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Abstract
Nitrogen mustard is a vesicant that causes damage to the respiratory tract. In these studies, we
characterized the acute effects of nitrogen mustard on lung structure, inflammatory mediator
expression, and pulmonary function, with the goal of identifying mediators potentially involved in
toxicity. Treatment of rats (male Wistar, 200–225 g) with nitrogen mustard (mechlorethamine
hydrochloride, i.t., 0.25 mg/kg) resulted in marked histological changes in the respiratory tract,
including necrotizing bronchiolitis, thickening of alveolar septa, and inflammation which was
evident within 24 h. This was associated with increases in bronchoalveolar lavage protein and
cells, confirming injury to alveolar epithelial regions of the lung. Nitrogen mustard administration
also resulted in increased expression of inducible nitric oxide synthase and cyclooxygenase-2, pro-
inflammatory proteins implicated in lung injury, in alveolar macrophages and alveolar and
bronchial epithelial cells. Expression of connective tissue growth factor and matrix
metalloproteinase-9, mediators regulating extracellular matrix turnover was also increased,
suggesting that pathways leading to chronic lung disease are initiated early in the pathogenic
process. Following nitrogen mustard exposure, alterations in lung mechanics and function were
also observed. These included decreases in baseline static compliance, end-tidal volume and
airway resistance, and a pronounced loss of methacholine responsiveness in resistance, tissue
damping and elastance. Taken together, these data demonstrate that nitrogen mustard induces
rapid structural and inflammatory changes in the lung which are associated with altered lung
functioning. Understanding the nature of the injury induced by nitrogen mustard and related
analogs may aid in the development of efficacious therapies for treatment of pulmonary injury
resulting from exposure to vesicants.

Keywords
Nitrogen mustard; iNOS; COX-2; CTGF; MMP-9; Lung function

© 2010 Elsevier Inc. All rights reserved.
*Corresponding author. Department of Pharmacology and Toxicology, Rutgers University, Ernest Mario School of Pharmacy, 160
Frelinghuysen Road, Piscataway, NJ 08854, USA. Fax: +1 732 445 2534.

NIH Public Access
Author Manuscript
Toxicol Appl Pharmacol. Author manuscript; available in PMC 2014 March 14.

Published in final edited form as:
Toxicol Appl Pharmacol. 2011 January 1; 250(1): 10–18. doi:10.1016/j.taap.2010.09.016.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Introduction
Bifunctional alkylating agents including sulfur mustard and nitrogen mustard were first
synthesized for use in chemical warfare in the early part of the 20th century (Smith et al.,
1995; Wattana and Bey, 2009). Although nitrogen mustard was never used in combat, it was
stockpiled during World War II. Subsequently, nitrogen mustard and related analogs were
developed as anticancer agents, and they remain a major therapeutic approach for treating
lymphoma, as well as lung and breast cancer (Colvin and Hait, 2010). Nitrogen mustard,
like sulfur mustard, is a potent vesicant, that causes severe and debilitating damage to target
organs (Shakarjian et al., 2010; Wang and Xia, 2007). The lung appears to be particularly
susceptible to the effects of these vesicants and pulmonary toxicity is the major cause of
mortality and long-term morbidity (Ghanei and Harandi, 2007). Toxicity is thought to be
initiated by DNA cross-linking resulting in DNA damage. However, it has been suggested
that oxidative and nitrosative stress play a role in the pathogenic process (Korkmaz et al.,
2006). This is supported by findings that exposure to mustards results in rapid depletion of
glutathione and other cellular antioxidants, key events in lipid, protein, and DNA damage,
and that lung injury induced by these agents is ameliorated in animals by treatment with
antioxidants (Kumar et al., 2001; McClintock et al., 2002; Ucar et al., 2007; Wigenstam et
al., 2009; Yaren et al., 2007).

Accumulating evidence suggests that inflammatory macrophages contribute to oxidative
stress and toxicity associated with exposure to pulmonary irritants, and they may play a
similar role in the pathogenic response to nitrogen mustard (Laskin et al., 2011). Data
demonstrating that exposure of rodents to nitrogen mustard are associated with a marked
inflammatory response in the lung and that anti-inflammatory corticosteroids protect against
vesicant-induced toxicity are consistent with this idea (Wigenstam et al., 2009). The specific
inflammatory mediators released in the lungs after nitrogen mustard exposure and their
impact on pulmonary functioning are unknown. Activated macrophages generate a number
of mediators that have been implicated in oxidative stress and tissue injury including
reactive oxygen and nitrogen species, eicosanoids, and proteolytic enzymes as well as pro-
inflammatory cytokines and growth factors (Laskin, 2009; Laskin et al., 2010a, 2011).
Aberrant or excessive production of these inflammatory products can lead to chronic
inflammation and fibrosis, two long-term consequences of nitrogen mustard intoxication
(Dusenbery et al., 1988).

In the present studies, we characterized pulmonary injury, inflammation, and functional
responses of rats to mechlorethamine hydrochloride, a prototypical nitrogen mustard.
Identification of inflammatory mediators released following exposure to vesicants and
potential functional consequences may be useful in developing efficacious pharmacologic
approaches to mitigating the toxicity of these agents.

Materials and methods
Animals and treatments

Male specific pathogen-free Wistar rats (200–225 g) were obtained from Harlan
Laboratories (Indianapolis IN). 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 tilting 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 4-mm speculum attached to an
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operating head of an otoscope (Welch Allyn, Skaneateles Falls, NY). Nitrogen mustard
(mechlorethamine hydrochloride, Sigma-Aldrich, St. Louis, MO) was administered via Clay
Adams Intramedic PE-60 (I.D. 0.76 mm, O.D. 1.22 mm) polyethylene tubing (Becton,
Dickinson and Co., Franklin Lakes, NJ) attached to a 20-gauge hypodermic needle. The
tubing was advanced approximately 20 mm past the epiglottis, and 0.1 ml of sterile PBS or
nitrogen mustard prepared in PBS immediately before use was 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). In preliminary studies, dose response (1–0.25 mg/kg) and
time course (1, 3, and 7 days post-exposure) experiments were performed with nitrogen
mustard. We found that mortality was >75% 1 day after administration of nitrogen mustard
at doses greater than 0.25 mg/kg. Therefore, in all subsequent studies, a dose of 0.25 mg/kg
nitrogen mustard and a post-exposure time of 1 day were used. At this dose and time, all
animals survived and appeared clinically normal. Preparation and instillation of nitrogen
mustard, 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.

Sample collection
Animals were euthanized by intraperitoneal injection of Nembutal (250 mg/kg). PBS (10
ml) was instilled into the lungs through a cannula in the trachea. Bronchoalveolar lavage
(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 of BAL cells 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 (BSA) as the standard.
Samples (25 μl) were analyzed in triplicate and plates evaluated at 560 nm on a Vmax
MAXline™ microplate reader (Molecular Devices, Sunnyvale, CA).

Histology
Lungs were perfused, removed, fixed in 3% paraformaldehyde in PBS for 4 h on ice, and
then transferred to 50% ethanol. The lung was cut longitudinally into anterior, middle, and
posterior sections. Histological sections (4 μm) were stained with hematoxylin and eosin.
Specimens were analyzed by light microscopy using an Olympus BX51 microscope
(Olympus America Inc., Center Valley, PA). The extent of inflammatory changes including
macrophage and neutrophil localization, alterations in alveolar epithelial barriers, and
edema, were assessed blindly by a veterinary pathologist (Sherritta Ridgely, D.V.M., Ph.D.).
Sections from three rats per treatment group were evaluated.

Immunohistochemistry
Tissue sections were deparaffinized. 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 with 10% rabbit serum (room temperature, 1 h) to
block nonspecific binding. This was followed by overnight incubation at 4 °C with rabbit
IgG or polyclonal anti-inducible nitric oxide synthase (iNOS, 1:150), polyclonal anti-
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cycloxygenase-2 (COX-2, 1:400), polyclonal anti-connective tissue growth factor (CTGF,
1:200) or monoclonal anti-matrix metalloproteinase-9 (MMP-9, 1:150) antibody (Abcam,
Cambridge, MA). 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). Sections from three rats per treatment
group were analyzed for each antibody.

Measurement of lung mechanics and function
Animals were anesthetized with ketamine (80 mg/kg) and xylazine (10 mg/kg). After 5 min,
tracheotomy was performed using a 15-gauge cannula, the animals attached to a SciReq
flexiVent (Montreal, Canada), and baseline lung mechanics and function assessed. 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 3–4 times. Data were analyzed using Student’s t-test; a p
value ≤0.05 was considered statistically significant.

Results
Effects of nitrogen mustard on lung histology and BAL protein and cell content

Fig. 1 shows representative regions of bronchioles and alveoli from anterior, middle, and
posterior longitudinal sections of the lung. Nitrogen mustard exposure resulted in moderate
to severe histological changes in the lung relative to control (Fig. 1, upper panels A, E, and
I), which were observed throughout the tissue, indicating uniformity of the injury (Fig. 1,
upper panels B–D, F–H, and J–L). These changes included a marked accumulation of
neutrophils and macrophages in peribronchiolar regions of the lung, as well as in alveolar
spaces, vessels, and perivascular interstitium. Alveolar macrophages were also increased in
size following exposure of animals to nitrogen mustard (Fig. 1, lower panels). Multifocal
thickening of alveolar septa (Fig. 1, upper panels F, G, and H) and necrotizing bronchiolitis
were also evident, along with necrotic debris in the bronchioles (Fig. 1, upper panels J, K,
and L). Exposure of rats to nitrogen mustard also resulted in a six-fold increase in protein in
BAL indicating that histological changes were accompanied by damage to the alveolar
epithelial barrier (Fig. 2, upper panel). Additionally, a three-fold increase in the number of
BAL cells was observed after nitrogen mustard exposure (Fig. 2, lower panel). Whereas in
control animals, >99% of BAL cells were alveolar macrophages and <0.3% neutrophils,
following nitrogen mustard exposure, neutrophil content increased to 6.3±0.9%.

Effects of nitrogen mustard on expression of pro-inflammatory and pro-fibrotic mediators
Expression of iNOS and COX-2, two pro-inflammatory mediators implicated in lung injury
(Laskin et al., 2010b, 2011), was next assessed. Low background levels of these proteins
were observed in lungs of control animals, predominantly in epithelial cells of terminal
bronchioles (Fig. 3). Nitrogen mustard administration resulted in a marked upregulation of
both iNOS and COX-2. This was evident in alveolar macrophages as well as in alveolar and
bronchial epithelial cells (Fig. 3). COX-2 staining was particularly pronounced in areas of
thickened airway epithelium, presumably one of the major sites of nitrogen mustard-induced
injury.

MMPs and transforming growth factor (TGF) β regulate extracellular matrix turnover, a key
step in tissue remodeling and fibrosis following injury (Crosby and Waters, 2010). One
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downstream target of TGFβ is CTGF, an extracellular matrix associated protein that directly
stimulates collagen production (Tall et al., 2010). In further studies, we analyzed the effects
of nitrogen mustard on expression of MMP-9 and CTGF. Low level expression of both of
these proteins was evident in alveolar and bronchial epithelia of control animals (Fig. 4).
Nitrogen mustard exposure resulted in a dramatic increase in expression of MMP-9 and
CTGF in alveolar macrophages as well as in alveolar and bronchial epithelia (Fig. 4). In
contrast, expression of MMP-2, an extracellular protease, was not detected in the lung, even
after nitrogen mustard administration (data not shown).

Effects of nitrogen mustard on lung mechanics and function
The data described above suggest that nitrogen mustard rapidly induces a complex pattern of
injury, inflammation, and pre-fibrotic changes in the lung. To understand the consequences
of these effects, a Scireq flexiVent was used to assess pulmonary function. Using a series of
perturbations including single frequency and broadband forced oscillation, pressure–volume
loops, and lung volume measurements, a range of functional parameters was measured.
Whereas under non-stressed baseline conditions, total lung resistance was not altered
following nitrogen mustard exposure, total lung compliance decreased (Fig. 5). A significant
loss of static compliance, as well as end-tidal volume was also observed in nitrogen
mustard-treated animals relative to controls. Although airway resistance also decreased after
exposure to nitrogen mustard, this failed to reach statistical significance due to animal to
animal variability (Fig. 5). These changes are consistent with increases in lung friction and a
decline in airspace, presumably as a result of the inflammatory process.

To further evaluate the functional consequences of nitrogen mustard intoxication, relative
changes in these parameters were measured in response to administration of the
bronchoconstrictive agent, methacholine. As expected, a significant increase in total lung
resistance with a concomitant loss of compliance was observed in control animals following
methacholine challenge (Fig. 6). Nitrogen mustard treatment of rats resulted in a pronounced
loss of methacholine responsiveness in resistance. However, this loss was only partially
reflected by changes in total and static compliance. In contrast, methacholine-induced
increases in tissue damping and elastance, which were observed in control animals, were
significantly blunted after nitrogen mustard administration (Fig. 6). This was also reflected
by a decrease in eta, the ratio of tissue damping to elastance in nitrogen mustard-treated
animals. No significant changes in end-tidal volume were noted with increasing doses of
methacholine. These observations indicate that the principal functional effects of nitrogen
mustard are at the parenchymal level and are consistent with a pronounced increase in fluid
content of the lung.

Discussion
Vesicant-induced lung injury involves damage to both the upper and lower airways
(Malaviya et al., 2010; van Helden et al., 2004; Weber et al., 2010; Wigenstam et al., 2009).
It has been suggested that inflammatory cells contribute to this pathology, releasing
mediators that enhance oxidative stress, proteolytic damage, and cause aberrant wound
healing (Laskin et al., 2011; Wigenstam et al., 2009). Elucidating the specific mediators
involved in the pathogenic response and consequent functional alterations in the lung may
aid in the development of pharmacotherapies effective in mitigating toxicity induced by
vesicants such as nitrogen mustard.

Twenty-four hours following exposure of rats to nitrogen mustard, moderate to severe
histological changes were observed in the lung; most notable was a marked increase in
inflammatory cells (macrophages and neutrophils) in peribronchiolar areas, as well as in
alveolar spaces, vessels, and perivascular interstitium. This was correlated with a 3-fold
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increase in BAL cells recovered from the animals. There was also evidence of necrotizing
bronchiolitis, which was associated with necrotic debris in the bronchioles and multifocal
thickening of alveolar septa. Histological changes in the lungs of rats have been previously
described 6 days following nitrogen mustard exposure suggesting that the untoward effects
of this vesicant are persistent (Ucar et al., 2007; Yaren et al., 2007). Similar persistent
histological changes in the lung have also been reported up to 14 days after exposure of
rodents to sulfur mustard (Calvet et al., 1999a, 1994; Guignabert et al., 2005). The results
presented in this study are novel, as they demonstrate that both parenchymal and airway
inflammation occur as early as 24 h after the initial exposure.

Increases in protein in BAL fluid are generally considered to be a marker of damage to the
alveolar epithelial barrier in the lower lung. In accord with previous reports in rodents
treated with sulfur mustard or the half mustard, 2-chloroethy ethyl sulfide (Allon et al.,
2009; O’Neill et al., 2010), we found that BAL protein levels were significantly increased
24 h after exposure of animals to nitrogen mustard. These findings are consistent with
nitrogen mustard-induced histological changes in alveolar epithelial regions of the lung, as
well as functional alterations which indicate an increase in friction within the lower lung.
The appearance of protein in BAL at this early post-exposure time point also suggests that it
is a sensitive marker of vesicant-induced injury.

Macrophages play an important role in both the initiation and resolution of the inflammatory
response. Whereas initially macrophages release chemotactic and cytotoxic mediators that
promote the inflammatory response, later, they generate mediators involved in down
regulating inflammation and initiating wound repair (Laskin, 2009; Stout and Suttles, 2004).
Key proteins involved in the early pro-inflammatory and cytotoxic response are iNOS and
COX-2, enzymes mediating the generation of reactive nitrogen species and prostaglandins,
respectively (Laskin et al., 2010b, 2011). Following nitrogen mustard exposure, expression
of iNOS and COX-2 was rapidly upregulated in alveolar macrophages, as well as in alveolar
and bronchial epithelia. These findings are in accord with previous reports on the pulmonary
effects of sulfur mustard and related analogs (Gao et al., 2010; Malaviya et al., 2010; Sunil
et al., 2010; Ucar et al., 2007). The observation that nitrogen mustard-induced toxicity is
ameliorated by blocking or reducing production of reactive nitrogen species provides
support for a role of these cytotoxic oxidants in the pathogenesis of nitrogen mustard-
induced lung injury (Yaren et al., 2007). The contribution of COX-2 to the pulmonary
toxicity of mustards is unknown. At early stages of inflammation, COX-2 generates pro-
inflammatory prostaglandins from arachidonic acid. These eicosanoids are thought to be
important in the pathogenesis of diseases such as asthma and chronic obstructive pulmonary
disease (Rolin et al., 2006), which are long-term consequences of mustard gas poisoning,
and they may play a similar role in lung injury induced by nitrogen mustard and related
vesicants. This is supported by findings that COX-2 knockout mice, or mice pretreated with
the selective COX-2 inhibitor, celecoxib, are protected from sulfur mustard-induced skin
injury (Wormser et al., 2004).

In the lung, MMPs are generated by macrophages, neutrophils, and epithelial cells
(Chakrabarti and Patel, 2005). These proteases degrade extracellular matrix components, an
important step in alveolar epithelial injury and detachment of cells from basement
membranes following sulfur mustard intoxication (Calvet et al., 1999b; Guignabert et al.,
2005). The present studies demonstrate that MMP-9, but not MMP-2, is rapidly upregulated
in lung macrophages and epithelial cells after nitrogen mustard exposure. Similar increases
in MMP-9 have been described in the lung and respiratory tract after exposure of rodents to
sulfur mustard (Anderson et al., 2009; Calvet et al., 1999b; Guignabert et al., 2005;
Malaviya et al., 2010), and in BAL cells from exposed humans (Radomska-Lesniewska et
al., 2010). In rats, MMP inhibitors such as doxycyline and illomastat have been reported to
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ameliorate sulfur mustard-induced respiratory lesions (Anderson et al., 2009), demonstrating
the importance of these proteases in vesicant-induced lung injury. The specific cytotoxic
actions of MMP-9 have not been established. By inducing breakdown of extracellular
matrix, MMP-9 may play a role in the reduced alveolar epithelial barrier function observed
following nitrogen mustard exposure. Increases in MMP-9 may also be important in
fibrogenesis and resultant lung restriction. However, the fact that there is no functional
evidence of lung restriction 24 h after exposure of animals to nitrogen mustard suggests that
at this early time point in the pathogenic process, the actions of MMP-9 are primarily
cytotoxic. Further longer-term studies are necessary to determine if MMP-9 also acts as an
initiating signal for airway remodeling.

If inflammation persists without resolution, macrophages and epithelial cells may release
excessive amounts of mediators such as TGFβ which stimulate production of collagen
leading to the development of fibrosis (Crosby and Waters, 2010). The actions of TGFβ are
mediated in part, by CTGF, a heparin binding protein thought to play a pivotal role in lung
fibrosis (Ponticos et al., 2009). Exposure of rats to nitrogen mustard resulted in increased
expression of CTGF in alveolar macrophages, and in alveolar and bronchial epithelia. The
fact that this occurred within 24 h of nitrogen mustard exposure suggests that the fibrogenic
process leading to chronic lung diseases is initiated early in the pathogenic response to this
vesicant. These findings are novel and indicate that CTGF may be a rational target for
therapeutic intervention in fibrotic diseases induced by vesicants.

Nitrogen mustard exposure also resulted in a number of changes in pulmonary function
including a decrease in static compliance, suggesting an increase in static elastic recoil
within the lung; interestingly, this occurred without significant changes in total lung
resistance. This is most likely due to an accumulation of inflammatory material within the
lung parenchyma, causing an increase in friction. This is supported by findings that end-tidal
volume was significantly reduced following nitrogen mustard exposure. Loss of
parenchymal integrity, which occurs in emphysema, results in a reduced airway radius at
rest. This is typically reflected by an increase in airway or Newtonian resistance. Following
nitrogen mustard exposure, we noted a decrease in airway resistance. This indicates that
despite increases in MMP-9 and CTGF, the parenchyma remains sufficiently intact to
support airway structure. Since long-term vesicant intoxication is associated with the
development of emphysema-like changes in the lung, we speculate that a significant rise in
airway resistance will be observed at later times post-exposure and this remains to be
investigated. Taken together, these observations indicate that a lung-remodeling event,
although possibly initiated, has not occurred at the functional level 24 h after nitrogen
mustard exposure.

Methacholine is a potent 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). In accord with previous findings (Nagase et al., 1994), the
present studies show a marked increase in total lung resistance and a decrease in compliance
in response to methacholine in control rats. These changes were accompanied by
disproportionate increases in both tissue damping and elastance, resulting in an increase in
eta. Under homeostatic conditions, the lung behaves in a homogeneous fashion, despite its
structural complexity (Bates and Lutchen, 2005; Bates and Suki, 2008). The rise in eta, in
response to methacholine, indicates an increase in lung heterogeneity with concomitant
airway restriction. This may result from regional differences in elasticity within the lung,
which become apparent under conditions of stress induced by methacholine challenge. The
most remarkable functional alteration noted following nitrogen mustard exposure was a
reduction in methacholine-induced increases in total lung resistance, with no major effects
on lung compliance. This blunting of lung resistance in response to methacholine can best be
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explained by a loss of active airway tone. Whether this results from a loss of smooth muscle
function or a failure of sympathetic control cannot be ascertained from these data. A
significant blunting of methacholine-induced increases in tissue damping and elastance were
also noted in nitrogen mustard-treated animals. The reduced responses in tissue damping,
elastance, and eta most likely result from the inability of the airways to respond actively to
the bronchoconstrictive agent. It is important to note that the loss of compliance in lungs
from control and nitrogen mustard-treated rats is, for the most part similar, despite the
reduced constriction in vesicant-injured animals. This may be explained by parenchymal
injury and an accumulation of inflammatory mediators in the lower lung, which results in a
reduced static elastic recoil. These observations are consistent with both our histological
observations, and baseline lung function data.

In summary, the present studies demonstrate that exposure of rats to nitrogen mustard results
in significant histological changes and increases in BAL protein and inflammatory cells,
along with increases in expression of pro-inflammatory and pro-fibrotic proteins. These
changes are directly associated with altered lung mechanics and function. These studies are
novel and provide support for pulmonary function assessment in understanding the adverse
effects of vesicants such as nitrogen mustard on the respiratory system. Results from these
studies may lead to the development of efficacious treatments for nitrogen mustard-induced
pulmonary injury.
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Fig. 1.
Effects of nitrogen mustard on lung histology. Anterior (Ant), middle (Mid), and posterior
(Pos) lung sections from animals-treated with PBS (CTL) or nitrogen mustard (NM) were
stained with H and E. Sections from three rats per treatment group were evaluated.
Representative sections from each portion of the lung are shown. Upper panels, original
magnification, ×400; lower panels, original magnification, ×1000. Asterisk, necrotic debris
in bronchiole; arrowhead, alveolar macrophages; arrow, neutrophils.
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Fig. 2.
Effects of nitrogen mustard on BAL protein and cell number. BAL fluid was collected 24 h
after treatment of rats with PBS (CTL) or nitrogen mustard (NM). Cell-free supernatants
were analyzed in triplicate for protein using a BCA protein assay kit (Upper panel). Viable
cells were enumerated by trypan blue dye exclusion (Lower panel). Each bar is the average
±SE (n=6–9 rats). *Significantly different (p≤0.001) from CTL.
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Fig. 3.
Effects of nitrogen mustard on iNOS and COX-2 expression. Lung sections from animals-
treated with PBS (CTL) or nitrogen mustard (NM) were stained with antibody to iNOS
(Upper panels) or COX-2 (Lower panels). Binding was visualized using a peroxidase DAB
substrate kit. One representative section from 3 independent experiments is shown (original
magnification, ×1000).
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Fig. 4.
Effects of nitrogen mustard on MMP-9 and CTGF expression. Lung sections from animals-
treated with PBS (CTL) or nitrogen mustard (NM) were stained with antibody to CTGF
(upper panels) or MMP-9 (lower panels). Binding was visualized using a peroxidase DAB
substrate kit. One representative section from 3 independent experiments is shown (original
magnification, ×1000).
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Fig. 5.
Effects of nitrogen mustard on baseline lung function. Total lung resistance (R), total lung
compliance (C), central airway resistance (Raw), static compliance (Cst), tissue damping
(G), elastance (H), hysteresivity (eta), and end-tidal volume (ETV) were evaluated following
exposure of rats to PBS (CTL) or nitrogen mustard (NM). Each bar represents the absolute
value, mean±SE (n=5 rats). *Significantly different (p≤0.05) from CTL.
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Fig. 6.
Effects of nitrogen mustard on lung function in response to methacholine challenge. Total
lung resistance (R), total lung compliance (C), central airway resistance (Raw), static
compliance (Cst), tissue damping (G), elastance (H), hysteresivity (eta), and end-tidal
volume (ETV) were evaluated in response to increasing doses of methacholine following
exposure of rats to PBS (CTL) or nitrogen mustard (NM). Values are normalized and
expressed as percentage change from baseline. Each point is the average±SE (n=5 rats).
*Significantly different (p≤0.05) from CTL.
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