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Abstract

Nitrogen mustard (NM) is a bifunctional alkylating agent that is highly reactive in the skin causing 

extensive tissue damage and blistering. In the present studies, a modified cutaneous murine patch 

model was developed to characterize NM-induced injury and to evaluate the efficacy of an 

indomethacin pro-drug in mitigating toxicity. NM (20 µmol) or vehicle control was applied onto 6 

mm glass microfiber filters affixed to the shaved dorsal skin of CD-1 mice for 6 min. This resulted 

in absorption of approximately 4 µmol of NM. NM caused localized skin damage within 1 d, 

progressing to an eschar within 2–3 d, followed by wound healing after 4–5 d. NM-induced injury 

was associated with increases in skin thickness, inflammatory cell infiltration, reduced numbers of 

sebocytes, basal keratinocyte double stranded DNA breaks, as measured by phospho-histone 2A.X 

expression, mast cell degranulation and increases in inducible nitric oxide synthase (iNOS) and 

cyclooxygenase-2 (COX-2). Wound healing was characterized by epidermal hyperplasia and 

marked increases in basal cells expressing proliferating cell nuclear antigen. A novel 

indomethacin-anticholinergic prodrug (4338) designed to target cyclooxygenases and 

acetylcholinesterase (AChE), was found to markedly suppress NM toxicity, decreasing wound 

thickness and eschar formation. The prodrug also inhibited mast cell degranulation, suppressed 

keratinocyte expression of iNOS and COX-2, as well as markers of epidermal proliferation. These 

findings indicate that a novel bifunctional pro-drug is effective in limiting NM mediated dermal 

injury. Moreover, our newly developed cutaneous patch model is a sensitive and reproducible 

method to assess the mechanism of action of countermeasures.
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 Introduction

Sulfur mustard (bis(2-chloroethyl) sulfide) and nitrogen mustard (NM, bis(2-chloroethyl) 

methylamine, mechlorethamine) are highly toxic bifunctional alkylating agents causing 

epidermal and dermal damage (Shakarjian et al., 2010). In humans, depending on the dose 

and duration of exposure, mustards can cause acute injury, inflammation, the formation of 

ulcerative wounds, and blistering (Arck and Paus, 2006; Ghabili et al., 2010; Vogt et al., 

1984). Generally similar responses are observed in rodent models of cutaneous exposure to 

sulfur mustard or NM (Tewari-Singh et al., 2013).

Key to elucidating the mechanism of action of mustards and testing potential 

countermeasures is the ability to generate reproducible injury in localized areas of the skin 

in experimental animal models. Since sulfur mustard is both lipophilic and volatile, dermal 

exposure can be localized using vapor cup models (Anderson et al., 2002; Joseph et al., 

2011; Mershon et al., 1990). In contrast, NM is hydrophilic; thus, direct application in 

solvents results in spreading over a relatively large area of skin. This makes quantification of 

tissue damage difficult to assess (Tewari-Singh et al., 2013; Tewari-Singh et al., 2014; 

Vieille-Petit et al., 2015). To address this problem, cutaneous patch models have been 

developed. In these models, which have been used in both humans and animals, test 

chemicals are suspended in a matrix, which is attached to a designated area of the skin with 

occlusive or semi-occlusive tape (Buehler, 1994; Farage et al., 2011; Fischer and Kihlman, 

1989; Nicholson and Willis, 1999). A similar model has been developed in guinea pigs to 

analyze hypersensitivity reactions (Buehler, 1994). Patch models have also been used to 

evaluate treatments for chemical burns, and as a method for delivering hydrophilic 

substances to the skin (Hojer et al., 2002; Hulten et al., 2004). Although many patch models 

can be extrapolated to human skin, there are limitations including differences between 

humans and animals in skin permeability of test agents, as well as their ability to induce 

irritation reactions (Chew and Maibach, 2003; Simon and Maibach, 1998).

In the present studies, a modified semi-occlusive patch test model employing a glass 

microfiber filter delivery system was developed for cutaneous NM delivery in mice; our goal 

was to characterize skin injury and wound healing, and to assess the efficacy of a novel 

bifunctional anti-inflammatory prodrug, 4338, as a potential countermeasure. The advantage 

of microfiber dosing is that it provides an effective method of applying NM over defined 

areas of the skin, making it easier to quantify tissue damage. The prodrug (4338) was 
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designed to target cyclooxygenases (COX), enzymes that generate proinflammatory 

eicosanoids, and also to target acetylcholinesterase, an enzyme mediating hydrolysis of 

acetylcholine (see Fig. 1 for structure). The advantage of the prodrug is that it provides a 

simple dosage form for two drug targets in the skin and a facilitated mechanism for onsite 

controlled release of the individual therapeutic components. This provides an opportunity for 

therapeutic properties on the skin that exceed those of the component parts. In earlier studies 

we showed that 4338 was effective in reducing sulfur mustard-induced edema, as well as 

degradation of the dermal-epidermal basement membrane; it also reduced expression of 

COX-2 and promoted wound re-epithelialization (Chang et al., 2014). The present studies 

demonstrate that our modified cutaneous patch test model is highly reproducible and can be 

used to effectively evaluate candidate therapeutics with the potential to mitigate vesicant-

induced skin injury.

 Materials and methods

 Chemicals and reagents

Polyethylene glycol 400 and lanolin (C10–30 cholesterol/lano-sterol esters) were from 

Croda Inc., Edison, NJ. Unless otherwise indicated NM (mechlorethamine HCl) and all 

other chemicals were purchased from Sigma-Aldrich (St. Louis, MO). 4338 was synthesized 

as previously described (Young et al., 2010).

 Animals and treatments

Female CD-1 mice (8 weeks; Charles River Laboratories, Wilmington, MA) were housed in 

filter-top microisolation cages and maintained on food and water ad libitum. Mice received 

humane care in compliance with the Rutgers University guidelines, as outlined in the Guide 
for the Care and Use of Laboratory Animals published by the National Institutes of Health. 

Mice were anesthetized by intraperitoneal injection of ketamine (80 mg/kg) and xylazine (12 

mg/kg), and randomly assigned to treatment groups. The dorsal skin of the mice was shaved 

and then cleaned with deionized water. Six mm glass microfiber filter discs (GE Healthcare, 

Buckinghampshire, UK) were placed on the lumbar region of the shaved skin equal distant 

from the spine, and adhered with 10 µl of acetone (Fig. 2). Twenty µl of freshly prepared 1 

M NM (20 µmol) in 20% deionized water/80% acetone, v/v, was then applied to the filters 

and immediately covered with PARAFILM® (Pechiney, Menasha, WI). Control mice 

received the solvent without NM. After 6 min, the filter discs were removed. In some 

experiments, mice were treated topically with 4338 four times per day beginning 1 h after 

NM. For these experiments, 20 µl of 4338 (1% in a mixture of 49.5% lanolin and 49.5% 

PEG400) or vehicle control was applied directly to the skin. Mice were euthanized 1–5 days 

post NM and 12 mm full thickness biopies of the exposure site and surrounding tissue 

immediately collected using a skin punch (Acuderm Inc., Ft. Lauderdale, FL). Punch 

biopsies were trimmed and stored in ice cold phosphate buffered saline (PBS) containing 3% 

paraformaldehyde/2% sucrose. The tissue was embedded in paraffin and 6 µm sections 

prepared and stained with hematoxylin and eosin (HE) or Gomori's trichrome containing 

methyl (aniline) blue, for analysis of collagen I/III (Goode Histolabs, New Brunswick, NJ). 

Hematoxylin and eosin stained tissue was scanned using a VS120-L100 Olympus virtual 

slide microscope (Waltham, MA). In some experiments, histological sections were stained 
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with toluidine blue O (Sigma Chemical, St. Louis MO) to visualize metachromatic/

basophilic granules in mast cells. Extrusion of basophilic toluidine blue stained granules was 

evidence of mast cell degranulation (Joseph et al., 2011). To quantify wound thickness, 

measurements were performed on tissue sections using the OlyVIA 2.7 viewer software 

(Olympus). Skin sections were divided into 4 equal parts and measurements taken 

perpendicular from wound edge through the dermis, to the top surface of the hypodermis. 

Data were analyzed using a two way ANOVA and were expressed as mean ± S.E. (n = 6). A 

p value ≤ 0.05 was considered significant.

To estimate absorption of NM from the filter discs, NM was applied to 6 weighed control 

discs and allowed to dry. The filters were then weighed again to determine filter bound NM. 

Twelve weighed discs treated with NM that had been applied to mice (treatment discs) were 

removed and dried. These filters were also weighed again to determine filter bound NM 

post-exposures. NM absorbed was based on the difference in the weight of NM on control 

discs and treatment discs. In these experiments, control discs were found to contain 3.93 

± 0.35 mg NM (mean ± SD, n = 6) while treatment discs contained 3.18 ± 0.37 mg NM 

(mean ± SD, n = 12). Differences in NM weight between control and treatment discs was 

0.75 mg. Thus, approximately 20% of the NM applied to the skin was absorbed (~4 µmoles 

or ~0.14 µmoles NM/mm2 of the filters discs).

 Immunostaining

For immunohistochemistry, tissue sections (6 µm) were deparaffinized, and blocked with 

25%–100% normal goat serum (Invitrogen, Grand Island, NY) at room temperature for 2 h. 

Sections were then incubated overnight at 4 °C with rabbit affinity purified polyclonal 

antibodies against phospho-H2A.X (Ser139, Cell Signaling, 1:50, Boston, MA), 

cyclooxygenase-2 (COX-2, Abcam, 1:200, Cambridge, MA), inducible nitric oxide synthase 

(iNOS, Abcam, 1:150), proliferating cell nuclear antigen (PCNA, Abcam, 1:500), or control 

rabbit IgG (Prosci, Atlanta, GA). After washing, the sections were incubated at room 

temperature for 30 min with biotinylated goat anti-rabbit secondary antibody (Vector Labs, 

Burlingame, CA). Antibody binding was visualized using a DAB Peroxidase Substrate Kit 

(Vector Labs).

 Results

 Effects of NM on mouse skin

In initial studies we characterized histopathological changes in the skin following NM 

exposure. Whereas damage was primarily limited to the area beneath the 6 mm filters, areas 

of inflammation typically extended 1–2 mm beyond the exposure site (Fig. 2, upper panel). 

Gross examination of the tissue revealed redness and swelling of the skin within 1–2 days, 

followed by the development of an indurated crusty wound after 2–3 days, and wound 

healing by 4–5 days (Fig. 2, lower panels). Histologically, control skin consisted of a 

relatively thin epidermis 2–3 cell layers thick, with a contiguous stratum corneum (Fig. 3 

and Fig. 4, CTL). Loss of the stratum corneum was evident 1–2 days post-NM, along with 

an inflammatory cell infiltrate (Fig. 3, left panel). Two-three days post-NM, an eschar 

developed over the wound site, accompanied by a general loss of dermal appendages 
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including sebaceous glands and hair follicles. This was associated with an increase in wound 

and epidermal thickness (Fig. 3, left panels and Fig. 4). A thickened hyperplastic wound 

persisted in the skin 3–5 days post-NM. At this time, the eschar sloughed off leaving an 

acanthotic epidermis (Fig. 3, left panels). Trichrome staining showed that NM treatment 

resulted in collagen deposition in the papillary dermis within 2 days (Fig. 5, left panels). 

Three to four days post NM, hemorrhage was evident within the thickened reticular dermis 

with hyperkeratosis superior to the hyperplastic epidermis. Three-five days post NM, 

epidermal hyperplasia was also observed (Fig. 5, left panels). After 5 days, hyperkeratosis 

was still evident, along with increased collagen deposition in both the reticular and papillary 

dermis (Fig. 5, left panels).

As a bifunctional alkylating agent, NM is known to induce double stranded DNA breaks 

(Clingen et al., 2008). Phosphorylation of histone H2A.X, a variant of histone H2A, creates 

a recognition domain critical for DNA repair and is a marker of DNA damage (Jowsey et al., 

2009; Mah et al., 2010). Little or no phospho-H2A.X was evident in control skin (Fig. 6, 

CTL). NM caused a marked increase in phospho-H2A.X expression in the nuclei of basal 

and suprabasal cells of the interfollicular epidermis and the outer root sheath of hair follicles 

within 1–3 days (Fig. 6, left panel). Two-three days post-NM, phospho-H2A.X was also 

evident in infiltrating inflammatory cells beneath the eschar extending into the underlying 

dermis (Fig. 6, left panel). Interestingly, phospho-H2A.X persisted in the skin, primarily in 

the basal and suprabasal cells of the neoepidermis, for at least 5 days post NM (Fig. 6, left 

panels).

Nitric oxide is a reactive proinflammatory mediator generated in skin cells via an inducible 

isoform of nitric oxide synthase (iNOS) (Cals-Grierson and Ormerod, 2004; Heck et al., 

1992). In control skin, iNOS expression was only noted in sebaceous glands (Fig. 7); 1–2 

days following NM, iNOS was evident in interfollicular epidermis and outer root sheath 

cells (Fig. 7, left panel). After 3–5 days, iNOS appeared in both the hyperplastic 

neoepidermis and outer root sheath cells (Fig. 7, left panel). COX-2 is an enzyme that 

generates pro-inflammatory prostaglandins (Lee et al., 2003). Low level COX-2 expression 

was detected in basal cells of the epidermis, outer root sheath cells and sebaceous glands in 

control tissue (Fig. 8 and not shown). COX-2 increased in basal cells and dermal 

inflammatory cells 1–2 days post NM (Fig. 8, left panels). After 2 days, COX-2 expression 

was also increased in the epidermis and inflammatory cell infiltrate at the wound edge (Fig. 

8, left panel). Three-five days post NM, COX-2 was also evident in the hyperplastic 

neoepidermis (Fig. 8, left panels).

Evidence suggests that mast cells in the skin play a role in the release of mediators important 

in inflammation and wound repair (Joseph et al., 2011; Tewari-Singh et al., 2009). In control 

skin mast cells were identified in the dermis, adjacent to dermal appendages and at the 

dermal/epidermal junction (Fig. 9, upper panels and not shown). Approximately 23–36% of 

the mast cells were found to be degranulated. NM treatment had no effect on the number of 

mast cells in the skin at the dermal/epidermal junction (Fig. 9, lower panel). However, a 

marked increase in degranulated mast cells (50–75%) was noted after NM treatment.

Composto et al. Page 5

Exp Mol Pathol. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



PCNA, a marker of cellular proliferation and wound repair (Moldovan et al., 2007; Park et 

al., 2015) was expressed in basal cells in control mouse skin (Fig. 10). NM treatment 

resulted in increased expression of PCNA in basal keratinocytes, as well as in inflammatory 

cells in the dermis within 1 day (Fig. 10, left panels). Two-three days post-NM, PCNA was 

detected in infiltrating inflammatory cells beneath the eschar at the dermal/epidermal 

junction; after 4–5 days, PCNA expression was evident within basal keratinocyte nuclei of 

the neoepidermis (Fig. 10, left panels).

 Effects of 4338 on NM-induced skin damage and inflammation

Treatment of mice with 4338 beginning one hour after NM was found to mitigate tissue 

damage; thus, 1–3 days post NM, the size and magnitude of wound was reduced, along with 

inflammation (Fig. 2, Fig. 3, and Fig. 4). 4338 also prevented the formation of an eschar, and 

decreased overall wound thickness and epidermal hyperplasia (Fig. 3, Fig. 4, and Fig. 5). 

Additionally, 4338 prevented the loss of sebaceous glands, as well as collagen deposition 

within both the reticular and papillary dermis, and hyperkeratosis and hemorrhage within the 

dermis (Fig. 3, Fig. 4, and Fig. 5, right panels). This was associated with a marked reduction 

in iNOS and COX-2 expression as well as mast cell degranulation (Fig. 7 and Fig. 8, right 

panels and Fig. 9). In contrast, 4338 had no effect on PCNA expression in basal 

keratinocytes (Fig. 10, right panels), or on NM-induced expression of phospho-H2A.X (Fig. 

6, right panels).

 Discussion

Using a newly developed modified cutaneous patch model, we characterized the progression 

of injury and wound healing on the dorsal skin of mice following NM exposure. Initially, an 

inflammatory response was evident which included edema and leukocyte infiltration. This 

was associated with alterations in skin structure including degradation of the stratum 

corneum, hyperkeratosis and acanthosis, along with increased collagen deposition and 

hemorrhage within the dermis followed by the formation of an eschar. Subsequently, 

increased proliferation of keratinocytes was observed at the wound margins, which extended 

under the eschar initiating the formation of a neoepidermis. This generated a hyperplastic 

epidermis which replaced the eschar during the wound healing process. These data are 

consistent with earlier findings on the dermal responses of mice to sulfur mustard, as well as 

NM (Au et al., 2015; Casillas et al.; Jain et al., 2014; Joseph et al., 2011; Smith et al., 1997; 

Wormser et al.). However, in earlier studies NM was applied to the dorsal skin in large 

volumes of either acetone or PBS over wide areas which limited the ability to evaluate 

candidate therapeutics. Our studies showing that NM-induced skin injury can be localized is 

important, not only for characterizing the wound response, but also for quantifying the 

efficacy of potential mustard countermeasures.

NM is known to damage DNA causing both single and double stranded breaks (Clingen et 

al., 2007). Excessive DNA damage can suppress keratinocyte proliferation resulting in 

persistent tissue injury (Barnes et al., 2010; Inturi et al., 2014; Shahin et al., 2001). 

Phosphorylation of the histone H2A variant, H2A.X, which recruits DNA damage response 

proteins, is critical for the repair of DNA breaks (Mah et al., 2010; Scully and Xie, 2013). 
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Consistent with previous findings (Inturi et al., 2014; Jain et al., 2015; Joseph et al., 2011), 

we found that NM caused a rapid increase in phospho H2A.X in the nuclei of basal and 

suprabasal cells of the interfollicular epidermis and the outer root sheath of hair follicles, 

presumably a response to DNA damage. Two-three days post-NM, phospho-H2A.X was also 

evident in infiltrating neutrophils and macrophages, which are known to undergo apoptosis. 

High molecular weight DNA fragmentation occurs during apoptosis and this is associated 

with phosphorylation of H2A.X (Rogakou et al., 2000). Of interest were our findings that 

phospho-H2A.X persisted in basal cells of the neoepidermis for at least 5 days post NM. 

This suggests that despite extensive keratinocyte proliferation, DNA damage persists, which 

may contribute to aberrant or delayed wound repair. In this regard, sulfur mustard has been 

shown to prolong wound healing in human skin (Ghabili et al., 2011; Rice, 2003). It is also 

possible that phosphorylated H2A.X is generated during DNA replication, and it may be that 

rapidly dividing/differentiating keratinocytes express this modified histone during the wound 

healing process (Mejia-Ramirez et al., 2015; Sharma et al., 2012; Williams et al., 2010).

iNOS and COX-2, are important in generating cytotoxic pro-inflammatory mediators in the 

skin (Lee et al., 2003; Moncada, 1999). Constitutive expression of both enzymes was noted 

in sebocytes of control skin, which is consistent with a role of reactive nitrogen species and 

eicosanoids generated from iNOS and COX-2, respectively, in regulating sebaceous gland 

functioning including lipid biosynthesis (Alestas et al., 2006). Low constitutive levels of 

COX-2 were also noted in basal cells of the epidermis and outer root sheath cells in hair 

follicles in control skin where it also likely functions in epidermal homeostasis (Lee et al., 

2003; Mitchell et al., 1995; Williams et al., 1999). NM exposure resulted in upregulation of 

iNOS and COX-2 in basal and superbasal cells after 1–3 days. Increases in COX-2 

expression are consistent with previous findings that sulfur mustard, and the related half 

mustard, 2-chloroethyl ethyl sulfide, stimulate the release of prostaglandins from human and 

mouse keratinocytes, and that in mouse skin, sulfur mustard-induced injury is associated 

with increased COX-2 (Black et al., 2010; Joseph et al., 2011; Lefkowitz and Smith, 2002). 

While sebocytes continued to express iNOS and COX-2 for 1 day post NM, subsequently 

they degenerated. The contribution of iNOS- and COX-2-derived mediators to sebaceous 

gland degeneration following mustard exposure remains to be determined. Four-five days 

post NM, iNOS and COX-2 were localized throughout the hyperplastic neoepidermis. These 

data are consistent with earlier findings that iNOS is upregulated in mouse skin after 

exposure to the half-mustard, 2-chloroethyl ethyl sulfide (Jain et al., 2011). Early increases 

in COX-2 and the generation of eicosanoids in the skin are thought to be important in 

initiating inflammation (Lefkowitz and Smith, 2002; Vane et al., 1994). This is supported by 

findings that COX-2 inhibitors reduce sulfur mustard induced inflammation in a mouse ear 

vesicant model, and that sulfur mustard-induced inflammation is reduced in COX-2 deficient 

mice (Casillas et al., 2000; Wormser et al., 2004). Eicosanoids have been reported to 

stimulate keratinocyte growth, and it may be that elevated COX-2 in hyperplastic 

neoepidermis is important in wound repair (Lee et al., 2003; Nyska et al., 2001; Pentland 

and Needleman, 1986). This is supported by findings that the initial stages of acute 

inflammation in a full thickness incisional model of wound healing in mice are associated 

with the generation of proinflammatory prostaglandin PGE2, while wound repair is 

associated with production of anti-inflammatory PGD2 and its metabolites (Kapoor et al., 
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2007). Our observation that iNOS is increased during wound healing are consistent with 

earlier studies showing that proliferating keratinocytes strongly express iNOS (Frank et al., 

2002; Jain et al., 2011). Findings that wound healing is also reduced in mice treated with 

iNOS inhibitors and in iNOS-deficient mice are in accord with the notion that nitric oxide 

contributes to the regulation of wound healing (Au et al., 2015; Frank et al., 1998; Heck et 

al., 1992). This may be due to nitric oxide-induced stimulation of growth factor and cytokine 

release by keratinocytes (Frank et al., 1998).

Degranulation of mast cells is associated with the release of mediators important in 

inflammation and wound repair including histamine, cytokines, growth factors, chemokines 

and bioactive lipids (Rao and Brown, 2008; Shiota et al., 2010; Weller et al., 2006). Mast 

cells have been identified in the dermis, particularly in areas surrounding dermal appendages 

and at the basement membrane (Joseph et al., 2011; Weller et al., 2006). We found that NM-

induced injury in mouse skin is associated with significant and persistent mast cell 

degranulation without increases in the number of mast cells in the tissue. Thus, whereas in 

control mouse skin only 23–36% of mast cells were degranulated, 50–85% were 

degranulated after NM treatment for at least 5 days. This may contribute to propagating the 

inflammatory response to NM-induced injury. The fact that degranulated mast cells persist at 

the wound site is consistent with the idea that they also contribute to the resolution of 

inflammation and the wound healing process (Ng, 2010; Noli and Miolo, 2001; Oehmichen 

et al., 2009). Our data are in accord with earlier studies showing both increases in numbers 

of mast cells and mast cell activation in mouse skin following sulfur mustard and half-

mustard induced skin injury in hairless mice (Joseph et al., 2011; Tewari-Singh et al., 2009).

PCNA is a nuclear protein and DNA polymerase cofactor important in controlling DNA 

replication and repair (Moldovan et al., 2007; Park et al., 2015). PCNA was constitutively 

expressed in basal cells in the interfollicular epidermis and in hair follicles, consistent with 

the fact that proliferation of these cells is required to replace cells lost during the epidermal 

differentiation process. Increases in the number of cells expressing PCNA in the epidermis 

was evident within 1–2 days after NM exposure, during the formation of an eschar, and in 

the neoepidermis and hyperplastic epidermis during wound healing. These data are reflective 

of keratinocyte proliferation during wound repair (Laplante et al., 2001; Patel et al., 2006). 

Similar increases in PCNA expression during epidermal wound repair have been described 

in mouse skin following exposure to sulfur mustard (Joseph et al., 2011; Joseph et al., 2014).

Recent studies from our laboratory have demonstrated that a prodrug consisting of 

indomethacin, which targets cyclooxygenases, and an acetylcholinesterase inhibitor, which 

targets non-neuronal cholinergic anti-inflammatory signaling is effective in reducing sulfur 

mustard-induced mouse skin inflammation and injury (Chang et al., 2014; Young et al., 

2010; Young et al., 2012). It is well known that the neurotransmitter, acetylcholine is 

produced by epithelial cells and immune cells. In the skin, acetylcholine participates in 

inflammation and the control of keratinocyte proliferation and differentiation (Grando et al., 

1993; Schlereth et al., 2006; Wessler et al., 2015). The present studies show that our 

bifunctional drug (4338) is also effective in reducing NM-induced tissue injury. Thus, 4338 

reduced inflammation and wounding, as indicated by the lack of eschar formation in NM-

treated skin. This was associated with decreased epidermal hyperplasia and skin thickness, 
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number of cells expressing PCNA, and reduced numbers of degranulated mast cells and 

expression of iNOS and COX-2. Of interest was the fact that 4338 did not alter NM-induced 

DNA damage, as reflected by expression of phospho-H2A.X. NM is known to directly 

damage DNA; these data indicate that DNA damage is not essential for inflammation and 

skin injury, and that strategies designed to interfere with inflammatory signaling pathways 

are sufficient to mitigate, at least in part, vesicant-induced skin injury. It should be noted that 

the precise role of indomethacin released from 4338 in inhibiting cyclooxygenase activity in 

the skin is not known. Whereas COX-2 is important in regulating inflammation, COX-1 

plays a role in skin homeostasis. The effects of COX-1 inhibition on wound healing in 

vesicant-treated skin remain to be determined.

In summary, the present studies characterize a semi-occlusive patch test model employing a 

glass microfiber filter delivery system to evaluate skin injury induced by vesicants. This 

highly reproducible model allowed us to evaluate the progression of NM-induced 

inflammation, expression of inflammatory proteins, tissue damage, the formation of an 

eschar, and wound healing. Moreover, using this model, a novel bifunctional agent (4338) 

was shown to be effective in reducing skin inflammation and injury. These data have 

potential clinical relevance as this prodrug may be further developed into an effective NM 

and sulfur mustard countermeasure (Shakarjian et al., 2010). The structural changes in the 

skin induced by NM in our patch model are consistent with the pathophysiology of sulfur 

mustard-induced skin injury in humans. These data indicate that our patch model can be 

used to investigate mechanisms of action of vesicants, and to screen for potential candidate 

therapeutics that can be used to mitigate vesicant toxicity.
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 Abbreviations

AChE acetylcholinesterase

COX cyclooxygenases

D/E dermal/epidermal

H&E hematoxylin & eosin

NM nitrogen mustard

PCNA proliferating cell nuclear antigen

phospho-H2A.X phosphorylated histone H2A.X

PGE2 prostaglandin E2

SM sulfur mustard
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Fig. 1. Chemical structure of 4338
4338 consists of an anti-inflammatory moiety, indomethacin, and a choline bioisostere 3,3-

dimethyl-1-butanol, linked via an aromatic ester–carbonate.
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Fig. 2. Modified dorsal skin patch model
The dorsal skin of CD-1 mice was shaved and 6 mm glass fiber filter discs placed on the 

lumbar region of the skin equal distant from the spine (upper panel). Twenty microliters of a 

1 M solution of NM in 20% deionized water/80% acetone (v/v) or vehicle control was 

applied to the filters which were then covered with PARAFILM®. After 6 min, the filter 

discs were removed and the skin analyzed for tissue damage 1–5 days post exposure. Mice 

were treated with 4338 four times per day beginning 1 h post NM exposure. The lower panel 

shows the skin from control (CTL), NM and NM + 4338 treated skin 3 days post NM.
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Fig. 3. Hematoxylin and eosin staining of mouse skin following NM exposure
Histological sections, prepared from control (CTL) mouse skin and mouse skin 1–5 days 

post NM exposure, were stained with hematoxylin and eosin, which stains nuclei blue/black, 

and keratin and cytoplasm red. One representative section from 3 mice/treatment group is 

shown (original magnification, × 400). E, epidermis; D, dermis; S, sebaceous gland; HF, hair 

follicle; asterisk, eschar, Ac, acanthosis. Black arrow, loss of stratum corneum; black 

arrowhead, inflammatory cell infiltrate. Left panels, mouse skin treated with NM; right 

panels, mouse skin treated with NM and 4338.
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Fig. 4. Effects of NM on mouse skin wound and epidermal thickness
Histological sections, prepared from control (CTL) mouse skin and mouse skin collected 1–

5 days post NM, were stained with hematoxylin and eosin and wound (left panel) and 

epidermal (right panel) thickness assessed as described in the Materials and Methods 

Section. Each point represents the mean ± SE (n = 6). *Significantly different from control 

mouse skin (p≤0.05); +Significantly different from NM treated mouse skin.
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Fig. 5. Trichrome staining of mouse skin following exposure to NM
Histological sections, prepared from control (CTL) mouse skin and mouse skin 1–5 days 

post NM exposure, were stained with Gomori's trichrome containing hematoxylin, which 

stains nuclei blue/black, eosin which stains keratin and cytoplasm red, and aniline blue 

which stains collagen I/III royal blue. One representative section from 3 mice/treatment 

group is shown (original magnification, × 400). E, epidermis; D, dermis; S, sebaceous gland; 

HF, hair follicle; asterisk, eschar; star, collagen deposition. Left panels, mouse skin treated 

with NM; right panels, mouse skin treated with NM and 4338.
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Fig. 6. Effects of NM on phospho-H2A.X expression in mouse skin
Histological sections, prepared from control (CTL) mouse skin and mouse skin 1–5 days 

post NM, were stained with an antibody to phospho-H2A.X. Antibody binding was 

visualized using a Vectastain Elite ABC kit. One representative section from 3 mice/

treatment group is shown (original magnification,× 400). E, epidermis; D, dermis; S, 

sebaceous gland; HF, hair follicle; asterisk, eschar. Black arrow, keratinocytes expressing 

phospho-H2A.X. Black arrowhead, inflammatory cell infiltrate. Left panels, mouse skin 

treated with NM; right panels, mouse skin treated with NM and 4338.
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Fig. 7. Effects of NM on iNOS expression in mouse skin
Histological sections, prepared from control (CTL) mouse skin and mouse skin 1–5 days 

post NM, were stained with an antibody to iNOS. Antibody binding was visualized using a 

Vectastain Elite ABC kit. One representative section from 3 mice/treatment group is shown 

(original magnification, × 400). E, epidermis; D, dermis; S, sebaceous gland; HF, hair 

follicle; asterisk, eschar. Black arrows, keratinocyte expression of iNOS. Left panels, mouse 

skin treated with NM; right panels, mouse skin treated with NM and 4338.
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Fig. 8. Effects of NM on COX-2 expression in mouse skin
Histological sections, prepared from control (CTL) mouse skin and mouse skin 1–5 days 

post NM, were stained with an antibody to COX-2. Antibody binding was visualized using a 

Vectastain Elite ABC kit. One representative section from 3 mice/treatment group is shown 

(original magnification, × 400).). E, epidermis; D, dermis; S, sebaceous gland; HF, hair 

follicle; asterisk, eschar. Black arrows, keratinocyte expression of COX-2. Left panels, 

mouse skin treated with NM; right panels, mouse skin treated with NM and 4338.
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Fig. 9. Effects of NM on mast cell degranulation
Histologic sections prepared from control (CTL) mouse skin and mouse skin 3 days post 

NM or NM + 4338 were stained for mast cells using toluidine blue (upper panels, original 

magnification, × 400). Insets show intact and degranulated mast cells in control skin and 

NM treated skin, ND, no degranulation; D, degranulation. Lower panel shows the number of 

mast cells at the dermal/epidermal (D/E) junction in control, NM and NM + 4338 treated 

skin (lower left panel) and the percentage of mast cells that were degranulated (lower right 

panel). Each bar is the mean ± S.E. (n = 3). of 10 fields at 40× mag. *Significantly different 

from control (p ≤ 0.05); +Significantly different from NM treatment.
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Fig. 10. Effects of NM on PCNA expression in mouse skin
Histological sections, prepared from control (CTL) skin and skin 1–5 days post NM, were 

stained with an antibody to PCNA. Antibody binding was visualized using a Vectastain Elite 

ABC kit (original magnification, × 400). One representative section from 3 mice/treatment 

group is shown. E, epidermis; D, dermis; HF, hair follicle; asterisk, eschar. Black arrows, 

keratinocyte expression of PCNA. Left panels, mouse skin treated with NM; right panels, 

mouse skin treated with NM and 4338.
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