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Abstract
Nitrogen mustard (NM) is a toxic vesicant known to cause damage to the respiratory tract. Injury
is associated with increased expression of inducible nitric oxide synthase (iNOS). In these studies
we analyzed the effects of transient inhibition of iNOS using aminoguanidine (AG) on NM-
induced pulmonary toxicity. Rats were treated intratracheally with 0.125 mg/kg NM or control.
Bronchoalveolar lavage fluid (BAL) and lung tissue were collected 1 d - 28 d later and lung
injury, oxidative stress and fibrosis assessed. NM exposure resulted in progressive
histopathological changes in the lung including multifocal lesions, perivascular and peribronchial
edema, inflammatory cell accumulation, alveolar fibrin deposition, bronchiolization of alveolar
septal walls, and fibrosis. This was correlated with trichrome staining and expression of
proliferating cell nuclear antigen (PCNA). Expression of heme oxygenase (HO)-1 and manganese
superoxide dismutase (Mn-SOD) was also increased in the lung following NM exposure, along
with levels of protein and inflammatory cells in BAL, consistent with oxidative stress and
alveolar-epithelial injury. Both classically activated proinflammatory (iNOS+ and
cyclooxygenase-2+) and alternatively activated profibrotic (YM-1+ and galectin-3+) macrophages
appeared in the lung following NM administration; this was evident within 1 d, and persisted for
28 d. AG administration (50 mg/kg, 2x/day, 1 d - 3 d) abrogated NM-induced injury, oxidative
stress and inflammation at 1 d and 3 d post exposure, with no effects at 7 d or 28 d. These findings
indicate that nitric oxide generated via iNOS contributes to acute NM-induced lung toxicity,
however, transient inhibition of iNOS is not sufficient to protect against pulmonary fibrosis.
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INTRODUCTION
Sulfur mustard (SM) and nitrogen mustard (NM) are toxic vesicants initially developed as
chemical warfare agents. A major target of both chemicals is the respiratory tract. Following
exposure of humans to SM, both acute (e.g., chest tightness, hacking cough, rhinorrhea) and
chronic (e.g., bronchiolitis, emphysema, lung fibrosis) effects have been reported, which are
major determinants of mortality and long-term morbidity (reviewed in Weinberger et al.,
2011). In animal models pulmonary toxicity resulting from exposure to SM and NM is
comparable (Anderson et al., 2009; Malaviya et al., 2010; Sunil et al., 2011b). SM and NM
are bifunctional alkylating agents. Toxicity results from alkylation and cross linking of
nucleic acids, as well as proteins, lipids and other membrane components. This leads to
DNA damage, impairment of cellular functioning, apoptosis and autophagy (Kehe et al.,
2009; Malaviya et al., 2010; Shakarjian et al., 2010). In addition, both SM and NM deplete
cellular glutathione and suppress antioxidant enzymes including catalase, glutathione
peroxidase, glutathione reductase and superoxide dismutase (SOD) (Laskin et al., 2010a).
These findings, together with reports that antioxidants such as glutathione, catalase,
resveratrol, ebselen, trolox, N-acetylcysteine (NAC), or NAC in combination with mixed
tocopherols, abrogate vesicant-induced lung injury demonstrate that oxidative stress plays an
important role in their pathogenic actions (McClintock et al., 2002; McClintock et al., 2006;
Hoesel et al., 2008; Anderson et al., 2009).

Nitric oxide is generated by inflammatory cells via an inducible isoform of nitric oxide
synthase (iNOS) (reviewed in Laskin et al., 2010b). Nitric oxide and its oxidation products
are highly reactive inducing membrane lipid peroxidation, nitration and hydroxylation of
aromatic amino acid residues and sulfhydryl oxidation of proteins. The cytotoxic effects of
nitric oxide are tightly related to the production of peroxynitrite, a potent oxidant formed by
the interaction of nitric oxide with superoxide anion. The resulting oxidative and nitrosative
stress has been reported to exacerbate tissue injury in response to various pulmonary
toxicants (Laskin et al., 2011; Yao and Rahman, 2011). Exposure of rodents to SM or NM
results in increased expression of iNOS in the lung within 24 h (Ucar et al., 2007; Yaren et
al., 2007; Malaviya et al., 2010; Sunil et al., 2011b). This is associated with endothelial cell
damage, alveolar hemorrhagic edema and inflammatory cell infiltration into the lung (Yaren
et al., 2007; Anderson et al., 2009; Sunil et al., 2011b). Pretreatment of rodents with
aminoguanidine (AG), a specific iNOS inhibitor (Southan and Szabo, 1996), has previously
been shown to reduce acute histopathological changes in the lung induced by NM and
increases in malonaldehyde levels (Yaren et al., 2007). The effects of transient inhibition of
iNOS on the long term pulmonary effects of NM are unknown, and were investigated in the
present studies.

MATERIALS AND METHODS
Animals and Treatments

Male Wistar rats (225 250 g) were purchased from Harlan Laboratories (Indianapolis IN)
and maintained in an AALAC approved animal care facility. Animals were housed in filter
top microisolation cages and provided food and water ad libitum. Animals received humane
care in compliance with the guidelines outlined in the Guide for the Care and Use of
Laboratory Animals, published by the National Institutes of Health. Rats were treated with
PBS or NM (0.125 mg/kg) by intratracheal instillation as previously described (Sunil et al.,
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2011b). NM (mechlorethamine hydrochloride, Sigma-Aldrich, St. Louis, MO) was prepared
immediately before administration. Preparation and instillation of NM, which included the
use of double gloves, safety glasses, and masks, were performed in a designated room under
a chemical hood following Rutgers University Environmental Health and Safety guidelines.
In some experiments, animals were treated (i.p.) twice a day for 1 d or 3 d beginning one
hour prior to NM with 50 mg/kg AG (Sigma-Aldrich, St. Louis, MO). This treatment
protocol was based on the IC50 (5.4 μM) and plasma half-life (1.9 h) of AG (Alderton et al.,
2001), and has previously been reported to be effective in inhibiting iNOS in vivo (Yaren et
al., 2007).

Bronchoalveolar Lavage (BAL) and Tissue Collection
Animals were euthanized by i.p. injection of Nembutal (250 mg/kg) 1 d, 3 d, 7 d or 28 d
after administration of NM or PBS control. BAL was collected by slowly instilling and
withdrawing PBS (10 ml) into the lung through a cannula in the trachea. BAL was
centrifuged (300×g, 8 min), and cell-free supernatants stored at -80 °C until analysis. Cell
pellets were resuspended in 1 ml PBS and cells enumerated using a hemocytometer.
Differential analysis was performed on Giemsa-stained cytospin preparations. 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. For preparation of histological
sections, the left lobe of the lung was perfused with 3% paraformaldehyde in PBS, removed
and fixed in 3% paraformaldehyde overnight at 4°C, and then transferred to 50% ethanol.
The remaining lung lobes were removed and stored at -80°C until analysis.

Histology
Sections (5 μm) were stained with hematoxylin and eosin or Masson’s Trichrome stain, and
examined by light microscopy. Images were acquired using DP controller software (Ver.
3.3.1.292) from Olympus Corporation (Center Valley, PA). The extent of inflammatory
changes including macrophage and neutrophil localization, alterations in alveolar epithelial
barriers, edema, thickening of alveolar septa and fibrosis were assessed blindly by a board
certified veterinary pathologist (LeRoy Hall, PhD, DVM). Semiquantitative grades (0 to 3)
were assigned to specimens, with grade 0 indicating no changes; grade 1, minimal or small
changes; grade 2, medium changes, and grade 3, moderate to extensive changes, relative to
PBS controls. Images were also acquired at high resolution using a NanoZoomer 2.0-RS
system (Hamamatsu, Japan).

Antibodies
Rabbit polyclonal anti-heme oxygenase (HO)-1 and anti-Mn-SOD antibodies were from
Assay Designs (Ann Arbor, MI). Rabbit polyclonal anti-proliferating cell nuclear antigen
(PCNA), anti-cyclooxygenase (COX)-2 and anti-iNOS antibodies were from Abcam Inc.
(Cambridge, MA). Primary goat polyclonal anti-galectin-3 antibody was from R & D
Systems (Minneapolis, MN), and rabbit polyclonal anti-YM-1 antibody from Stemcell
Technologies (Vancouver, Canada).

Immunohistochemistry
Paraffin sections (5 μm) were deparaffinized and endogenous peroxidase quenched using
3% hydrogen peroxide diluted in methanol. Antigen retrieval was performed by boiling the
specimens for 10 min in 10 mM sodium citrate buffer (pH 6.0) containing 0.05% Tween-20.
To block nonspecific binding, sections were incubated for 1- 2 h at room temperature in
buffer (Tris-buffered saline/Tween 20 containing goat or rabbit serum). Sections were then
incubated overnight at 4°C in a humidified chamber with primary antibody or the
appropriate IgG control diluted in blocking buffer, followed by incubation at room
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temperature for 30 min with biotinylated secondary antibody (Vectastain Elite ABC kit,
Vector Labs, Burlingame, CA). Binding was visualized using an avidin-biotyinylated
enzyme complex (Vectastain Elite ABC kit) with 3, 3’-diaminobenzidine (DAB) as the
substrate (Vector Labs).

Statistical Analysis
Experimental treatment groups consisted of a minimum of 3-4 animals. Data were analyzed
using two-way ANOVA. The two independent variables in our studies were: treatment
(Control ± AG and NM ± AG) and time (1 d, 3 d, 7 d, 28 d). A p value of ≤ 0.05 was
considered statistically significant.

RESULTS
Effects of AG on NM-induced Lung Histopathology

Treatment of rats with NM resulted in multifocal lesions characterized by perivascular and
peribronchial edema, blood vessel hemorrhage, inflammatory cell infiltrates, and luminal
accumulation of cellular debris, which was evident within 1 d (Fig. 1, panels D - F).
Increased numbers of alveolar macrophages and neutrophils (Fig. 1, panels D - O),
extravasation of red blood cells and fibrin deposits were also observed, which persisted for
at least 28 days (Fig. 1, panels H and L). The bronchial epithelium became hyperplastic and
exhibited plying of epithelial cells (Fig 1, panel I). NM also induced multifocal hyperplasia
in the lung parenchyma, as well as hyperplasia and hypertrophy of goblet cells in the
bronchial wall, an effect that was most prominent 3 d after exposure (Fig. 1, panels G and
H). Patchy mild thickening of alveolar septa was visible at 3 d and 7 d post-exposure,
characterized by increased numbers of mononuclear cells, neutrophils and macrophages
(Fig. 1, panels D - O). At these times prominent trichrome staining in the alveolar septal
wall and peribronchiolar region was apparent (Fig. 2). These deposits were mainly localized
within inflammatory lesions with a few areas exhibiting organized fibrin deposits. At 28 d
post NM exposure, multiple areas of fibrosis containing collagen fibers were observed
around airways and bronchioles (Fig. 1, panels M and N). This was correlated with the
appearance of foamy macrophages and neutrophils in the lung which occluded the alveoli.
Neutrophils, eosinophils, fibroblasts and lymphocytes were also present within the thickened
alveolar septa (Fig. 1, panels N and O). Bronchiolization, a phenomenon of ingrowth of
cuboidal cells lining adjacent bronchioles to alveoli which form a tube like alveolar
structure, was observed in lungs of NM treated animals beginning at 3 d and persisting for
28 d (Fig. 1, panels H, I and N). Erythrophagocytosis, fibroplasia, squamous metaplasia of
the bronchial wall and emphysema-like changes in the alveolar tissue were also evident 3 d,
7 d and 28 d after NM exposure (Fig. 1, panels K - O). Multifocal hyperplasia and
bronchiolization were correlated with increased expression of the proliferation marker,
PCNA, which was most notable 3 d post exposure; PCNA expression in epithelial cells was
mainly identified within bronchiolized alveolar wall (Fig. 3).

Treatment of animals with AG significantly reduced NM-induced structural alterations in
the lung; however, these effects were only noted 1 d and 3 d post NM exposure during the
course of AG treatment (Fig. 4 and not shown). Thus, at these post-exposure times, NM-
induced thickening of the alveolar septal and bronchial walls and inflammatory cell
infiltration were blunted by AG; fewer deposits of plasma proteins including fibrin were also
noted in lung parenchyma, along with reduced edema, bronchoalveolar hyperplasia,
hypertrophy, bronchial degeneration, necrosis, and numbers of goblet cells (Fig. 4). AG
treatment of rats also mitigated NM-induced fibroplasia and squamous metaplasia. This was
correlated with reduced trichrome staining (Fig. 2) and decreased PCNA expression (Fig. 3).
In contrast, AG had no effect on NM-induced histopathologic alterations, trichrome staining
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or PCNA expression in the lung at 7 d or 28 d post exposure (data not shown). AG by itself
also had no effect on lung histology.

To further assess NM-induced alveolar epithelial damage, we measured protein
accumulation in BAL. In accord with our histologic findings of structural damage and
inflammation, NM exposure resulted in significant increases in BAL protein which peaked
at 3 d (Fig. 5, upper panel). BAL cell number also increased significantly after NM. As
observed with BAL protein, this was most notable 3 d post exposure (Fig. 5, lower panel).
Differential analyses revealed that in control animals, BAL cells were >98% macrophages.
Following NM exposure, the percentage of BAL neutrophils increased from 0.3 ± 0.2 to
14.7 ± 2.1 (mean ± SE) at 3 d. Treatment of animals with AG inhibited NM-induced
increases in BAL protein at 1 d, whereas a reduction in BAL cell number was observed at 1
d and 3 d post NM exposure (Fig. 5, lower panel). AG also suppressed BAL protein and cell
number in control animals.

Effects of AG on NM-induced Oxidative Stress, Lung Macrophages and Inflammatory
Mediator Expression

In further studies we analyzed the effects of AG on NM-induced expression of enzymes
important in protecting the lungs from oxidative stress including HO-1 and Mn-SOD
(Rahman et al., 2006). In control rats, HO-1 and Mn-SOD were detected in alveolar
macrophages; some type II cells also expressed Mn-SOD (Figs. 6 and 7). Treatment of rats
with NM resulted in increased numbers of alveolar macrophages expressing HO-1. This was
observed 3 d, 7 d and 28 d post exposure (Fig. 6). NM also upregulated Mn-SOD in alveolar
macrophages and type II cells at 7 d and 28 d post exposure (Fig. 7). AG treatment reduced
the effects of NM on macrophage expression of HO-1 at 3 d post exposure, with no effects
at 7 d or 28 d, or on constitutive HO-1 expression (Fig. 6). AG also had no effect on NM-
induced expression of Mn-SOD at 7 d and 28 d post exposure.

We next examined the effects of AG on NM-induced expression of iNOS and COX-2,
proinflammatory mediators implicated in lung injury and markers of classically activated
macrophages (Laskin et al., 2011). In control rats, low level expression of both iNOS and
COX-2 was noted in alveolar macrophages, as well as type II cells (Figs. 8 and 9). NM
exposure resulted in a marked increase in iNOS+ macrophages in the lung beginning at 1 d
and persisting for 28 d (Fig. 8). NM also upregulated iNOS expression in type II cells. A
time related increase in COX-2+ macrophages was also observed in the lung which was
most prominent 7 d post NM exposure (Fig. 9). Treatment of the animals with AG
suppressed the accumulation of iNOS+ and COX-2+ macrophages in the lung at 3 d and 7 d
post NM exposure (Figs. 8, 9 and not shown); no effects were observed in PBS exposed
controls or at 28 d post NM (data not shown).

Accumulating evidence suggests that alternatively activated macrophages contribute to
fibrogenesis (reviewed in Laskin et al., 2011). In further studies we determined if NM
exposure was associated with an accumulation of these macrophages in the lung. YM-1 and
galectin-3 have been identified as markers of alternatively activated macrophages (Misson et
al., 2004; Henderson et al., 2008; Lopez-Navarrete et al., 2011). Following NM exposure,
increases in YM-1+ and galectin-3+ macrophages were observed in the lung (Figs. 10 and
11). While galactin-3+ macrophages appeared within 1 d of NM exposure, YM-1+

macrophages were noted after 3 d. Both macrophage populations persisted in the lung up to
28 d. Macrophages staining for YM-1 or galectin-3 were larger in size relative to
macrophages in control lungs; this became more pronounced with time. By 28 days post
NM, YM-1+ and galectin-3+ macrophages also exhibited a foamy appearance. Treatment of
rats with AG resulted in a significant decrease in YM-1+ and galectin-3+ macrophages in the
lung at 3 d post NM exposure (Figs. 10 and 11), with no effect at 7 d or 28 d (not shown).
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AG alone also had no effect on expression of YM1 or galectin-3 in lung macrophages (not
shown).

DISCUSSION
RNS generated via iNOS have been implicated in numerous pulmonary inflammatory
pathologies (Laskin et al., 2011; Sugiura and Ichinose, 2011). iNOS is rapidly upregulated in
the lung following vesicant exposure (Ucar et al., 2007; Yaren et al., 2007; Gao et al., 2008;
Malaviya et al., 2010; Sunil et al., 2011a; Sunil et al., 2011b), suggesting that inhibition of
this enzyme and the production of RNS may be effective in mitigating acute injury and
inflammation. In this regard, previous studies have shown that transient inhibition of nitric
oxide or peroxynitrite production attenuates the acute effects of NM on lung oxidative stress
and histopathologic changes (Ucar et al., 2007; Yaren et al., 2007). In the present studies, we
extended these findings, assessing the effects of transient iNOS inhibition on lung
inflammation, macrophage activation and fibrosis.

NM exposure was associated with progressive histopathologic changes in the lung which
were evident within 1 d and persisted for at least 28 d. Similar persistent histological
changes have been described in the lung up to 14 d after exposure of rodents to NM, as well
as SM (Calvet et al., 1994; Ucar et al., 2007; Yaren et al., 2007; Sunil et al., 2011b). A
unique finding in our studies was bronchiolization of the alveolar septal wall. This
pathogenic response has also been noted in the lung after exposure of animals to fibrogenic
agents such as bleomycin or nickel (Wehner et al., 1984; Kawamoto and Fukuda, 1990; Kim
et al., 2009), suggesting that it may be important in the development of fibrosis. Disruption
of the alveolar epithelial barrier results in leakage of albumin, fibrin and plasma proteins
into alveolar regions of the lung (Bhalla, 1999). In accord with previous reports (Sunil et al.,
2011b), we observed a rapid (within 1 d) increase in BAL protein in the lung following NM
exposure confirming alveolar epithelial cell injury. The observation that protein levels
remained elevated for up to 7 d suggests that repair processes are delayed. This is supported
by our findings of a persistent increase in inflammatory cells in BAL and in histologic
sections, as well as fibrin and plasma deposits in alveolar epithelial regions of the lung after
NM exposure.

Consistent with NM-induced fibroplasia and bronchiolization, an increase in expression of
the proliferation marker, PCNA was noted in epithelial cells 3 d post exposure; some
subepithelial cells also expressed PCNA. Comparable increases in PCNA staining have been
described in rodents exposed to the half mustard, 2-chloroethyl ethyl sulfide (CEES)
(Mukhopadhyay et al., 2009). Interestingly, increased PCNA staining was also detected in
epithelial cells and some alveolar macrophages 28 d post NM, a time coordinate with
significant thickening of the alveolar septae, along with multiple fibrotic foci. At this time,
morphologically flat squamous appearing PCNA+ epithelial cells were evident mainly lining
fibrotic foci. A similar staining pattern of squamous epithelial cells has been reported in rat
lung during the pathogenesis of bleomycin-induced fibrosis (Kim et al., 2009). The flat
squamous PCNA positive cells surrounding fibrotic foci may be important in growth of
fibrotic tissue in the lung.

Evidence suggests that oxidative stress plays a role in vesicant-induced pulmonary toxicity
(Mukhopadhyay et al., 2006; Hoesel et al., 2008; Anderson et al., 2009; Gould et al., 2009;
Shohrati et al., 2010; Weinberger et al., 2011). A characteristic response of cells and tissues
to oxidative stress is upregulation of HO-1, a phase II stress response enzyme with
antioxidant and antiinflammatory activity (Otterbein et al., 1999; Rahman et al., 2006). We
observed a persistent induction of HO-1 in lung macrophages beginning 3 d after NM
exposure. Analogous increases in HO-1 have been described in lung macrophages after SM
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inhalation (Malaviya et al., 2010). Our findings that HO-1 expression was predominantly
localized in lung macrophages suggest that these cells may be a significant source of
cytotoxic oxidants. NM intoxication was also associated with increases in Mn-SOD
expression in lung macrophages, as well as epithelial cells; however this was delayed
relative to HO-1 becoming most pronounced 28 d post exposure. These data indicate that
NM-induced oxidative stress is persistent.

Classically activated proinflammatory macrophages have been implicated in lung injury
induced by pulmonary toxicants (reviewed in Laskin et al., 2011). These cells release
mediators such as nitric oxide and prostaglandin E2 which promote oxidative stress and
inflammation. We found that iNOS and COX-2, enzymes regulating the synthesis of RNS
and eicosanoids, respectively, were upregulated in macrophages within 1 d of NM
intoxication, suggesting that they are classically activated. Interestingly, macrophages
expressing these markers persisted in the lung for at least 28 d post exposure, indicating that
NM-induced injury and oxidative stress involves prolonged proinflammatory macrophage
activity. Lung epithelial cells also stained positively for iNOS and COX-2 following NM
exposure. As observed with macrophages, this was evident at all post-exposure time points.
These data are consistent with findings that both cell types have the capacity to the generate
RNS and eicosanoids in the lung following injury (Punjabi et al., 1994; Tasaka et al., 2008;
Laskin et al., 2011). Increases in expression of iNOS and COX-2 have been described in
lungs of patients with idiopathic pulmonary fibrosis (Saleh et al., 1997; Lappi-Blanco et al.,
2006). These findings, together with reports that suppressing iNOS or COX-2 mitigates the
development of silica- or bleomycin-induced lung fibrosis in rodents, suggest that products
of these enzymes contribute to the fibrogenic process (Giri et al., 2002; Arafa et al., 2007;
Kalayarasan et al., 2008). Our observation that AG treatment of rats reduced NM-induced
PCNA expression, fibroplasia and collagen deposition at 3 d post exposure are in accord
with this idea.

Macrophages are also known to play an important role in the resolution of inflammatory
responses. This activity is mediated by a distinct subpopulation of macrophages that are
alternatively activated (reviewed in Laskin et al., 2011). Exaggerated responses of
alternatively activated macrophages are thought to contribute to the development of fibrosis.
Following NM intoxication, we observed rapid increases (within 1-3 d) in the number of
lung macrophages expressing YM-1 and galectin-3, markers of alternatively activated
macrophages, suggesting that the process of fibrosis begins early in the pathogenic process.
This is supported by our findings that the appearance of YM-1+ and galectin-3+

macrophages in the lung correlated with increases in fibroplasia at 3 d post NM, and
collagen deposits around bronchioles and alveolar septae after 7 d; by 28 d multiple fibrotic
foci with mature collagen were evident around the airways distorting the normal
parenchymal structure. At this time, macrophages expressing YM-1 and galectin-3
occluding the alveoli were prominent. Additionally, these cells were markedly increased in
size and exhibited a foamy appearance, which is consistent with the morphology of
profibrotic macrophages (Wang and Lyerla, 2010). Galectin-3 has been linked to the
promotion of collagen synthesis by fibroblasts, and the development of fibrosis in liver,
kidney and lung (Misson et al., 2004; Nishi et al., 2007; Henderson et al., 2008; Lopez-
Navarrete et al., 2011). High levels of galectin-3 have also been detected in BAL from
patients with idiopathic pulmonary fibrosis and interstitial pneumonia (Nishi et al., 2007).
Further studies are required to assess whether galactin-3 plays is also involved in NM-
induced fibrosis.

AG is an analog of L-arginine that competitively binds to iNOS, inhibiting the synthesis of
nitric oxide (Southan and Szabo, 1996). AG administration has been reported to mitigate the
severity of pathological changes attributed to excess production of RNS in a number of
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inflammatory conditions including allergic asthma, ischemia/reperfusion induced lung injury
and fibrosis (Giri et al., 2002; Landgraf et al., 2005; Yeh et al., 2008). We found that
transient inhibition of iNOS using AG reduced histopathological changes in the lung
induced by NM at 1 d and 3 d post exposure. Thus, decreases in both the extent and the
severity of early lung injury were observed. We also noted less edema, alveolar hemorrhage
and inflammatory cell infiltration into the lung in AG-treated rats which is in accord with
previous studies (Ucar et al., 2007; Yaren et al., 2007). This was correlated with attenuation
of NM-induced increases in BAL cell number and protein. These data, together with recent
reports that iNOS-/- mice are protected from lung injury induced by the half mustard, CEES
(Sunil et al., 2012), provide support for the idea that RNS participate in the early pathogenic
response to vesicants. Interestingly, AG was also found to reduce BAL protein and cell
content in control animals. This may be due to the ability of AG to scavenge free radicals
and consequently, stabilize the alveolar epithelial barrier (Courderot-Masuyer et al., 1999).

AG treatment has been reported to attenuate NM-induced oxidative stress in the lung, as
measured by decreases in lung malonaldehyde and urinary nitrite and nitrate levels (Yaren et
al., 2007). Consistent with these findings, we observed that NM-induced HO-1 expression
was suppressed in lung macrophages following AG administration. We also found that the
number of iNOS+ lung macrophages was decreased, a response which persisted for 7 d.
These data confirm that early oxidative stress induced by NM involves RNS. Our findings
that AG treatment suppressed iNOS may also be due to feedback inhibition (Cooper, 1999).
In contrast, treatment of rats with AG had no effect on expression of Mn-SOD. This is most
likely due to the fact that expression of Mn-SOD was delayed for 7 d post NM, a time when
AG administration had already been discontinued. AG treatment was also found to suppress
NM-induced increases in COX-2+ macrophages in the lung at 3 d and 7 d post exposure.
Decreases in both COX-2+ and iNOS+ proinflammatory macrophages in lungs of AG treated
mice are in accord with reduced tissue injury in these animals. Previous reports
demonstrated that AG inhibits COX-2 expression in rat models of lung infection and injury
(Md et al., 2005; Natarajan et al., 2007). It remains to be determined if nitric oxide generated
via iNOS plays a similar role in regulating COX-2 expression following NM exposure.

Early increases in hyperplasia, as measured by PCNA and fibrogenesis, were also
suppressed by transient iNOS inhibition with AG. This was correlated with reduced numbers
of YM-1+ and galectin-3+ profibrotic macrophages in the lung. Antioxidants have been
reported to inhibit proliferation of cells within hyperplastic lesions, collagen accumulation,
and the development of fibrotic lesions in the lung following exposure to bleomycin or to
CEES (Ikezaki et al., 1996; Giri et al., 2002; Hoesel et al., 2008). Our findings provide
additional support for a role of oxidative stress in fibroplasia and the development of lung
fibrosis (Kliment and Oury, 2010). Reduced levels of PCNA expression in AG-treated
animals indicates that RNS contribute to proliferative responses in the lungs of NM-exposed
rats.

Vesicant exposure involves both acute and long term pathologic consequences. Our studies
provide evidence of persistent activation of macrophages, epithelial cells and fibroblasts in
the lungs of rats following a single acute NM exposure, which is in accord with findings in
humans exposed to SM (Weinberger et al., 2011). Moreover, the acute pulmonary effects of
NM intoxication can be mitigated by transient inhibition of iNOS; in contrast the longer
term consequences were unaffected. Further studies are required to determine if continuous
inhibition of iNOS is effective in mitigating lung fibrosis induced by NM.
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Highlights

• Nitrogen Mustard (NM) induces acute lung injury and fibrosis.

• Pulmonary toxicity is associated with increased expression of iNOS.

• Transient inhibition of iNOS attenuates acute lung injury induced by NM.
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Figure 1. Histopathological changes in rat lung following NM exposure
Lung sections, prepared 1 d (D-F), 3 d (G-I), 7 d (J-L) and 28 d (M-O) after exposure of rats
to NM (0.125 mg/kg) or PBS control (CTL; A-C), were stained with H & E. Arrowheads,
bronchiolization of alveolar septal wall; arrows, goblet cell hyperplasia and
hyperproliferation; e, perivascular edema; d, cell debris; em, emphysema; m, metaplasia; f,
fibrin deposits; fib, fibrosis. Original magnification, 2x (A, D, G, J, M); 10x (B, E, H, K, N);
20x (C, F, I, L, O). Representative sections from 3-4 rats/treatment group are shown.
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Figure 2. Effects of AG on NM-induced collagen deposition in the lungs
Lung sections, prepared 1 d, 3 d, 7 d and 28 d after exposure of rats to PBS control (CTL) or
NM, or 3 d after NM + AG, were stained with Masson’s trichrome stain. Arrows indicate
collagen deposits in alveolar wall. Original magnification, 40x. Representative sections from
3-4 rats/treatment group are shown.
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Figure 3. Effects of AG on NM-induced cell proliferation in the lung
Lung sections, prepared 1 d, 3 d, 7 d and 28 d after exposure of rats to PBS control (CTL) or
NM, or 3 d after NM + AG, were stained with antibody to PCNA. Binding was visualized
using a Vectastain kit. Arrowheads, epithelial cells; arrows, alveolar macrophages. Original
magnification, 60x. Representative sections from 3 rats/treatment group are shown.
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Figure 4. Effects of AG on NM-induced structural alternations in the lung
Upper and middle panels. Lung sections, prepared 3 d after treatment of rats with PBS
control (CTL), NM, or NM + AG (NM/AG), were stained with H & E. Images were
acquired using a NanoZoomer 2.0-RS scanner. Original magnification, 0.65x (top panel);
20x (middle panel). Lower panel. Lung sections were scored for histopathologic changes.
PBS control (CTL) = zero for all parameters assessed. Each bar is the mean ± SE (n = 4 rats/
treatment group). *Significantly (p ≤ 0.05) different from NM; ND, not detectable.
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Figure 5. Effects of AG on BAL cell and protein content
BAL was collected 1 d, 3 d, 7 d and 28 d after treatment of rats with PBS control (CTL),
NM, or NM + AG. Each bar is the mean ± SE (n = 3-16 rats/treatment group). aSignificantly
(p ≤ 0.05) different from CTL; bSignificantly (p ≤ 0.05) different from NM.
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Figure 6. Effects of AG on NM-induced HO-1 expression
Lung sections, prepared 1 d, 3 d, 7 d and 28 d after exposure of rats to PBS control (CTL) or
NM, or 3 d after NM + AG, were stained with antibody to HO-1. Binding was visualized
using a Vectastain kit. Arrows indicate alveolar macrophages. Original magnification, 60x.
Representative sections from 3 rats/treatment group are shown.
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Figure 7. Effects of AG on NM-induced Mn-SOD expression
Lung sections, prepared 1 d, 3 d, 7 d and 28 d after exposure of rats to PBS control (CTL) or
NM, or 3 d after NM + AG, were stained with antibody to Mn-SOD. Binding was visualized
using a Vectastain kit. Arrowheads, epithelial cells; arrows, alveolar macrophages. Original
magnification, 60x. Representative sections from 3 rats/treatment group are shown.
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Figure 8. Effects of AG on NM-induced iNOS expression
Lung sections, prepared 1 d, 3 d, 7 d and 28 d after exposure of rats to PBS control (CTL) or
NM, or 3 d after NM + AG, were stained with antibody to iNOS. Binding was visualized
using a Vectastain kit. Arrowheads, epithelial cells; arrows, alveolar macrophages. Original
magnification, 60x. Representative sections from 3 rats/treatment group are shown.
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Figure 9. Effects of AG on NM-induced COX-2 expression
Lung sections, prepared 1 d, 3 d, 7 d and 28 d after exposure of rats to PBS control (CTL) or
NM, or 3 d after NM + AG, were stained with antibody to COX-2. Binding was visualized
using a Vectastain kit. Arrowheads, epithelial cells; arrows, alveolar macrophages. Original
magnification, 60x. Representative sections from 3 rats/treatment group are shown.
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Figure 10. Effects of AG on NM-induced YM-1 expression in the lung
Lung sections, prepared 1 d, 3 d, 7 d and 28 d after exposure of rats to PBS control (CTL) or
NM, or 3 d after NM + AG, were stained with antibody to YM-1. Binding was visualized
using a Vectastain kit. Arrows indicate alveolar macrophages. Original magnification, 60x.
Representative sections from 3 rats/treatment group are shown.
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Figure 11. Effects of AG on NM-induced galectin-3 expression in the lung
Lung sections, prepared 1 d, 3 d, 7 d and 28 d after exposure of rats to PBS control (CTL) or
NM, or 3 d after NM + AG, were stained with antibody to galectin-3. Binding was
visualized using a Vectastain kit. Arrows indicate alveolar macrophages. Original
magnification, 60x. Representative sections from 3 rats/treatment group are shown.
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