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ABSTRACT

Phosgene exposure via an industrial or warfare release produces severe acute lung injury (ALI) with high mortality,
characterized by massive pulmonary edema, disruption of epithelial tight junctions, surfactant dysfunction, and oxidative
stress. There are no targeted treatments for phosgene-induced ALI. Previous studies demonstrated that nitric oxide
synthase 2 (NOS-2) is upregulated in the lungs after phosgene exposure; however, the role of NOS-2 in the pathogenesis of
phosgene-induced ALI remains unknown. We previously demonstrated that NOS-2 expression in lung epithelium
exacerbates inhaled endotoxin-induced ALI in mice, mediated partially through downregulation of surfactant protein
B (SP-B) expression. Therefore, we hypothesized that a selective NOS-2 inhibitor delivered to the lung epithelium by
inhalation would mitigate phosgene-induced ALI. Inhaled phosgene produced increases in bronchoalveolar lavage fluid
protein, histologic lung injury, and lung NOS-2 expression at 24 h. Administration of the selective NOS-2 inhibitor 1400 W
via inhalation, but not via systemic delivery, significantly attenuated phosgene-induced ALI and preserved epithelial barrier
integrity. Furthermore, aerosolized 1400 W augmented expression of SP-B and prevented downregulation of tight junction
protein zonula occludens 1 (ZO-1), both critical for maintenance of normal lung physiology and barrier integrity. We also
demonstrate for the first time that NOS-2-derived nitric oxide downregulates the ZO-1 expression at the transcriptional
level in human lung epithelial cells, providing a novel target for ameliorating vascular leak in ALI. Our data demonstrate
that lung NOS-2 plays a critical role in the development of phosgene-induced ALI and suggest that aerosolized NOS-2
inhibitors offer a novel therapeutic strategy for its treatment.
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INTRODUCTION

Acute respiratory distress syndrome (ARDS) is a life-threatening
disorder affecting approximately 200 000 people per year in the
United States (Matthay and Zemans, 2011). ARDS is character-
ized by acute bilateral pulmonary infiltrates not attributable to
heart failure and severe hypoxemia resulting in respiratory fail-
ure. Increases in oxidative stress, upregulation of cytokines and

chemokines, recruitment of inflammatory cells, and upregula-
tion of proinflammatory signaling molecules lead to epithelial
and endothelial cell injury, surfactant dysfunction, and loss of
alveolar epithelial barrier integrity (Cortes et al., 2012; Matthay
and Zemans, 2011). A variety of factors and clinical conditions
underlie ARDS, most commonly sepsis, pneumonia, mechanical
ventilation, aspiration of gastric contents, and inhalation of
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toxic substances. Despite decades of research, ARDS treatment
remains limited to supportive care, including treatment of the
underlying etiology, protective ventilation strategies (low tidal
volume ventilation), neuromuscular blockade, and prone posi-
tioning (Fan et al., 2013; Guerin et al., 2013; Papazian et al., 2010;
Shafeeq and Lat, 2012). Mortality rates remain unacceptably
high at 34–55% (Saguil and Fargo, 2012).

Phosgene (COCl2), a highly toxic and reactive gas classified
as a chemical warfare agent, induces severe ARDS with high
mortality. Phosgene is a component in the synthesis of organic
chemicals including isocyanates and polycarbonates, and ap-
proximately 5 million metric tons are produced annually world-
wide (Pauluhn et al., 2007). Thus, phosgene poses a significant
threat of mass casualties in the event of a terrorist attack or in-
dustrial accident. Phosgene toxicity is mediated through acety-
lation of hydroxyl, thiol, amine, and sulfhydryl groups of
proteins, carbohydrates, and lipids within the lung (Grainge and
Rice, 2010; Pauluhn et al., 2007). ARDS induced by phosgene is
characterized by increased oxidative stress resulting in massive
pulmonary edema, fibrinocellular alveolitis, and hypoxemia.
These deleterious changes are produced through alveolar and
vascular leak, disruption of epithelial tight junctions, surfactant
dysfunction, and inflammation triggered by release of arachi-
donic acid mediators such as leukotrienes (Brown et al., 2002;
Guo et al., 1990; Pauluhn et al., 2007). Treatment for phosgene-
induced lung injury has focused on mitigating oxidative injury
and inflammation using corticosteroids and b-agonists, as well
as mechanical ventilation (Grainge and Rice, 2010). These
approaches have demonstrated limited therapeutic efficacy;
therefore, development of new treatments that target novel
pathways remains necessary.

An important mediator of acute lung injury (ALI) is nitric ox-
ide (NO) synthase 2 (NOS-2), an enzyme upregulated in ARDS
patients as well as in animal ALI models (Baron et al., 2004a, b;
Mehta, 2005). Recent studies demonstrate that NOS-2 is induced
in rat lungs exposed to phosgene (Chen et al., 2013; Zhang et al.,
2012). Additionally, recent work has shown that the potential ef-
ficacy of ethyl pyruvate and melatonin in rats exposed to phos-
gene is secondary to downregulation of NOS-2 expression (Chen
et al., 2013; Zhang et al., 2012), suggesting that NOS-2 may con-
tribute to phosgene-induced ALI. Still, little is known regarding
the role of NOS-2 in phosgene-induced ALI nor its value as a
therapeutic target. Although endogenous NOS-2 expression in
the lung is low, it is highly inducible with inflammatory or toxic
stimuli, such as cytokines (interferon-c, TNF-a, IL-1b), bacteria
and their products (lipopolysaccharide), or toxic chemicals
(chlorine) (Martin et al., 2003; Zhang et al., 2013). Selective inhibi-
tion or deficiency of NOS-2 has been shown to attenuate inflam-
mation, oxidative stress, surfactant dysfunction, vascular leak,
and physiologic lung dysfunction in several animal models of
nonchemically induced ALI (Baron et al., 2004a, b; Mehta, 2005).
However, conflicting results suggested differential effects on
NOS-2 expression with respect to individual cell types depending
on the model of lung injury (Baron et al., 2004a; Pheng et al., 1995).

We previously showed that NOS-2 induction in lung epithe-
lium plays an important role in the development of ALI and
physiologic lung dysfunction in endotoxin-induced ALI in mice
(Baron et al., 2004a). Although NO can cause surfactant dysfunc-
tion through direct interactions with surfactant lipid or protein
components (Haddad et al., 1993), we demonstrated that NOS-
2-derived NO transcriptionally downregulates SP-B expression
and promoter activity in lung epithelial cells (Baron et al.,
2004a). The aim of this study was to determine whether selec-
tive inhibition of NOS-2 in lung epithelium ameliorates

phosgene-induced ALI, and therefore, whether NOS-2 inhibition
may be therapeutic for phosgene-induced ALI. We used the selec-
tive NOS-2 inhibitor 1400 W, demonstrated to be 5000- and 200-fold
more potent against human purified NOS-2 than against eNOS and
nNOS, respectively (Garvey et al., 1997). Our results demonstrate
that aerosolized 1400 W significantly attenuates phosgene-induced
ALI and suggest that inhalational delivery of a NOS-2-specific
inhibitor offers a novel therapy to treat phosgene-induced ARDS.

MATERIALS AND METHODS

In vivo studies. The studies were performed under the Lovelace
Respiratory Research Institute (LRRI)-approved Institutional
Animal Care and Use Committee (IACUC) protocol. Female 6-
week old C57BL/6 mice were purchased from Jackson Laboratory
and used for experiments after 2 weeks of quarantine at the age
of 8 weeks. Previous literature reported no gender-specific sus-
ceptibilities to phosgene (Pauluhn 2006). The animals were
housed in a temperature-controlled environment (24–26�C) with
constant humidity (55–60%) and controlled photoperiod (12-h
light/dark cycle). The mice were randomly divided into 5 experi-
mental groups: (i) filtered air, (ii) phosgeneþ subcutaneous (SQ)
vehicle, (iii) phosgeneþSQ 1400 W, (iv) phosgeneþ aerosolized
vehicle and (v) phosgeneþaerosolized 1400 W. The numbers of
animals per group are provided in the figure legends.
Phosphate-buffered saline (PBS) was used as the vehicle. Mice
were exposed to phosgene (5 ppm via nose only inhalation or
2 ppm via whole body inhalation) for 20 min: independent
experiments using these 2 different approaches produced the
same results. Data in this article represent findings from the
5 ppm nose only inhalation with equivalent findings observed
in the replication cohort exposed to 2 ppm whole body inhala-
tion. Vehicle or 1400 W was administered 1 h before and 6 h after
phosgene exposure. For systemic administration, 20 mg/kg of
1400 W was injected subcutaneously. This dose and timing was
based upon our and other investigators’ prior experience with
systemic NOS-2 inhibition (Grant et al., 2009; Hu et al., 2004;
Thomsen et al., 1997). For direct lung administration, 1400 W
was generated from a 10 mg/ml solution in saline. The exposure
atmosphere was generated at 20 psi from a Pari LC Plus nebu-
lizer into a nose only flow past exposure chamber. The chamber
flow was 5.0 l/min, and the chamber pressure was ambient as
controlled by demand dilution. Filter samples were collected on
Pallflex Fiberfilm film filters at a flow rate of 1.0 l/min. The aero-
sol concentration for the entire exposure was determined to be
0.405 mg/l with a particle size of 0.87 mm MMAD. Oxygen was
monitored for each exposure to ensure levels did not drop
below 18%. Mice were placed in nose only tubes for 1400 W
exposure. Exposures were conducted for 30 min. The dose of
aerosolized 1400 W was extrapolated from the SQ dose and was
consistent with standard therapeutic delivery calculations for
aerosolized pharmaceuticals (Alexander et al., 2008). The ani-
mals were euthanized and necropsied 24-h postphosgene
exposure. At necropsy, the left lung was fixed by inflation with
10% neutral buffered formalin solution (Sigma-Aldrich) for his-
topathological analysis. Bronchoalveolar lavage (BAL) fluid col-
lection followed by lung tissue collection for RNA extraction
was performed on the right lung. The BAL fluid was centrifuged
at 500 g for 5 min and analyzed for total protein concentration
using Pierce BCA Protein Assay Kit (Thermo Scientific). Cells
recovered from BAL fluid were counted using a hemacytometer
and used for cytospin preparations (25 000 or less viable cells/
slide). These cytospin slides were stained with the Baxter
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Diff-Quick kit (VWR Scientific Products, San Francisco, CA), and
the differentials were calculated.

In vitro studies. The A549 human alveoli-derived adenocarci-
noma cell line (ATCC) was cultured in F12-K medium (ATCC)
supplemented with 10% fetal bovine serum (Gibco) and 1000 U/
ml Pen-strep (Lonza). HBEC-2 and HBEC-3 human bronchial epi-
thelial cells (Ramirez et al., 2004, a gift From Dr Steven Belinsky,
Lovelace Respiratory Research Institute) were cultured in
Keratinocyte-SFM combo medium (Gibco). The cells were grown
at 37�C in a humidified 5% CO2 atmosphere in T-75 flasks and
subcultured for up to 20 passages. For experimental purposes,
the cells were seeded onto 24- or 12-well plates and cultured
until they reached full confluence. Additionally, A549 cells were
maintained in full confluence for 3 days to reach a stable nondi-
viding state before beginning experiments. For the experiments
involving treatment with an NO donor, the cells were incubated
with the culture medium containing either vehicle (0.01 N
NaOH) or NO-donor diethylenetriamine (DETA) NONOate
(Cayman Chemical) at concentrations of 0.1, 0.5, or 1 mM. The
cells were harvested for RNA extraction after 24 h of exposure.
For the assessment of toxicity induced by DETA NONOate, the
cells (both attached and floating) were collected, washed with
PBS, and stained with 10 mg/ml propidium iodide (PI) solution in
PBS. Next, the relative number of living cells (low fluorescence-
emitting population) and dead cells (high fluorescence-emitting
population) was assessed by flow cytometric analysis at the
emition wavelength 617 nm. For the NOS-2 overexpression
experiments, the cells were transfected with empty, GFP-coding
or NOS-2-coding plasmids (pReceiver-M02-based DNA plasmids;
GeneCopoeia) using Lipofectamine 2000 (Life Technologies)
according to the manufacturer’s standard protocol. The cells
were harvested for RNA isolation 24 h after transfection.

Immunohistochemical and immunofluorescent staining of lung tissue
samples. Fresh lung tissue fixed with 10% neutral buffered for-
malin solution was sequentially incubated with 30 and 70% his-
tologic grade ethanol and underwent routine processing for
paraffin embedding. From the paraffin-embedded samples,
5 mm sections were cut, immersed in several changes of xylene,
rehydrated in graded alcohols, and washed in PBS. Antigen
retrieval was then performed by heating the slides in citrate
buffer (pH 6.0) for 10 min. After cooling, the slides were blocked
in 5% natural goat serum, 3% bovine serum albumin, and 0.1%
Tween-20 in PBS. The slides were incubated with the primary
antibody at 4�C overnight. Primary anti-SP-B (Seven Hills
Bioreagents), anti-NOS-2 (Millipore), anti-ZO-1 (Abcam), and
anti-nitrotyrosine (Millipore) antibodies were used for detection
of surfactant protein B (SP-B), NOS-2, zonula occludens 1 (ZO-1),
and the total level of nitrotyrosine, respectively. For immuno-
histochemical staining, after incubation with primary antibod-
ies the slides were washed with PBS; incubated with a goat
anti-rabbit biotinylated secondary antibody (Vector
Laboratories) for 2 h at room temperature (RT); and then washed
with PBS and incubated with avidin-biotin complex (Vector
Laboratories) for 30 min at RT. The slides were developed using
0.025% diaminobenzidene (Vector Laboratories) in PBS with
0.1% H2O2, counterstained using methyl green (see Figs. 1 and 4)
or hematoxylin and eosin (see Fig. 5), and coverslipped using
Vectashield mounting medium (Vector Laboratories). For immu-
nofluorescent staining, after incubation with primary antibod-
ies the slides were washed with PBS; incubated with goat
anti-rabbit Alexa Fluor 635-conjugated secondary antibody
(Invitrogen) for 2 h at RT; and washed with PBS, treated with

40,6-diamidino-2-phenylindole (DAPI) for nuclear counterstain-
ing, and coverslipped using Vectashield mounting medium
(Vector Laboratories). Quantitative analysis of nitrotyrosine
staining intensity was performed using Slidebook 5.0 and
ImageJ.

Quantitative real-time RT-PCR analysis. Total RNA was isolated
from frozen lung tissue samples or cultured cells using an
RNeasy Mini Kit (Qiagen) according to the manufacturer’s
standard protocol. During the isolation process, samples were
incubated with DNase I (Qiagen) for 15 min at RT. The concen-
tration and purity of the isolated RNA was assessed using a
NanoDrop 2000 spectrophotometer (Thermo Scientific). TaqMan
RT-PCR using QuantiTect Virus Kit (Qiagen) was performed in
an ABI Prism 7300 Sequence Real-Time PCR System (Applied
Biosystems) using universal thermal cycling parameters.
Commercially available mouse-specific or human-specific
TaqMan gene expression assays (Applied Biosystems) were
used to measure the mRNA levels for SP-B, ZO-1, NOS-2, and
18S rRNA. Each sample was run in duplicate. Gene expression
was analyzed using the comparative CT method with 18S rRNA
as the endogenous control.

Statistical analysis. The results for each treatment group are
summarized as the mean value 6 SEM. Comparisons of results
between different groups were performed using Student’s t-test,
or 1-way ANOVA test followed by Dunnett’s post-test (GraphPad
Prism 5.04). Statistical significance was defined as a
P-value< 0.05 (*),< 0.01 (**), or< 0.001 (***).

RESULTS

NOS-2 Expression Is Increased in the Lung After Phosgene-Induced
ALI
We first characterized the extent of lung injury and NOS-2 lung
expression induced by phosgene in our experimental mouse
model. The phosgene-exposed animals had marked disruption
of alveolar epithelial integrity with significant increases in BAL
protein (approximately 17-fold) compared with the filtered air
controls (170 vs 10 mg/dl, respectively) (Fig. 1A). In addition, his-
tological analysis of lung tissues from the phosgene-exposed
animals demonstrated evidence of alveolar edema and inflam-
matory cell infiltration consistent with lung injury (Figs 1D
and 2F). Furthermore, marked increases in NOS-2 expression
were observed in the lung following phosgene exposure
(Fig. 1B–D). Although NOS-2 was minimally expressed in the
lungs of the filtered air-exposed control animals, the phosgene-
exposed animals had more than a 20-fold induction of NOS-2
expression in the lung (Fig. 1B). Similarly, immunohistochemi-
cal staining of the lung demonstrated minimal NOS-2 expres-
sion in control animals, but significant increases in NOS-2
staining in both epithelial and inflammatory cells in the
phosgene-exposed animals were observed (Fig. 1C and D).
These results demonstrate that NOS-2 is significantly induced
in the lung following phosgene exposure. We therefore set
out to determine whether NOS-2 plays a role in phosgene-
induced ALI.

Aerosolized 1400 W Mitigates Phosgene-Induced Lung Injury
We next investigated whether selective inhibition of NOS-2
with 1400 W would abrogate phosgene-induced lung injury.
Two modes of 1400 W administration were used: systemic deliv-
ery via subcutaneous (SQ) injection and lung-targeted delivery
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via inhalation of aerosolized 1400 W. In both models, 1400 W
was administrated 1 h before and 6 h after phosgene exposure.
At 24 h after phosgene inhalation, the vehicle-treated animals
developed significant alveolar leak with a robust increase in
BAL protein, which was significantly attenuated in the animals
treated with aerosolized 1400 W (Fig. 2B). In contrast, systemi-
cally administered 1400 W had no beneficial effect on epithelial
barrier integrity (Fig. 2A), supporting the concept of mediation
of protection via inhibition of NOS-2 expression in the lung epi-
thelium. The increase in the BAL protein content after phosgene
exposure was accompanied by a mild but statistically important
increase in BAL total cell count (predominantly macrophages;
>99% of all BAL fluid cells) after phosgene exposure. Although
no significant differences in cell count between the vehicle- and
1400 W-treated animals exposed to phosgene were found, there
was a trend toward a decrease in overall cell count in animals
exposed to aerosolized 1400 W that was not observed in the ani-
mals exposed to systemic 1400 W (Figs. 2C and D). Histologic
analysis of the lung tissue revealed marked alveolar wall dam-
age, hemorrhage, and leukocyte infiltration in the vehicle-

treated animals following phosgene exposure (Fig. 2F), and a
significant attenuation of these responses in the animals
treated with aerosolized (Fig. 2G), but not systemic (data not
shown) 1400 W. Taken together, these data indicate that lung-
targeted delivery of 1400 W via inhalation, but not by systemic
administration, mitigates phosgene-induced alveolar barrier
disruption and development of ALI.

Inhaled 1400 W Inhibits Nitrotyrosine Accumulation in the Lung
Following Phosgene Exposure
To confirm that the beneficial effects of aerosolized 1400 W are
directly related to NOS-2 enzymatic inhibition, we analyzed
lung nitrotyrosine levels. Nitrotyrosine is formed in cells as the
final product of NO reactions, and enhanced NOS-2 activity has
been reported as the main factor leading to nitrotyrosine syn-
thesis within the injured and inflamed lung (Cho and Chae,
2003; Giaid et al., 2003). Immunofluorescent staining of lungs
from filtered air-exposed control animals revealed low levels of
nitrotyrosine in both the airways and lung parenchyma (Fig. 3C
and D). Following exposure to phosgene, the nitrotyrosine levels

FIG. 1. Lung NOS-2 expression is elevated during phosgene-induced ALI. Mice were exposed to filtered air or phosgene and assessed for lung injury by measuring BAL

fluid protein levels (A) and NOS-2 expression (relative to the 18S control) was measured by real time qPCR 24 h after phosgene exposure (B) (n¼ 5; mean 6 SEM, P-value

*<0.05, ***<0.001). Lungs of mice exposed to filtered air (C) or phosgene (D) were stained for NOS-2 protein 24 h after exposure (positive epithelial staining is indicated

by arrows and positive inflammatory cell staining is indicated by arrowheads, scale bar corresponds to 50mm).
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FIG. 2. Inhaled 1400 W mitigates phosgene-induced lung injury, while there is no beneficial effect after systemic 1400 W delivery. Mice were exposed to filtered air or

phosgene, with administration of systemic 1400 W or vehicle (PBS) (A, C) or inhaled 1400 W or vehicle (PBS) (B, D), and harvested 24 h after exposure. The level of protein

in BAL fluid (upper panel) and total BAL cell number (middle panel) were analyzed (n¼ 5; mean 6 SEM, P-value *<0.05). Mice exposed to filtered air (E) versus phosgene-

aerosolized vehicle (F) versus phosgeneþ aerosolized 1400 W (G) were analyzed for histological signs of lung injury (scale bar corresponds to 50mm).
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within the lung were increased compared with control animals.
Positive staining was detected not only within infiltrating leuko-
cytes, but also within alveolar epithelial cells. Treatment of
phosgene-exposed mice with aerosolized 1400 W protected the
animals against the nitrotyrosine accumulation within the
lung, reducing it to the level observed in control animals.
Quantitative analysis of the staining intensities confirmed sig-
nificantly higher nitrotyrosine staining in the lung parenchyma
of the phosgene-exposed mice compared with filtered air con-
trols and phosgene-exposed animals treated with inhaled
1400 W (Fig. 3A). A similar trend was observed for nitrotyrosine

accumulation within the airways (Fig. 3B); however, these
changes were not statistically significant. Taken together, these
results indicate that inhalational delivery of the NOS-2 specific
inhibitor 1400 W reaches the distal lung parenchyma and effi-
ciently blocks nitrotyrosine synthesis triggered by phosgene
exposure.

The NOS-2 Inhibitor 1400W Augments Expression of SP-B
We previously demonstrated in a murine inhaled endotoxin-
induced ALI model that NOS-2-derived NO downregulates tran-
scription of SP-B, which is critical for maintaining alveolar

FIG. 3. Inhaled 1400 W inhibits nitrotyrosine accumulation within the lung injured with phosgene. Mice exposed to filtered air, phosgeneþ inhaled vehicle (PBS) or

phosgeneþ inhaled 1400 W were euthanized 24 h after exposure, and the lungs were stained for nitrotyrosine. Images of the alveolar parenchyma (C) and the airways

(D) were captured (scale bar corresponds to 50 mm), and the intensity of nitrotyrosine staining for alveolar parenchyma (A) and airways (B) was assessed using ImageJ

(n¼30 pictures captured of the lungs from 3 mice per experimental condition were analyzed, mean 6 SEM, P-value ***<0.001).
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surface tension and surfactant function (Baron et al., 2004a).
Thus, we investigated the effects of phosgene-induced NOS-2
on SP-B expression. Real-time qPCR analysis demonstrated a
trend towards decrease in SP-B mRNA levels in the lung
exposed to phosgene compared with filtered air controls; how-
ever, this change was not statistically significant (Fig. 4A). In
contrast, systemic administration of 1400 W elevated the levels
of the SP-B transcript approximately 3-fold in comparison with
the filtered air-exposed animals. Treatment of the phosgene-
exposed animals with aerosolized 1400 W elevated the SP-B
transcript to a greater degree (�8-fold higher than in the ani-
mals exposed to filtered air, Fig. 4B). Although a trend towards
elevated SP-B expression in phosgene-exposed animals that
inhaled the aerosolized vehicle could also be seen, this change
was not statistically significant. Immunohistochemical staining
demonstrated a decrease in the SP-B protein level in the lung
parenchyma after phosgene exposure that was rescued follow-
ing treatment with aerosolized 1400 W (Fig. 4C–E). These data
indicate that 1400 W augments SP-B gene expression following
phosgene exposure and thus may account for part of the mech-
anism of protection of 1400 W from phosgene-induced ALI.
Although the increase in SP-B mRNA level was more profound

with aerosolized 1400 W, this effect was not only due to the
direct delivery of 1400 W to the lung epithelium, but may also
relate to potential beneficial effects of delivery of aerosolized
PBS in the setting of phosgene-induced ALI as indicated by the
nonsignificant increase in SP-B expression with aerosolized PBS
alone.

Inhaled 1400 W Restores Expression of ZO-1 in Lungs of
phosgene-exposed animals
Because phosgene exposure led to a dramatic loss of alveolar
epithelial integrity and inhalation of 1400 W attenuated epithe-
lial barrier disruption, we next investigated whether expression
of tight junction proteins known to be important for barrier
function in the lung was altered in the phosgene-exposed ani-
mals. Real-time qPCR analysis revealed that phosgene exposure
significantly decreased expression of the tight junction protein
ZO-1. Administration of aerosolized 1400 W to the phosgene-
exposed animals significantly attenuated the loss of ZO-1
expression in the lung following phosgene exposure (Fig. 5B).
Similar to the effects of 1400 W on the BAL protein leak, sys-
temic administration of 1400 W was not protective against
downregulation of ZO-1 in the lung in response to phosgene

FIG. 4. The NOS-2 inhibitor 1400 W augments levels of the critical protein SP-B. Mice were exposed to phosgene or filtered air, administered with 1400 W or vehicle

(PBS) systemically (A) or by inhalation (B), and euthanized 24 h later. The mice were analyzed for SP-B mRNA levels by real time qPCR (n¼5, mean 6 SEM, P-value

*<0.05, **<0.01, ***<0.001). Lungs harvested from mice subjected to filtered air (C), phosgeneþaerosolized vehicle (D) or phosgeneþaerosolized 1400 W (E) were

stained for SP-B (examples of positive staining in lung epithelial cells indicated by arrows, scale bar corresponds to 50 mm).
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inhalation (Fig. 5A). Furthermore, immunohistochemical stain-
ing demonstrated reduced protein expression of ZO-1 in phos-
gene-treated animals and the restoration of the ZO-1
expression in animals treated with inhaled 1400 W (Fig. 5C).
Immunofluorescent staining for ZO-1 confirmed these findings
and did not demonstrate any clear differences in the localiza-
tion of ZO-1 expression in the lungs of the animals following
phosgene exposure or inhaled 1400 W treatment, further con-
firming that a reduced expression rather than relocalization of

ZO-1 was correlated with the observed injury (Fig. 5D). Taken
together, our data suggest that phosgene exposure disrupts
alveolar epithelial integrity, at least in part, by NOS-
2-dependent downregulation of ZO-1 gene expression.

NOS-2-Derived NO Downregulates ZO-1 Gene Expression in Human
Lung Epithelial Cells
A previous study reported that NO and its products can disrupt
tight junctions between cells within the lung and the intestinal

FIG. 5. Inhalation of 1400 W restores expression of the tight junction protein ZO-1 after phosgene-induced lung injury. Mice were exposed to phosgene or filtered air,

administered with 1400 W or vehicle (PBS) systemically (A) or by inhalation (B), and euthanized 24 h later. The lung tissues were analyzed for ZO-1 mRNA levels by real

time qPCR (n¼ 4, mean 6 SEM, P-value *<0.05, ***<0.001). Lung sections from animals exposed to filtered air, phosgeneþaerosolized vehicle or phosgeneþaerosolized

1400 W were stained for ZO-1 protein by immunohistochemistry and counterstained with hematoxylin (C, scale bar corresponds to 150 mm), or stained by immuno-

fluorescence (red) and counterstained with DAPI (blue) (D, scale bar corresponds to 50mm).
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epithelium (Salzman et al., 1995). Our results now suggest that
reactive nitrogen species generated by NOS-2 play an important
role in disrupting tight junction homeostasis in phosgene-
induced ALI via downregulation of ZO-1 expression at the tran-
scriptional level. To directly test the role of NO in the disruption
of tight junctions due to regulation of ZO-1 transcription, we
performed in vitro experiments using the human alveolar-like
cell line A549 and 2 noncancerous cell lines derived from
human bronchial epithelium, HBEC-2 and HBEC-3. These cells
were exposed to reactive nitrogen species by incubation with
the NO donor DETA NONOate for 24 h. Treatment with DETA
NONOate led to a dose-dependent decrease in ZO-1 mRNA lev-
els in all 3 epithelial cell lines (Fig. 6A). Importantly, the concen-
trations of DETA NONOate used (0.1, 0.5, and 1 mM) did not
result in substantial loss of cell viability as measured by PI
exclusion testing (Supplementary Fig. S1A). Therefore, the NO-
associated downregulation in ZO-1 expression in lung epithelial
cells is not secondary to a nonspecific shutdown of transcrip-
tion associated with cell death.

We further confirmed the effect of NOS-2-derived NO on ZO-
1 expression in lung epithelial cells that overexpressed NOS-2.
Human A549, HBEC-2, and HBEC-3 cells were transfected with
an empty plasmid or a plasmid carrying an open reading frame
for NOS-2 under the control of a constitutively expressed
promoter. Transfection efficacy, assessed by microscopic visu-
alization of cells transfected with a GFP-coding plasmid of com-
parable length and structure, demonstrated 5-10% positively
transfected cells (Fig. 6B). This was accompanied by an approxi-
mately 200- to 700-fold increase in NOS-2 transcript level over
the empty plasmid-transfected control (Supplementary Fig.
S1B). Despite the low number of positively transfected cells,
overexpression of NOS-2 led to a significant decrease in ZO-1
mRNA levels in all 3 lung epithelial cells compared with empty
plasmid-transfected control cells (Fig. 6C), which indicates that
NOS-2-derived NO downregulates expression of the tight junc-
tion gene ZO-1 at the transcriptional level in these lung epithe-
lial cells. Taken together, our in vivo and in vitro findings
demonstrate that phosgene-induced NOS-2 plays a key role in
the pathogenesis of phosgene-induced ALI and suggest that
inhalation of a selective NOS-2 inhibitor abrogates the NOS-2-
derived NO-induced epithelial barrier disruption.

DISCUSSION

This study was designed to investigate the role of NOS-2 in the
development of acute and severe injury of the lung as a conse-
quence of phosgene exposure. In order to investigate whether
inhibition of NOS-2 has beneficial effects in mice exposed to
this toxic gas, we used 1400 W, a small molecule inhibitor highly
specific for NOS-2, which does not affect the function of the 2
other constitutively expressed isoforms, nNOS and eNOS
(Garvey et al., 1997). By testing 2 different routes of delivery of
1400 W (systemic administration and direct delivery to the
lungs), our goal was to optimize administration of 1400 W for
effective pharmaceutical intervention against phosgene-
induced ARDS. This approach was based on our previous data
demonstrating that localized expression of NOS-2 in the lung
epithelium plays an important role in lung injury mediated by
inhaled endotoxin (Baron et al., 2004a).

NOS-2 Inhibition Alleviates Phosgene-Induced Lung Injury
NO produced by NOSs is one of the critical mediators of ARDS
caused by a variety of biological, mechanical, and chemical fac-
tors, including toxic gas exposure. Of the 3 NOS isoforms

transcribed in mammals, the inducible isoform (NOS-2), rather
than the constitutively expressed eNOS and nNOS, has been
described as the main driver of NO-mediated lung injury. We
have previously demonstrated a critical role for lung paren-
chyma-derived NOS-2 in the development of endotoxin-
induced lung injury. The absence of NOS-2 in lung parenchyma
cells, but not the absence from bone marrow-derived leuko-
cytes, protects mice from the physiological lung dysfunction
and SP-B gene dysregulation induced by endotoxin (Baron et al.,
2004a).

Recent studies have shown that NOS-2 is upregulated in the
lungs of rats exposed to phosgene (Chen et al., 2013; Zhang et al.,
2012). Additionally, elevated exhaled NO levels have been
reported in rats following phosgene inhalation (Li et al., 2013).
Our study now also reveals that NOS-2 expression is signifi-
cantly upregulated in the lung at the mRNA and protein levels
in mice 24 h after phosgene exposure.

Our data also indicate that epithelial cells are likely a key
source of NOS-2 expression within the lung after phosgene
exposure. Immunostaining of lung sections from phosgene-
exposed animals demonstrated upregulation of NOS-2 expres-
sion in alveolar leukocytes and epithelial cells, with more
predominant staining observed in lung epithelial cells.
Although the infiltrating leukocytes observed in the lung paren-
chyma of the phosgene-exposed mice stained positive for NOS-
2 (Fig. 1D), low overall levels of inflammation were observed in
BAL fluid 24 h after phosgene exposure, and histologically there
was only a mild increase in inflammation at this time.
Moreover, immunostaining for nitrotyrosine, a major product of
protein nitration by peroxynitrite, demonstrated that nitrotyro-
sine accumulation was present within the macrophage-free
regions of the lung parenchyma, further supporting the concept
that epithelial cells are an important source of NOS-2-derived
NO in the lung following phosgene exposure. Given the direct
injury to the lung epithelium caused by phosgene and the local-
ized NOS-2 expression in this compartment, targeted inhala-
tional therapies directed at the alveolar epithelium represent an
important therapeutic avenue.

Based on these findings, we investigated whether adminis-
tration of a selective NOS-2 inhibitor would attenuate phos-
gene-induced lung injury and, in particular, whether
aerosolized administration would prove superior to systemic
delivery. In contrast to inducible NOS-2, disruption of nNOS and
eNOS enzymatic activity may be deleterious to several organs
by disrupting the homeostasis of the vascular endothelium and
central nervous system (Balakumar et al., 2012; Wang and
Golledge, 2013). Therefore, the lack of specificity of many NOS
inhibitors, including L-NAME and L-NIL, may outweigh poten-
tial beneficial effects of these agents on NOS-2 inhibition due to
inhibition of eNOS and nNOS activity. Previous studies have
evaluated the effects of non-specific NOS inhibition on phos-
gene-induced abnormalities in cardiopulmonary reflexes in rats
(Zhang et al., 2012). Administration of L-NAME, a nonspecific
inhibitor of all NOS isoforms, and L-NIL, a NOS-2 inhibitor with
poor specificity, had no beneficial effects on pulmonary edema,
cardiac function, or body and lung weights. Moreover, treat-
ment with L-NAME was shown to aggravate some of the delete-
rious effects caused by phosgene (Zhang et al., 2012).

In this study, we chose the highly specific inhibitor of NOS-2,
1400 W. It exhibits Ki values of 7 nM, 2 mM, and 50 mM for human
NOS-2, nNOS, and eNOS enzymes, respectively with at least
1000-fold selectivity for iNOS versus eNOS in rat tissue (Garvey
et al., 1997), whereas the previously studied NOS inhibitor L-NIL
(Zhang et al., 2012) exhibits IC50 values of 3.3 mM for NOS-2
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(mouse) and 92 mM for nNOS (rat) making it much less specific
and less effective than 1400 W. We investigated whether treat-
ment with 1400 W would attenuate phosgene-induced lung
injury and, furthermore, whether lung-targeted delivery of
1400 W would be more efficacious than systemic delivery. Our
findings reveal that inhalation, but not systemic delivery, of
1400 W leads to dramatic reductions in vascular leak and lung
injury caused by phosgene. These results indicate that the spe-
cificity of 1400 W for NOS-2 and the route of administration
both play key roles in attenuating the phosgene-induced epithe-
lial barrier disruption and development of lung injury. Our
results support the premise that systemic inhibition of NOS-2
may not be universally beneficial, and in fact it may be harmful
in some settings due to the pleiotropic effects of NOS-2 in differ-
ent tissues and cell types and under different disease conditions

(Kubes, 2000). Because to date there have been no reports of suc-
cessful targeted therapy for phosgene-induced lung injury, this
approach of targeted NOS-2 inhibition by aerosolized delivery of
a specific NOS-2 inhibitor raises an important avenue of novel
therapy to ameliorate the exceedingly high mortality observed
for this condition.

Phosgene-Induced NOS-2 Regulates SP-B and ZO-1 Expression
To elucidate the mechanism underlying the beneficial effects of
NOS-2 inhibition in phosgene-induced ALI, we investigated
whether 1400 W altered expression of SP-B and the tight junc-
tion protein ZO-1, 2 proteins critical for maintenance of normal
lung function and epithelial barrier integrity. Several animal
studies have previously demonstrated that NO may cause sur-
factant dysfunction (Baron et al., 2004a; Haddad et al., 1994;

FIG. 6. NOS-2-derived NO downregulates ZO-1 gene expression in human lung epithelial cells in vitro. A549, HBEC-2 and HBEC-3 lung epithelial cells were incubated

with the NO donor DETA NONOate (0.1, 0.5, or 1 mM) for 24 h, harvested for RNA isolation and analyzed for ZO-1 mRNA levels using real time qPCR (A) (n¼4,

mean 6 SEM). A549, HBEC-2, and HBEC-3 cells were transfected with empty, GFP-coding or NOS-2-coding plasmids. Transfection efficacy was estimated by microscopic

observation of the GFP-coding plasmid transfected cells (B). Cells transfected with empty or NOS-2-coding plasmids were harvested for RNA isolation and analyzed for

the ZO-1 mRNA levels using real time qPCR (C) (n¼4, mean 6 SEM). For both (A) and (C) statistical significane is defined as a P-value *<0.05, **<0.01, or ***<0.001.
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Hallman and Bry, 1996; Matalon et al., 1996). Furthermore, phos-
gene has been shown to disrupt alveolar surfactant homeosta-
sis by oxidative damage to the lipid and peptide residues
(Haddad et al., 1993). Additionally, we previously reported that
NO directly affects SP-B expression via NOS-2-dependent down-
regulation of SP-B at the transcriptional level (Baron et al.,
2004a). In this study, we now demonstrate that selective inhibi-
tion of NOS-2 with 1400 W augments SP-B expression in the
lung following phosgene inhalation. Interestingly, we also
found that treatment with aerosolized PBS alone caused a non-
significant increase in SP-B expression in animals exposed to
phosgene. Although the mechanism underlying this effect is
not completely understood, we speculate that inhaled PBS treat-
ment may, in part, provide a protective barrier against phosgene
due to the poor solubility of this gas in aqueous solutions, or
due to rapid hydrolysis of phosgene in water to chlorine and
carbon dioxide. Thus, there may be multiple modes of benefit in
inhaled therapeutics for phosgene-induced lung injury.

Furthermore, aerosolization of 1400 W rescued expression of
the critical tight junction protein ZO-1 and attenuated epithelial
barrier disruption in mice exposed to phosgene. Previous work in
a mouse endotoxemia model and in cytokine-stimulated bron-
chiolar epithelial cells showed that tight junction dysregulation
may be NO-dependent, but details and specific targets of the
mechanistic underpinnings of this observation were not reported
(Han et al., 2004a). In addition, several studies have reported that
NOS-2-derived NO can disrupt tight junctions leading to destruc-
tion of blood-tissue barrier integrity in several organs including
the brain, intestine, and liver (Han et al., 2004b; Mazzon and
Cuzzocrea, 2003; Salzman et al., 1995; Thiel and Audus, 2001).
However, the mechanism underlying these effects is also not
completely understood. Our study shows for the first time that
treatment with an NO donor or exogenous NOS-2 overexpression
significantly reduces ZO-1 expression in lung epithelial cells in a
manner similar to that associated with the phosgene-dependent
NOS-2 induction in vivo. Taken together, our findings suggest
that NOS-2-induced disruption of epithelial tight junctions and
barrier dysfunction secondary to phosgene involves downregula-
tion of ZO-1 gene expression mediated by NOS-2-derived NO.
Thus, this observation opens up a new avenue of mechanistic
understanding regarding barrier disruption in the lung, which is
a key component underlying the lung injury induced by toxi-
cants, as well as non-toxicant-mediated ALI.

CONCLUSIONS

Our study demonstrates that NOS-2-derived NO plays a critical
role in the development of phosgene-induced ALI. Inhibition of
NOS-2 activity using the highly specific inhibitor 1400 W when
administered directly to the lung via inhalation attenuates the epi-
thelial barrier disruption and lung injury induced by phosgene.
Specifically, administration of aerosolized 1400 W preserves epi-
thelial integrity and mitigates phosgene-induced ALI by attenuat-
ing the reduction in ZO-1 expression and augmenting expression
of SP-B. Taken together, our findings suggest that inhalational
delivery of a selective NOS-2 inhibitor represents a promising ther-
apeutic strategy for treatment of phosgene-induced ARDS and
may have broader applicability for other forms of chemical as well
as non-chemical agent-induced lung injury.
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