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a  b  s  t  r  a  c  t

The  pathologic  mechanisms  of skin  injuries,  following  the acute  inflammatory  response  induced  by
vesicating  agents  sulfur  mustard  (SM)  and  nitrogen  mustard  (NM)  exposure,  are  poorly  understood.
Neutrophils  which  accumulate  at the  site  of injury,  abundantly  express  myeloperoxidase  (MPO),  a  heme
protein  that  is implicated  in  oxidant-related  antimicrobial  and cytotoxic  responses.  Our  previous  studies
have  shown  that  exposure  to SM analog  2-chloroethyl  ethyl  sulfide  (CEES)  or NM  results  in an  inflamma-
tory  response  including  increased  neutrophilic  infiltration  and  MPO  activity.  To  further  define  the role  of
neutrophil-derived  MPO  in  NM-induced  skin  injury,  here  we  used  a genetic  approach  and  examined  the
effect  of  NM  exposure  (12 h and  24 h) on previously  established  injury  endpoints  in  C57BL/6J  wild  type
(WT)  and  B6.129X1-MPOtm1Lus/J  mice  (MPO  KO),  homozygous  null  for MPO  gene.  NM  exposure  caused
a significant  increase  in  skin  bi-fold  thickness,  epidermal  thickness,  microvesication,  DNA  damage  and
apoptosis  in  WT  mice  compared  to MPO  KO  mice.  MPO  KO  mice  showed  relatively  insignificant  effect.
Similarly,  NM  induced  increases  in the expression  of inflammatory  and  proteolytic  mediators,  including
COX-2,  iNOS  and  MMP-9  in WT  mice,  while  having  a significantly  lower  effect  in  MPO  KO  mice.  Collec-
tively,  these  results  show  that  MPO,  which  generates  microbicidal  oxidants,  plays  an  important  role  in
NM-induced  skin  injuries.  This  suggests  the  development  of mechanism-based  treatments  against  NM-
and SM-induced  skin  injuries  that  inhibit  MPO  activity  and  attenuate  MPO-derived  oxidants.

©  2014  Elsevier  Ireland  Ltd.  All  rights  reserved.

1. Introduction

Sulfur mustard [SM; bis (2-chloroethyl) sulfide] and nitrogen
mustard (NM; mechlorethamine) are primary vesicating agents,
which pose potential threat for use in chemical warfare and ter-
rorist attack (Saladi et al., 2006; Sharma et al., 2010; Smith et al.,
1995). Both of these mustard agents are highly toxic bifunctional
alkylating agents, which upon exposure cause severe skin injury
including inflammation and disruption of epidermal–dermal
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layers leading to vesication (Graham et al., 2005; Hayden et al.,
2009; Jain et al., 2011b; Joseph et al., 2011; Laskin et al., 2010;
McManus and Huebner, 2005). In the past few years, numerous
studies have been carried out to explore the mechanisms of cell
death, inflammation and vesication caused by warfare and alkyl-
ating agent SM exposure (Casillas et al., 2000; Inturi et al., 2011;
Jain et al., 2011b; Kehe et al., 2009; Kehe and Szinicz, 2005; Pal
et al., 2009; Rice, 2003; Shakarjian et al., 2010; Tewari-Singh
et al., 2010). However, further investigations are needed to define
the mechanism of skin injury and healing processes after vesi-
cant exposure, especially pathogenesis involving the inflammatory
response where infiltration of polymorphonuclear lymphocytes
(PMNs) is reported to play an important role (Dacre and Goldman,
1996; Graham et al., 2005; Millard et al., 1997; Wormser, 1991).

SM-induced PMN  infiltration, mainly neutrophils, has been
shown as an early event occurring within 30 min and peaking
at 6–12 h post-exposure in human skin (Lindsay and Rice, 1996;
Millard et al., 1997; Wormser et al., 2005). Neutrophil infiltra-
tion plays a key role in host defense. However, its excessive
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stimulation induces the release of cytokines and growth fac-
tors which contribute to the healing process (Segal, 2005; Weiss,
1989). Conversely, neutrophils and to some extent monocytes and
macrophages, secrete myeloperoxidase (MPO). MPO  is a member
of heme peroxidase-cyclooxygenase family, at the site of tissue
injury generating powerful oxidants, free radicals and hypochlor-
ous acid, which can cause tissue injury (Brennan et al., 2001;
Klebanoff, 2005; Shiba et al., 2008). Infiltration of neutrophils also
plays an important role in blister formation by secreting a vari-
ety of proteolytic enzymes including collagenase, gelatinase and
elastase. These enzymes are able to degrade specific elements in
the extracellular matrix leading to epidermal–dermal separation
as observed in skin diseases like psoriasis (Glinski et al., 1990)
and bullous pemphigoid (Liu et al., 1997, 2000). SM-induced bio-
chemical changes include high MPO  activity, free radical generation
and cytokine production (Ham et al., 2012). Our previous studies
with SM analog 2,chloroethyl ethyl sulfide (CEES) and NM have
shown an increase in neutrophil infiltration and MPO  (a marker
indicating neutrophil infiltration) activity in mouse skin (Jain et al.,
2011b; Tewari-Singh et al., 2009). We  have also shown that both
CEES and NM exposure induces DNA damage, cell death, oxidative
stress, microvesication, activation of proteolytic and inflammatory
mediators as well as related signaling pathways. These previous
studies indicated that neutrophil-derived MPO  could play a vital
role in vesicant-induced skin lesions (Jain et al., 2011a; Pal et al.,
2009; Tewari-Singh et al., 2010). Though some studies have exam-
ined the role of neutrophils in injury with SM (Ham et al., 2012;
Levitt et al., 2003; Shakarjian et al., 2010; Vavra et al., 2004), lit-
tle is known about the mechanism and role of neutrophil-derived
MPO-mediated inflammation and injury in vesicant-exposed skin
tissue. Accordingly, the current study was designed to evaluate the
role of neutrophil derived MPO  in NM-induced skin injury by utiliz-
ing C57BL/6J wild type and MPO  knockout (B6.129X1-Mpotm1Lus/J)
mice. Our results showed an attenuation of NM-induced skin
injury biomarkers in MPO  KO mice, indicating an important role
of neutrophil-derived MPO  in vesicant-induced skin injury and
inflammation.

2. Materials and methods

2.1. Materials

Hematoxylin and eosin stains and NM (mechlorethamine hydrochloride; purity,
98%) were obtained from Sigma–Aldrich Chemicals Co. (St. Louis, MO). Paraf-
fin wax for tissue block preparation was obtained from Triangle Biomedical
Sciences (Durham, NC). DeadEndTM Colorimetric TUNEL (TdT-mediated dUTP Nick-
End  Labeling) system was  purchased from Promega (Madison, WI)  and Fluoro
MPOTM FluorescentMPO Detection Kit was obtained from Cell Technology (Moun-
tain View, CA). Primary antibodies for H2A.X and MMP-9, COX-2, and iNOS were
obtained from Cell Signaling (Beverly, MA,  USA), Cayman Chemicals (Ann Arbor, MI,
USA), and Abcam (Cambridge, MA), respectively. We  used �-actin antibody from
Sigma–Aldrich (St. Louis, MO).

2.2. Animal exposure with NM

Male C57BL/6J wild type (hereafter referred as WT  mice) and
B6.129X1-Mpotm1Lus/J mice, homozygous null for MPO  gene where
no MPO  gene product is detected (hereafter referred as MPO
KO mice), were purchased from Jackson Laboratory (Bar Harbor,
Maine). Before starting the experiments, mice were acclimatized
for one week under standard housing and feeding conditions and
all experiments were performed according to approved IACUC
protocols of the University of Colorado Denver, CO (Protocol No.
57912(08)1E). Prior to NM exposure, mice were shaved using clip-
pers to remove hair from their dorsal skin. Both wild type and
MPO KO mice (n = 3) were exposed with 6 mg  NM in 200 �L of
acetone/mouse applied topically to the dorsal shaved skin. Mice
were 5–6 weeks of age with mean weight of 25 g at the start of the

experiment. Acetone (200 �L) alone was applied as vehicle control
for NM and another group of mice were kept without any exposure,
and used as untreated control. All the results following NM expo-
sure were compared with vehicle control group and each study
group consisted of three mice. Since MPO  plays an important role
in SM-induced skin injury and inflammation, we employed a high
dose of NM to assess the effect of MPO  deletion on skin injuries in
both MPO  KO and WT  mice. Skin bi-fold thickness was  measured
at 12 h and 24 h post-exposure using digital calipers as reported
earlier (Tewari-Singh et al., 2009). Immediately following measure-
ment, at 12 h and 24 h post-exposure, mice were euthanized, dorsal
skin collected and skin punches fixed for histology and immuno-
histochemical (IHC) analyses. The rest of the skin tissue was snap
frozen in liquid nitrogen for molecular studies.

2.3. Histopathological analysis

Skin tissues were fixed O/N in 10% (v/v) phosphate buffered
formalin and dehydrated in ascending concentrations of ethanol,
cleared with xylene and embedded in paraffin. 5 �m thick skin sec-
tions were processed for H&E staining as reported earlier (Jain et al.,
2011b; Tewari-Singh et al., 2009). H&E slides were microscopically
evaluated for measurement of epidermal thickness, neutrophil
infiltration, dermal injury and the incidences of microvesication
as reported earlier (Jain et al., 2011b).

2.4. TUNEL assay

Apoptotic cell death was detected using DeadEndTM Colorimet-
ric TUNEL assay according to the vendor’s protocol as detailed
earlier (Jain et al., 2011b; Tewari-Singh et al., 2010). At the end
of the assay, TUNEL positive cells (brown colored) were quantified
in 15 randomly selected fields using 400 magnification. Apoptotic
cell index (% apoptotic cell death) was calculated as the number of
apoptotic cells × 100 divided by total number of cells.

2.5. Immunohistochemical staining

Phospho-H2A.X ser139 (a marker of DNA damage) was  analyzed
by IHC as described previously (Jain et al., 2011a). Briefly, paraf-
fin embedded skin sections were deparaffinized, rehydrated and
treated for antigen retrieval by heat treatment in sodium citrate
buffer (pH 6). The endogenous peroxidase activity was  blocked
and sections were incubated with rabbit polyclonal phospho-H2A.X
ser139 antibody (1:100) O/N in humidified chamber. After wash-
ing with PBS, sections were incubated with appropriate biotin
conjugated secondary antibody and then with streptavidin–HRP
conjugates. Following another wash step, sections were incubated
with DAB (3,3′-diaminobenzidine) for immunopositivity reaction
and color development. Thereafter, slides were mounted for micro-
scopic observation. After IHC staining, cells in the skin epidermis
were counted in 15 randomly selected fields using 400 magnifica-
tion and the percent of phospho-H2A.X ser139 positive cells were
quantified according to the method described above. All the H&E
and IHC stained slides were observed using a Zeiss Axioscope 2
microscope (Carl Zeiss, Inc., Germany) and image analysis and rep-
resentative pictures were taken by using Carl Zeiss Axiovision Rel
4.5 software.

2.6. MPO  activity assay

MPO  activity was measured in skin tissue samples through
use of the Fluorescent Myeloperoxidase Detection Kit from Cell
Technology as reported earlier (Tewari-Singh et al., 2009). In
brief, approximately 100 mg  tissue samples were homogenized in
homogenization buffer (provided in kit) and isolated protein was
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