that lipoic acid pretreatment decreased the levels of lipid
peroxidation (measured as MDA) in lung, skin, and eyes in HD treated rats but was not
effective posttreatment.

Antioxidant liposomes as a potential countermeasure

Antioxidant liposomes may represent an optimal means of treating HD-induced skin le-
sions. The authors’ laboratory is currently testing this hypothesis. The term “antioxidant
liposome” is relatively new and refers to liposomes containing lipid soluble chemical an-
tioxidants, water-soluble chemical antioxidants, enzymatic antioxidants, or combinations
of these various antioxidants. Antioxidant liposomes hold great promise in the treatment
of many diseases and conditions in which oxidative stress plays a prominent role.*6:4
The relative ease of incorporating hydrophilic and lipophilic therapeutic agents into li-
posomes; the possibility of directly delivering liposomes to an accessible body site; and
the relative nonimmunogenicity and low toxicity of liposomes have rendered this sys-
tem highly attractive for drug delivery. Moreover, several studies have clearly indicated
that the liposomal antioxidant formulations, compared to that of the free nonencapsulated
antioxidants, exert a far superior protective effect against oxidative stress-induced tissue
injuries.*®

Experimental studies have shown that liposomes and their constituents effectively
penetrate skin.*®°0 Topical application of antioxidant-liposomes is likely, therefore, to be
particularly effective in enhancing the antioxidant status of skin. Work by Kirjavainen
et al*® suggests that liposomes containing dioleylphosphatidyl ethanolamine (DOPE) are
better able to penetrate into the stratum corneum than liposomes without DOPE. Sim-
ilarly, ultradeformable liposomes, lipid vesicles with special membrane flexibility due
to incorporation of an edge activator such as sodium cholate, have been shown to be
superior in comparison to ordinary phosphatidylcholine liposomes (see http://www.skin-
forum.org.uk/abstracts/ebtassam-essa.php).

At present there are no data on the potential use of antioxidant liposomes in treating
HD-induced skin lesions but McClintock et al®® have found that liposomes containing
pegylated (PEG) catalase, PEG-SOD, or the combination were very effective in reducing
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CEES-induced lung injury in a rat model. Similarly, liposomes containing NAC, GSH, or
resveratrol also were effective according to this study.

In vitro studies using human skin models
Keratinocyte cell lines

In vivo models are essential for testing countermeasures to HD or its analogs, however,
in vitro models are also critical for rapid screening of potential therapeutic agents and for
detailed studies at the molecular level. Skin is the largest organ of the human body with
a complicated multilayer multicell type structure. As mentioned above, there is ho model
system perfectly mimicking human skin. Normal or immortalized human keratinocytes
cultured on plastic as a monolayer represent the simplest and least inexpensive model
and are suitable for an initial approach for HD toxicity studies. Normal human epidermal
keratinocytes (NHEK) isolated from adult or infant fetal skin tissue are available commer-
cially. These cells are easy to handle, can be frozen for long-term storage but require special
medium containing a mixture of growth facto¥sEven then, NHEK cells spontaneously
transform after 3B5 passages as they continuously undergo terminal differentiation.

Nevertheless, NHEK remains the only commercially available normal cell line pos-
sessing all of the structural and functional features of normal skin keratinocytes and is
being used by many investigators to study mustard gas toxfditgwever, the requirement
of special growth medium and a short lifespan make this model more expensive than im-
mortalized human keratinocytes such as human pappiloma virus (HPV)bimmortalized cell
lines or spontaneously immortalized HaCaT cells. There are also a number of commercially
available human keratinocyte cell lines immortalized via transfection with DNA coding E6
and/or E7 viral oncoproteins. All of these cell lines still require special medium with growth
factors and, like NHEK, have a limited lifespan since they spontaneously transform after
10 to 15 passagés.

The HaCaT cell line, originating in Germany, has recently become commercially avail-
able; it represents spontaneously immortalized adult human keratinétye<aT cells
are extremely easy to handle and do not require special medium. Theoretically, HaCaT
cells have an unlimited lifespan but they do show morphological changes after 10 to 20 pas-
sages. Despite the altered growth potential, HaCaT cells still express differentiation-specific
marker§* and unlike HPV-immortalized cell lines, HaCaT cells are not tumorigenic when
transplanted into nude micé.

Itis well known that HD, like UV radiation, affects mostly proliferating keratinocytes
within the lower dermis and basement membrane. Differentiating keratinocytes of the epi-
dermis are much less susceptible to toxicity since they do not undergo apoptosis and respond
weakly to inflammatory stimuli. Normal keratinocytes undergo terminal differentiation
(so-called OcornificationO) in response to a high (1 mM) exogendétisdBacentratiort!

Normal keratinocytes in vivo start to differentiate when they detach from the basement
membrane and migrate to the suprabasal la§&ETeus, NHEK and HPV-immortalized ker-
atinocytes, unlike HaCaT cells, spontaneously differentiate when subcultured in response to
the cell detachment. Therefore, only the first passages of NHEK cells are truly proliferating,
whereas every passage of HaCaT culture consists of proliferating cells. On the other hand,
HaCaT cells show impaired production and release of¥iwihich is crucial for normal
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keratinocyte proliferation and also plays an important role in keratinocyte activation and
keratinocyte/fibroblast crosstalk in normal sRih.

As previously acknowledged, HD-induced depletion of intracellular glutathione (GSH)
is a triggering event for oxidative stress in skin. Smith &t hhve shown that pretreatment
of the human keratinocyte cell line, SVK-14, with GSH markedly increases the resistance
to HD-induced cytotoxicity. Conversely, pretreatment with buthionine sulfoximine (BSO)
increases the sensitivity of G361, SVK14, HaCaT, and NCTC 2544 human keratinocytes
to HD toxicity.>® BSO lowers intracellular GSH by irreversibly inhibiting the rate-limiting
GSH synthesis enzyme-glutamylcysteine synthetase. Surprisingly, there is no reported
direct evidence to date for the enhanced generation of ROS and/or RNOS in HD-treated
keratinocytes.

As pointed out earlier, HD and its chemical analogs cause massive leukocyte infiltration
in animal skin and lung$§°! It is likely that lymphocytes and macrophages, attracted to the
burned area by cytokines released from keratinocytes/fibroblasts, could be a major source
of oxidative stress to skin cells. It has been demonstrated that HD-exposed NHEK cells
express chemoattractants and cytokif&* Moreover, an enhanced ability of NHEK cells
to attract lymphocytes in vitro was demonstrated in an experiment in which the media from
HD-treated keratinocytes was tested for chemoattractant activity to polymorphonuclear
leukocytes purified from human blodd.

Multilayer keratinocyte tissues

Multilayer skin tissues (so-called O3D skin modelsO) are a more realistic model for toxi-
cological studies. The simplest models of this class consist only of keratinocytes such as
the commercially available Epiderm, which is a few millimeters thick structure of human
NHEK cells grown on top of a wet membrane. Epiderm provides the possibility of applying
HD (or other gaseous agents) in vapor or aerosol form which closely simulates a real HD
attack. However, this model represents differentiating keratinocytes on a collagen matrix
and practically all of the cells within the tissue start to cornify at the moment they are fully
grown. Blaha et &8 have characterized the ultrastructural, histological, and molecular
response of the Epiderm model to CEES. The Epiderm system not only has great potential
for identifying and developing sulfur mustard therapeutic agents but also has limitations.
In vivo, skin damage would be accompanied by the rapid leakage of serum, leukocyte in-
filtration, and perhaps mast cell degranulation (see below) but these events will not occur
in any of the available in vitro skin models.

More advanced tissue models, like EpidermFT full thickness skin tissue model, con-
sist of 2 cell types: a bottom layer of human fibroblasts imbedded in gelatin and an upper
multilayer of human keratinocytes. This particular model is particularly valuable for studies
involving paracrine signaling (keratinocyte/fibroblast interactions). HaCaT cells, with nor-
mal human or mouse fibroblasts, have also been used to construct 3D models of human skin.
However, the impaired IL-1 production in these cells presents some technical difficulties that
can be overcome with the addition of human growth factbEhese multilayer skin mod-
els morphologically mimic the dermis and epidermis of human skin including the cuboidal
appearance of the basal cell layer, the presence of the stratum spinosum and stratum gran-
ulosum with typical stellate-shaped keratohyalin granules, and the presence of numerous
lamellar bodies that are extruded at the stratum granulosumbstratum corneum interface.
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In a key experiment, Blaha et®alcompared the effects of CEES on the secretion
of key inflammatory mediators using 2 model human skin systems, the Epiderm system
(from MatTek Corporation) and the Skin2 system (a 3D skin model) from Advanced Tissue
Sciences, which consists of differentiating keratinocytes on a fibroblast-collagen matrix. In
the Skin2 system, the proinflammatory cytokine IL-1alpha increased in response to CEES
but the proinflammatory cytokine IL-6 decreased: the Epiderm showed undetectable levels
of IL-6 and the levels of IL-1alpha did not change in response to CEEiese data
show that the presence of fibroblasts in the Skin2 model dramatically changes the cytokine
secretion response to CEES.

More recently, Hayden et®levaluated the effects of HD on the EpiDermFT skin model
which has a 3D, highly differentiated human skin-like structure with an epidermis and a
dermis. This in vitro model permits the study of dermal phenomena in which fibroblast-
keratinocyte cell interactions are important as appears to be the case for CEES-induced skin
injury (see above). Hayden efatreated the EpiDerm-FT model with HD for 8 minutes and
evaluated the structural effects at 6 and 12 hours postexposure. Histological analyses showed
typical HD targeting of basal keratinocytes (cytopathology, condensed chromatin, pyknotic
nuclei, and increased eosinophilia) and epidermal cleavage at the dermal/epidermaljunction.
Transmission electron microscopy showed that lamina densa of the basement membrane to
be largely intact. The EpiDerm-FT model represents a major advance in the development
of human skin models and its use in studying the molecular mechanisms/proteomics for
HD/CEES toxicity is just beginning to be exploited.

Human skin allografts in immunodebcient mice

A third class of human skin model is provided by the use of human skin allografts in immun-
odeficient mice. Human skin cells, either genetically modffeat normal’* were grafted

onto nude mice and successfully used to examine HD-induced biochemical alterations in
skin. In 1995, Rosenthal et’didescribed an engineered human skin model, in which human
keratinocyte clones, with some genetic modifications, were grafted onto nude mice, where
they formed histologically normal human skin. Later, the same group reported an advanced
model developed in immunodeficient nude mice, where a pellet of cells containing human
keratinocytes and fibroblasts were placed on top of the muscular layer at the graft site and
grown for 1 week’! Glass bulbs filled with HD can be directly applied to the sections of
mouse skin containing the human skin allograft. Although these in vivo models are expen-
sive and complicated, they possess a number of advantages over any of the in vitro cultured
skin models. Grafted human skin models make it possible to obtain a detailed picture of
HD-induced morphological, ultrastructural, and inflammatory alterations in various layers
of skin cells possessing the realistic complexity of multiple cellbcell interactions. Recently,
3D human skin allografts in mice have allowed investigators to identify distinctive pre-
vesication and postvesication phases and to monitor both dermal-epidermal separation and
basal membrane alterations in response to HD expd$ifddowever, a limitation of this

model is the lack of a functional immune response in the recipient mice.

In spite of the ever higher degrees of physiological complexity, there is not a single
model that reflects all the features of human skin. The choice of a particular model may,
therefore, be dictated by the particular experimental design and goals. Wound healing
studies, for example, would require an in vivo system with an intact immune system since
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Figure 3. LPS (100 ng/mL) enhances the cytotoxicity of
CEES (500 pM). Means not sharing a common letter are
significantly different (P < .05). Cytotoxicity was measured
after 24 hours by the MTT assay.

Figure 4. CEES inhibits NO production in LPS stimulated RAW
264.7 macrophages. Cells were simultaneously treated with various
levels of CEES (as indicated) and low doses of LPS (as indicated).
NO production was monitored as the concentration of nitrite in the
culture media after 24 hours.
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