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Abstract
Pulmonary toxicity induced by vesicants is associated with oxidative stress. In the present studies
we analyzed the role of reactive nitrogen species (RNS) generated via inducible nitric oxide
synthase (iNOS) in lung injury and inflammation induced by vesicants using 2-chloroethyl ethyl
sulfide (CEES) as a model. C57Bl/6 (WT) and iNOS−/− mice were sacrificed 3 d or 14 d
following intratracheal administration of CEES (6 mg/kg) or control. CEES intoxication resulted
in transient (3 d) increases in bronchoalveolar lavage (BAL) cell and protein content in WT, but
not iNOS−/− mice. This correlated with expression of Ym1, a marker of oxidative stress in
alveolar macrophages and epithelial cells. In contrast, in iNOS−/− mice, Ym1 was only observed
14 d post exposure in enlarged alveolar macrophages, suggesting that they are alternatively
activated. This is supported by findings that lung tumor necrosis factor and lipocalin Lcn2
expression, mediators involved in tissue repair were also upregulated at this time in iNOS−/−
mice. Conversely, CEES-induced increases in the proinflammatory genes, monocyte chemotactic
protein-1 and cyclooxygenase-2, were abrogated in iNOS−/− mice. In WT mice, CEES treatment
also resulted in increases in total lung resistance and decreases in compliance in response to
methacholine, effects blunted by loss of iNOS. These data demonstrate that RNS, generated via
iNOS play a role in the pathogenic responses to CEES, augmenting oxidative stress and
inflammation and suppressing tissue repair. Elucidating inflammatory mechanisms mediating
vesicant-induced lung injury is key to the development of therapeutics to treat mustard poisoning.
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Introduction
Sulfur mustard is a toxic vesicant that has been used as a chemical warfare agent (Heymann,
2004; Marshall, 1984). The lung is a major target and pulmonary toxicity is the main cause
of mortality and long term morbidity following sulfur mustard exposure (Ghanei and
Harandi, 2007). Both acute and chronic effects of sulfur mustard inhalation have been
described, including pulmonary inflammation and disruption of the alveolar epithelial
barrier, as well as bronchitis, and pulmonary fibrosis (Balali-Mood et al., 2011; Ghanei et
al., 2008; Weinberger et al., 2011). Toxicity is attributed to the lipophilic nature of sulfur
mustard which allows it to rapidly penetrate target tissues and cells and alkylate DNA,
resulting in cytotoxicity, apoptosis and autophagy.

Accumulating evidence suggests that cytotoxic mediators released by inflammatory
leukocytes play a role in the pathogenesis of lung injury induced by sulfur mustard and
related vesicants (Ghabili et al., 2011; Weinberger et al., 2011). Of particular importance are
reactive nitrogen species (RNS), including nitric oxide, which is generated by activated
macrophages via an inducible form of the enzyme nitric oxide synthase (iNOS) (Laskin et
al., 2010). Nitric oxide and its oxidation products are known to damage membrane lipids,
proteins and DNA and are involved in the pathogenesis of pulmonary edema, acute lung
injury, emphysema and damage to pulmonary surfactants (Ricciardolo et al., 2006; Sugiura
and Ichinose, 2011).

Previous studies have demonstrated that iNOS expression is markedly upregulated in
alveolar macrophages following acute exposure of animals to sulfur mustard and related
vesicants (Malaviya et al., 2010; Sunil et al., 2011a; Sunil et al., 2011b). In the present
studies, mice with a targeted disruption of the iNOS gene were used to analyze the role of
RNS in vesicant-induced pulmonary toxicity using 2-chloro ethyl sulfide (CEES), a half
mustard analog of sulfur mustard, which has been reported to induce similar pathologic
effects on the lung (Sunil et al., 2011a; Weinberger et al., 2011). Our findings that iNOS−/−
mice are less sensitive to CEES-induced lung inflammation, injury and oxidative stress, and
that alterations in lung function are blunted, provide support for the hypothesis that RNS
play a key role in the pathogenic pulmonary response to vesicants. Elucidating specific
cytotoxic/pro-inflammatory mediators that contribute to the toxicity of vesicants is critical in
identifying new targets for the development of effective therapeutics to treat sulfur mustard
poisoning.

Materials and methods
Animals and treatments

Female specific pathogen-free C57Bl6/J wild type (WT) and iNOS−/− mice (8–10 weeks)
were obtained from the Jackson Laboratories (Bar Harbor, ME). Animals were housed in
filter-top, microisolation cages and maintained on food and water ad libitum. All animals
received humane care in compliance with the institution’s guidelines, as outlined in the
Guide for the Care and Use of Laboratory Animals, published by the National Institutes of
Health. Animals were anesthetized by intraperitoneal injection of ketamine (80 mg/kg) and
xylazine (10 mg/kg) and then placed on a titling rodent work stand (Hallowell EMC,
Pittsfield, MA) in a supine position and restrained using an incisor loop. The tongue was
extruded using a cotton tip applicator and the larynx visualized by a hemi-sectioned 3 mm
diameter speculum attached to an operating head of an otoscope (Welch Allyn, Skaneateles
Falls, NY). PBS containing 12% ethanol or CEES (Sigma-Aldrich, St. Louis, MO; 6 mg/kg
diluted in ethanol) was administered via Clay Adams Intramedic PE-10 (I.D 0.76 mm, O.D.
1.22 mm) polyethylene tubing (Becton, Dickinson and Company, Franklin Lakes, NJ)
attached to a 271/2 gauge hypodermic needle (0.4 × 13 mm). The tubing was advanced
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approximately 10 mm past the epiglottis and 0.05 ml of control or CEES instilled into the
trachea. The tubing and speculum were withdrawn immediately after instillation. Animals
were then removed from the work stand and maintained in a vertical position until normal
respiration was observed (less than 1 min). All instillations were performed by David
Reimer, D. V. M., Laboratory Animal Services, Rutgers University. Preparation and
instillation of CEES, which included the use of double gloves, safety glasses and masks,
were performed in a designated room under a chemical hood by personnel who followed
Rutgers University Environmental Health and Safety guidelines. CEES was prepared from
an 8.5 M stock solution immediately prior to instillation.

Sample collection
Animals were euthanized 3 d or 14 d after treatment by intraperitoneal injection of
Nembutal (200 mg/kg). PBS (1 ml) was instilled and withdrawn into the lungs three times
through a cannula in the trachea. BAL was collected by slowly withdrawing the fluid. BAL
fluid was centrifuged (300 × g, 8 min), supernatants collected, aliquoted, and stored in
diethyl triamine pentaacetic acid (DTPA, 5 mM) at −80°C until analysis. Cell pellets were
resuspended in 1 ml PBS and viable cells (10 μl) counted on a hemocytometer using trypan
blue dye exclusion. For differential analysis, cytospin preparations were fixed in methanol
and stained with Giemsa (Labchem Inc., Pittsburgh, PA). A total of 300 cells were counted
by light microscopy.

Measurement of BAL protein
Total protein was quantified in cell-free BAL using a BCA Protein Assay kit (Pierce
Biotechnologies Inc., Rockford, IL) with bovine serum albumin as the standard. Samples
(25 μl) from 6 mice per treatment group were analyzed in triplicate. Samples were evaluated
at 560 nm on a Vmax MAXline™ microplate reader (Molecular Devices, Sunnyvale, CA).

Real time quantitative PCR
Total mRNA was extracted from tissue samples using an RNeasy Mini kit (Qiagen,
Valencia, CA). mRNA was reverse-transcribed using a High Capacity cDNA Reverse
Transcription kit (Applied Biosystems, Foster City, CA) according to the manufacturer’s
protocol. Standard curves were generated using serial dilutions from pooled cDNA samples.
Real time PCR was performed using SYBR Green PCR Master Mix (Applied Biosystems,
Foster City, CA) on a 7900HT thermocycler. All PCR primers were generated using Primer
Express 3.0 software (Applied Biosystems). Samples from 3 animals per treatment group
were pooled and analyzed in triplicate. Data were normalized to GAPDH mRNA
expression. Forward and reverse primer sequences were tumor necrosis factor (TNF)α:
AAA TTC GAG TGA CAA GCC CTA, CCC TTG AAG AGA ACC TGG GAG TAG;
monocyte chemotactic protein (MCP)-1: TTG AAT GTG AAG TTG ACC CGT AA, GCT
TGA GGT TGT GGA AAA G; cyclooxygenase (COX)- 2: CAT TCT TGC CCA GCA CTT
CAC, GAC CAG GCA CCA GAC CAA AGA C; and GAPDH: TGA AGC AGG CAT
CTG AGG G, CGA AGG TGG AAG AGT GGG AG

Immunohistochemistry
Tissue sections were deparaffinized with xylene (4 min, × 2) followed by decreasing
concentrations of ethanol (100% - 50%) and finally, water. After antigen retrieval using
citrate buffer (10.2 mM sodium citrate, 0.05% Tween 20, pH 6.0) and quenching of
endogenous peroxidase with 3% H2O2 for 15 min, sections were incubated for 1–4 h at
room temperature with 5–100% goat serum to block nonspecific binding. This was followed
by overnight incubation at 4°C with rabbit IgG or rabbit polyclonal anti-COX-2 (1:400,
Abcam, Cambridge, MA), or anti-Ym1 antibodies (1:200, Stem Cell, Vancouver, Canada).
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Sections were then incubated with biotinylated secondary antibody (Vector Labs,
Burlingame, CA) for 30 min at room temperature. Binding was visualized using a
Peroxidase Substrate Kit DAB (Vector Labs). Random sections from three mice per
treatment group were analyzed for each antibody.

Western blot analysis
BAL protein samples (2 μg) were fractionated on 4–15% Tris-glycine gels (Bio Rad,
Hercules, CA) and transferred to polyvinylidene fluoride membranes (PVDF, 0.45 μm pore
size; Millipore, Billerica, MA). Non-specific binding was blocked by incubation of the blots
for 1 h at room temperature with 5% non-fat dry milk in TBS-T (0.02 M Tris-base, 0.137 M
sodium chloride, 0.1 % Tween-20) buffer. Blots were incubated overnight at 4°C with anti-
Lcn-2 antibody (Abcam, Cambridge, MA, 1:100). After 4 washes in 0.1% TBS-T buffer,
blots were incubated with anti-rabbit HRP-conjugated secondary antibody (1:20,000; Cell
Signaling, Danvers, MA) for 1 h at room temperature. Bands were visualized using an ECL
Plus Western blotting system (GE Healthcare, Piscataway, NJ).

Measurement of lung mechanics and function
Animals were anesthetized with ketamine (80 mg/kg) and xylazine (10 mg/kg). After 5 min,
a tracheotomy was performed using an 18 gauge cannula and the animals attached to a
SciReq flexiVent (Montreal, Canada). Baseline lung mechanics and function were assessed
as previously described (Sunil et al., 2011a). Animals were then challenged intratracheally
with increasing doses of methacholine (0–96 mg/ml) and measurements of lung mechanics
and function repeated. Data were analyzed using flexiVent software version 5.2.

Statistical analysis
All experiments were repeated at least 3 times. Data were analyzed by two-way ANOVA
followed by post hoc analysis (Bonferroni’s method for multiple comparison); a p value of
<0.05 was considered statistically significant.

Results
Effects of loss of iNOS on CEES-induced lung injury, inflammation and oxidative stress

Initially we assessed the effects of loss of iNOS on BAL protein and cell number, markers of
alveolar epithelial cell injury and lung inflammation (Bhalla, 1999). Exposure of WT mice
to CEES resulted in transient increases in BAL protein and cell content which were
observed 3 d post exposure (Fig. 1). By 14 d, protein and cell number were at control levels.
In contrast, in iNOS−/− mice, CEES had no effect on BAL protein or cell number at 3 d, and
levels of both markers were reduced to below control at 14 d post exposure. In both WT and
iNOS−/− mice treated with control, the majority of cells (>99%) recovered in BAL were
macrophages, with a small percentage (<1%) neutrophils. After administration of CEES, a
transient increase in neutrophils was observed at 3 d (3–5%).

We next analyzed the effects of CEES on lung expression of Ym1, a marker of oxidative
stress and alternative macrophage activation (Gordon and Martinez, 2010; Zhang et al.,
2009). Treatment of WT mice with CEES resulted in a transient increase in Ym1 expression
which was observed in alveolar macrophages and epithelial cells after 3 d (Fig. 2). By 14 d,
Ym1 expression was significantly reduced and only evident at low levels in alveolar
macrophages. Whereas CEES administration had no effect on Ym1 expression in iNOS−/−
mice 3 d post exposure, after 14 d, intense staining was evident in alveolar macrophages;
Ym1 positive macrophages also appeared significantly enlarged in lungs from iNOS−/−
mice relative to WT mice.
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Effects of loss of iNOS on CEES-induced inflammatory gene expression
In further studies we analyzed expression of TNFα, MCP-1 and COX-2, inflammatory
proteins implicated in pulmonary injury (Laskin et al., 2011; Weinberger et al., 2011).
Treatment of WT mice with CEES had no significant effect on TNFα mRNA expression at
3 d or 14 d post exposure (Fig. 3). In contrast, in iNOS−/− mice an increase in TNFα was
noted at 14 d post exposure, with no effect at 3 d. Increased expression of MCP-1 and
COX-2 mRNA was also noted in WT mice 3 d post CEES exposure (Fig. 3). These effects
were transient, and by 14 d levels were at or below control. COX-2 protein also increased in
Type II alveolar epithelial cells 3 d after CEES administration to WT mice, a response
which persisted for at least 14 d (Fig. 4). Loss of iNOS resulted in a delayed upregulation of
COX-2 protein which was noted 14 d post CEES exposure (Fig. 4). This was correlated with
a significant decrease in COX-2 mRNA expression at 3 d post CEES exposure in iNOS−/−
mice, but no significant effect at 14 d. Loss of iNOS also blunted the effects of CEES on
MCP-1 mRNA expression.

Effects of loss of iNOS on CEES-induced Lcn2 expression
Lcn2 is an acute phase protein thought to be important in restoring homeostasis after
pulmonary injury (Borkham-Kamphorst et al., 2011; Playford et al., 2006; Roudkenar et al.,
2008). Low levels of Lcn2 were detected in BAL from both WT and iNOS−/− mice treated
with control (Fig. 5). CEES administration resulted in increased Lcn2 in both mouse strains
at 3 d. Whereas in WT mice this was transient, in iNOS−/− mice, Lcn2 remained
significantly elevated for at least 14 d post exposure (Fig. 5).

Effects of loss of iNOS on CEES-induced alterations in lung function
To analyze the role of RNS in CEES-induced alterations in lung function, WT and iNOS−/−
mice were examined by a series of perturbations including single frequency and broadband
forced oscillation, and pressure volume loops. While no major changes in baseline lung
resistance or compliance were observed in either WT or iNOS−/− mice at 3 d post CEES
exposure, a significant increase in central airway resistance was observed in iNOS−/− mice
at this time (Table 1). Additionally, significant decreases in central airway resistance, as
well as total lung compliance and static lung compliance, were detected in iNOS−/−, but not
in WT mice, at 14 d post CEES exposure (Table 1).

Upon challenge with methacholine, dose-related increases in lung resistance and central
airway resistance were observed in WT animals, with concomitant decreases in total and
static compliance (Fig. 6). Loss of iNOS increased the sensitivity of the mice to
methacholine; however, this was only noted 3 d post exposure. Treatment of WT mice with
CEES resulted in enhanced sensitivity to methacholine with respect to total lung resistance
and compliance at 3 d post exposure, but had little effect on the responsiveness of central
airway resistance and static compliance to methacholine. At 14 d post exposure the only
significant effect observed in WT mice was hyper-responsiveness in central airway
resistance. In iNOS−/− mice treated with CEES, resistance and compliance in response to
methacholine were reduced relative to both control exposure, and to WT mice (Fig. 6). At
14 d, while compliance remained attenuated in iNOS−/− mice, central airway resistance was
similar to WT animals.

Discussion
Nitric oxide synthases consist of a family of enzymes that catalyze the generation of nitric
oxide from L-arginine (Laskin et al., 2010). Whereas nitric oxide produced via constitutive
isoforms of NOS are important in cell signaling, the maintenance of vascular and airway
tone, angiogenesis, peristalsis and nervous system activity, the inducible isoform is involved
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in inflammatory responses and has been implicated in tissue injury induced by a variety of
pulmonary toxicants [reviewed in (Laskin et al., 2011)]. In the present studies, we
investigated the contribution of RNS generated via iNOS to the pulmonary toxicity of
CEES, a half-mustard analog of sulfur mustard, using mice lacking iNOS. In accord with
previous findings with vesicants (Anderson et al., 2000; Malaviya et al., 2010), CEES was
found to induce a transient increase in BAL protein and cell content in WT mice, confirming
the acute toxicity of this vesicant (Sunil et al., 2011a). In contrast, in iNOS−/− mice, CEES
had no effect on BAL protein or cell number 3 d post-exposure, and by 14 d, levels were
below control. These data suggest that loss of iNOS stabilizes the alveolar epithelium and
protects against lung injury. BAL protein and cell number were found to be increased in
control animals at 14 d when compared to 3 d. The reason for this increase is not clear.
Aging has been reported to cause changes in alveolar epithelial permeability (Meyer et al.,
1996; Tankersley et al., 2003), and this may contribute to the effects. It is also possible that
there were some delayed consequences of the intratracheal instillation procedure. This may
also account for decreases in baseline lung resistance between day 3 and day 14 in iNOS−/−
mice.

Oxidative stress plays a key role in vesicant-induced lung injury and is thought to be a
primary event triggering the inflammatory cascade (Ghanei and Harandi, 2011; Naghii,
2002; Weinberger et al., 2011). Markers of oxidative stress, such as superoxide dismutase,
glutathione, 8-hydroxyguanosine and 4-hydroxynonenal are increased in the respiratory tract
after exposure of animals to vesicants including CEES (Elsayed and Omaye, 2004; Sunil et
al., 2011a; Ucar et al., 2007). Ym1 is a chitinase-like protein reported to be upregulated in
response to oxidative stress (Zhang et al., 2009). Following CEES administration to WT
mice we observed a rapid (within 3 d) and transient increase in expression of Ym1 in
alveolar macrophages and alveolar epithelial cells, which is in accord with an early
induction of oxidative stress by vesicants (Anderson et al., 2000; Ghanei and Harandi, 2011;
Naghii, 2002). Our finding that Ym1 was not evident in iNOS−/− mice 3 d post CEES
administration indicates that RNS contribute to the oxidative stress response. At 14 d post
exposure, Ym1 was expressed by alveolar macrophages in both WT and iNOS−/− mice; this
was more prominent in iNOS−/− mice. Ym1 has been described as marker of anti-
inflammatory/wound repair macrophages and is associated with Th2 skewing (Menzies et
al., 2010; Mosser and Edwards, 2008). The fact that Ym1 expression is markedly increased
in lung macrophages in iNOS−/− mice, and that these cells are significantly enlarged
relative to WT mice, suggests upregulation of pulmonary repair mechanisms. This may
contribute to the reduced sensitivity of iNOS−/− mice to CEES-induced pulmonary toxicity.

TNFα is a macrophage-derived cytokine reported to play a dual role in inflammatory
responses to tissue injury. Thus, whereas early release of TNFα promotes inflammation,
later in the pathogenic response, it contributes to antioxidant defense and wound repair
(Laskin et al., 2011; Saika, 2007). TNFα has previously been reported to be upregulated in
alveolar macrophages within 1 h of CEES exposure (Das et al., 2003), which is consistent
with its proinflammatory effects. This was, however, transient, as the present studies showed
no expression of TNFα 3 d post CEES exposure. In iNOS−/− mice, but not in WT mice,
TNFα mRNA increased in the lung 14 d after CEES administration, which coincided with
increased numbers of Ym1 positive repair macrophages in the tissue. We speculate that
TNFα released by these cells contributes to tissue repair following vesicant exposure. This
is supported by recent reports demonstrating that TNFα protects RAW264.7 macrophages
against sulfur mustard-induced cytotoxicity (Allon et al., 2010). The fact that increased
TNFα was only observed in CEES-treated iNOS−/− mice suggests that in WT mice, the
cytotoxic activity of RNS readily overwhelms the protective effects of TNFα.
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MCP-1 is a pro-inflammatory chemokine that mediates leukocyte emigration into injured
tissues (Chung, 2005; Conti and DiGioacchino, 2001). Although MCP-1 primarily functions
as a monocyte chemoattractant, recent evidence suggests that it also contributes to
neutrophil accumulation in the lung following injury (Balamayooran et al., 2011). MCP-1
has been shown to play a role in lung pathologies which have been described clinically
following vesicant exposure including acute lung injury, bronchitis and chronic obstructive
pulmonary disease (COPD) (Chung, 2005; Ghanei and Harandi, 2011; Weinberger et al.,
2011). MCP-1 mRNA levels were found to increase in lungs of WT mice 3 d after CEES
administration. This was associated with a transient increase in neutrophils in BAL. Similar
coordinate increases in BAL neutrophils and MCP-1 levels have been described in humans
after sulfur mustard exposure (Emad and Emad, 2007; Ghazanfari et al., 2009), and in mice
after CEES administration (Sunil et al., 2011a). Neutrophils are known to participate in both
acute and chronic lung injury (Chapman et al., 2009; Chung, 2005). The fact that increases
in BAL neutrophil number and lung MCP-1 expression were at control levels in iNOS−/−
mice treated with CEES, provide additional support for a role of RNS in initiating vesicant-
induced inflammation.

COX-2 is a key enzyme in the biosynthesis of pro-inflammatory prostaglandins and it has
been shown to be involved in vesicant-induced dermal toxicity (Wormser et al., 2004). In
WT mice, CEES administration resulted in a transient increase in expression of COX-2
mRNA and protein, which is similar to findings in rats treated with sulfur mustard or
nitrogen mustard (Malaviya et al., 2010; Sunil et al., 2011b). At 14 d post CEES exposure,
COX-2 mRNA decreased in WT mice, while protein levels remained elevated. These
findings suggest that at this time, COX-2 is regulated by post translational mechanisms. The
observation that COX-2 is suppressed in CEES-treated iNOS−/− mice indicates that RNS
regulate early increases in prostaglandin production. Interestingly, COX-2 protein was also
upregulated in iNOS−/− mice at 14 d post exposure. Evidence suggests that COX-2-derived
eicosanoids such as prostaglandin J2, generated late in inflammatory responses, are
important in the resolution of tissue injury (Fukunaga et al., 2005). It is possible that in the
absence of RNS, COX-2 derived prostaglandins play a similar protective role in the lung
after CEES administration.

Lcn2 is a member of the lipocalin superfamily which functions in regulating inflammatory
responses to tissue injury and in maintaining cellular homeostasis (Bahmani et al., 2010;
Borkham-Kamphorst et al., 2011). In the lung, Lcn2 is secreted by alveolar macrophages
and epithelial cells in response to injury and oxidative stress (Dittrich et al., 2010; Ebrahimi
et al., 2010; Sunil et al., 2007; Wu et al., 2010). The present studies show rapid increases in
Lcn2 in BAL in both WT and iNOS−/− mice treated with CEES, which is consistent with
acute injury and oxidative stress. Whereas this response was transient in WT mice, in iNOS
−/− mice Lcn2 remained elevated for at least 14 d. Lcn2 has been reported to protect against
oxidative stress by upregulating antioxidants (Bahmani et al., 2010; Roudkenar et al., 2008;
Roudkenar et al., 2009). It remains to be determined if Lcn2 similarly functions to protect
against CEES-induced lung injury in iNOS−/− mice.

The present studies demonstrate that CEES-induced lung inflammation and alveolar
epithelial injury lead to altered lung functioning. However, in WT mice, functional changes
were only observed in response to methacholine challenge, indicating that CEES has little
effect on the structural integrity of the lung. Interestingly, in iNOS−/− mice, CEES
intoxication resulted in increases in central airway resistance 3 d post exposure, and
decreases at 14 d. It is possible that the lack of iNOS-derived nitric oxide leads to increased
smooth muscle tone in the airway, resulting in increased central airway resistance. The fact
that this resistance decreases at 14 d post CEES exposure, with a concomitant loss of
compliance, indicates that there is some degree of parenchymal compromise that only occurs
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at later time points. These findings provide support for the idea that iNOS-derived RNS play
a role in maintaining airway tone and in mediating parenchymal changes in the lung.

Methacholine is potent muscarinic agonist and as such, is an effective bronchoconstrictor
used in animal models to examine hyper-responsiveness of the airway and to assess airway
wall stiffness and parenchymal elasticity (Bates and Lauzon, 2007). As previously reported
(Leme et al., 2010), total lung resistance and central airway resistance increased in both WT
and iNOS−/− mice, while compliance decreased in response to methacholine challenge.
CEES administration to WT mice resulted in increased total lung resistance in association
with decreased lung compliance 3 d post exposure. These observations suggest that CEES-
induced injury and inflammation lead to airflow obstruction and stiffening of the lungs. In
contrast, only minimal changes in central airway resistance and static compliance were
observed at this early time point, indicating that hyper-responsiveness occurs in the lower
airways and results in a loss of parenchymal tethering. Loss of iNOS resulted in a reduced
methacholine response 3 d following CEES administration demonstrating that iNOS-derived
RNS are involved in the response. At 14 d post treatment, a time when much of the
inflammation has resolved in WT mice, the only major functional change was a hyper-
responsive central airway resistance, indicative of upper airway constriction. This response
was also seen in iNOS−/− mice, but accompanied by elevated lung compliance. This
observation is consistent with the apparent increase in reparative processes observed in
iNOS−/− animals. Our findings demonstrate that RNS contribute to increases in airway tone
and parenchymal damage induced by CEES.

In summary, the present studies demonstrate that lung injury, inflammation and oxidative
stress induced by CEES are mediated in part by RNS. These findings are in accord with
previous studies in rats treated with nitrogen mustard using anti-oxidants or the iNOS
inhibitor aminoguanidine (Korkmaz et al., 2006; Ucar et al., 2007; Yaren et al., 2007),
suggesting that it is the absence of iNOS and not differences in biological pathways and
immune function that underlie reduce sensitivity of iNOS−/− mice to CEES. iNOS is also
important in the pathogenesis of pulmonary diseases observed after vesicant exposure, such
as asthma, acute respiratory distress syndrome and COPD (Chen, 2009; Ghanei and Harandi,
2011; Sugiura and Ichinose, 2011). These data suggest that targeting iNOS may be an
efficacious approach to mitigating acute vesicant-induced pulmonary injury and long term
disease pathogenesis.
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Highlights

• Lung injury, inflammation and oxidative stress are induced by the model
vesicant CEES

• RNS generated via iNOS are important in the CEES-induced pulmonary toxicity

• iNOS−/− mice are protected from CEES-induced lung toxicity and altered lung
functioning
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Figure 1.
Effects of loss of iNOS on BAL protein and cell number. BAL was collected 3 d or 14 d
after treatment of WT or iNOS−/− mice with control (PBS) or CEES (6 mg/kg). Left: Cell-
free supernatants were analyzed in triplicate for protein using a BCA protein assay kit.
Right: Viable cells were enumerated by trypan blue due exclusion. Each bar is the average ±
SE (n = 6 mice). *Significantly different (p ≤ 0.05) from control; #Significantly different (p
≤ 0.05) from WT.
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Figure 2.
Effects of loss of iNOS on CEES-induced Ym1 protein expression. Lungs sections, prepared
3 d and 14 d after treatment of WT and iNOS−/− mice with control (PBS) or CEES were
stained with antibody to Ym1. Binding was visualized using a peroxidase DAB substrate kit.
One representative section of the alveolar region from 3 separate experiments is shown
(Original magnification, × 1000).
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Figure 3.
Effects of loss of iNOS on CEES-induced inflammatory gene expression. Lung tissue was
collected 3 d or 14 d after treatment of WT or iNOS−/− mice with control (PBS) or CEES.
RNA was extracted from the tissue, pooled and analyzed in triplicate by real time PCR for
TNFα, MCP-1 and COX-2 gene expression. Data were normalized to GAPDH and
presented as fold change relative to control. Each bar is the average ± SE (n = 3 mice).
*Significantly different (p ≤ 0.05) from control; #Significantly different (p ≤ 0.05) from WT.
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Figure 4.
Effects of loss of iNOS on CEES-induced COX-2 protein expression. Lungs sections
prepared 3 d and 14 d after treatment of WT and iNOS−/− mice with control (PBS) or CEES
were stained with antibody to COX-2. Binding was visualized using a peroxidase DAB
substrate kit. One representative section of the alveolar region from 3 separate experiments
is shown (Original magnification, × 1000).
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Figure 5.
Effects of CEES on BAL Lcn2 protein levels. BAL was collected 3 d or 14 d after treatment
of WT and iNOS−/− mice with control (PBS) or CEES. Samples (2 μg) were analyzed by
western blotting for Lcn2 protein. Each lane represents one animal.
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Figure 6.
Effects of CEES on lung responsiveness to methacholine. Total lung resistance, central
airway resistance, total lung compliance, and static compliance were evaluated in response
to increasing doses of methacholine following exposure of WT and iNOS−/− mice to control
(PBS) or CEES. Values were normalized and expressed as percentage change from baseline.
Each point is the average ± SE (n = 6 mice). *Significantly different (p ≤ 0.05) from control.
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