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Review

Role of nitric oxide in pathological responses of the lung to
exposure to environmental/occupational agents

Patti C. Zeidler, Vincent Castranova

Department of Physiology and Pharmacology, West Virginia University and
National Institute for Occupational Safety and Health, Morgantown, West Virginia, USA

Conflicting evidence exists as to whether nitric oxide expresses damaging/inflammatory or antioxidant/
anti-inflammatory properties. Data presented in this review indicate that in vitro or in vivo exposure to
selected environmental or occupational agents, such as asbestos, silica, 0zone or lipopolysaccharide,can
result in up-regulation of inducible nitric oxide synthase by alveolar macrophages and pulmonary
epithelial cells. In the case of silica exposure, evidence consistently supports a damaging/nflammatory
role of nitric oxide and/or peroxynitrite in the pathogenesis of lung disease. Although conflicting data
have been reported, the majority of published studies suggest that nitric oxide plays a damaging role in
pulmonary injury resulting from exposure to ozone or asbestos. In contrast, most information supports an
anti-inflammatory role of nitric oxide following exposure to lipopolysaccharide. Further investigation is
required to elucidate fully the mechanisms involvedin determining the role of nitric oxide in the initiation
and progression of various pulmonary diseases.

Keywords: Nitric oxide, lung pathology, asbestos, silica, ozone, lipopolysaccharide, alveolar

macrophages, pulmonary epithelial cells

INTRODUCTION

Nitric oxide (NO) can be generated by a cytosolic
enzyme, nitric oxide synthase (NOS), according to the
following reaction:

NOS
L-Arginine + NADPH — L-Citrulline + NO
Eq. 1

Neuronal NOS (nNOS or NOS1), present in nervous tis-
sue, and endothelial NOS (eNOS or NOS3), present in vas-
cular endothelium, are isoforms of constitutive NOS and
are calcium/calmodulin dependent. Constitutive forms of
NOS produce NO at low basal rates and are involved in
vasorelaxation and neurotransmission. A third isoform is
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induced by a variety of stimuli, such as lipopolysaccharide,
interferon-y (IFN-Y), chemotactic peptide, platelet activat-
ing factor, leukotriene B,, and selected cytokines. Inducible
NOS (iNOS or NOS?2) is tightly bound to calmodulin and is
active at basal, cytosolic calcium levels. Therefore, it was
originally described as calcium/calmodulin independent.
iNOS can generate relatively high levels of NO, which
have been associated with a wide range of biological
responses.'™

Constitutive and inducible isoforms of NOS have been
identified in various lung cell types (Table 1). Under basal
conditions, eNOS has been found in alveolar macrophages,
alveolar type II cells, and pulmonary endothelial cells.*¢
Type II cell eNOS appears to be more active than that

Abbreviations: IFN-y, interferon gamma; LPS, lipopolysaccharide;
IL-1, interleukin-1; TNF-o., tumor necrosis factor alpha; eNOS and
NOS3, endothelial NOS; nNOS and NOS1, neuronal NOS; iNOS and
NOS2, inducible NOS; BALF, bronchoalveolar lavage fluid; MPO,
myeloperoxidase; MIP-2, macrophage inflammatory protein-2; IL-6,
interleukin-6; BALC, bronchoalveolar lavage cells; NOx, nitrate and
nitrite; NO, nitric oxide, O,", superoxide anion; AM, alveolar
macrophages; MMP-9, matrix metalloproteinase-9; NF-kB, nuclear
factor-kappa B; PGE,, prostaglandin E,
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Table 1. Types of NOS found in lung cells

Lung cell NOS isoform Condition Presence Reference
Alveolar macrophages eNOS Basal Low 4
nNOS Basal No 4
iNOS Basal No 4
iNOS IFN-y High 9
Interstitial macrophages iNOS IFN-y/LPS High 10
Type II cells eNOS Basal Moderate
nNOS Basal No 5
iNOS Basal No 8
iNOS IFN-y or IL-1 Moderate 8
Fibroblasts iNOS IFN-y and/or IL-1 High 11
Pulmonary arterial smooth muscle cells  iNOS Cytomix (IL-1B,
TNF-a, IFN-v, LPS)  High 12
Pulmonary endothelial cells eNOS Basal Low
Airway neurons nNOS Basal Low
Neutrophils iNOS Chemotactic factor,
platelet activating
factor, or
leukotriene B, High 3

found in alveolar macrophages. In contrast, nNOS has been
found in airway neurons but not in alveolar macrophages or
alveolar type II cells.*>7 iNOS has not been identified in
unstimulated alveolar macrophages or type II cells*®
However, various stimulants have been reported to induce
the expression of iNOS in alveolar macrophages, type II
cells, interstitial macrophages, fibroblasts, pulmonary arter-

ial smooth muscle, and neutrophils>!

Nitric oxide — damaging versus protective actions

Although nitric oxide is a radical, it exhibits relatively low
reactivity.!? Indeed, a large body of literature suggests that
NO is protective against injury and inflammation. Wink et
al.** reported that NO can exhibit antioxidant properties.
A number of studies have reported that NO can react with
alkoxyl and peroxyl radical intermediates to terminate
oxidant-induced lipid radical chain propagation reactions
and, thus, inhibit free radical-mediated lipid per-
oxidation.!>8 NO has also been shown to inhibit superox-
ide anion production by neutrophils by inhibition of
NADPH oxidase.”” In addition, NO can decrease the
recruitment of neutrophils by reducing neutrophil defor-
mity, decreasing the production of endothelial adhesion
molecules, and decreasing the production of interleukin-8,
a chemokine, by lung epithelial cells.?*?* Inhibition of
nuclear factor-kappa B (NF-xB) activation in response to
inflammatory stimuli, such as silica or lipopolysaccha-
ride, has also been reported.?>8 Reported mechanisms for

this NO-induced inhibition of NF-kB binding to DNA
have included nitrosation of cysteine residues on the pS0
subunit of NF-xB and inhibition of IxkBo degradation,
which maintains NF-xB in its inactive state.?3! Since
NF-xB is a transcription factor for a variety of inflamma-
tory cytokines, chemokines and growth factors, this prop-
erty of NO could be protective against the pathogenic
effects of silica or lipopolysaccharide.

Although NO exhibits low reactivity, it can combine with
superoxide anion, O,", to form peroxynitrite, ONOO~.**¥
The reaction of NO and O, is irreversible and occurs at a
near diffusion-limited rate.”* In fact, NO can out-compete
superoxide dismutase for O,™. Peroxynitrite is a potent oxi-
dant." Tt reacts with tyrosine residues to produce nitrotyro-
sine.’*¥3 Such nitrosation has been associated with
disruption of actin filaments in the cytoskeleton, inhibition
of mitochondrial enzymes, oxidation of surfactant protein
A, and oxidative depletion of plasma sulfydryls and antiox-
idants.'*3%37 Oxidant damage resulting from peroxynitrite
has been linked to enhanced lipid peroxidation, DNA dam-
age, inactivation of enzymes and proteins, increased prolif-
eration, and tumor promotion.'#*¥3? In addition, NO has
been proposed to exhibit a pro-inflammatory action by
enhancing NF-kB activation in response to inflammatory
agents.***! Such activation of NF-kB has been linked in
NO-induced enhancement of the production of tumor
necrosis factor alpha (TNF-a) and interferon-y (IFN-Y).#
Lastly, NO generators have been shown to stimulate
prostaglandin E, (PGE)) production by rat alveolar
macrophages and lung fibroblasts in vitro.*
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Goal of this review

From the above discussion, it is clear that NO has been
proposed to exhibit both oxidant/damaging/inflamma-
tory and antioxidant/anti-inflammatory actions. This
manuscript will attempt to clarify this issue by evaluat-
ing the pulmonary responses to four pathogenic agents —
asbestos, silica, ozone, and lipopolysaccharide.
Evidence will be presented that iNOS is induced and NO
production enhanced in lung cells exposed to these
agents. Lastly, the role of this induced NO production in
the pathogenesis of lung disease resulting from exposure
to each of these agents will be evaluated.

ASBESTOS

Asbestos refers to a group of naturally occurring fibrous sil-
icate minerals. Mineralogically, asbestos fibers are classi-
fied as serpentines and amphiboles. Chrysotile is a
serpentine asbestos, while crocidolite, actinolite, tremolite,
amosite and anthophyllite are amphiboles. Inhalation of
asbestos is associated with asbestosis (interstitial fibrosis),
lung cancer, pleural fibrosis, and mesothelioma* Free rad-
icals generated directly from asbestos fibers as well as oxi-
dants generated as a result of cellular interaction with fibers
have been linked to DNA damage, inflammation, and pro-
liferation associated with the pathogenesis of asbestos-
induced diseases.*’ The following is a summary of evidence
that nitric oxide is generated in response to asbestos expo-
sure and a discussion of the role of nitric oxide in asbestos-
induced diseases.

Nitric oxide production in response to in vitro exposure
to asbestos

Thomas et al.*® reported that exposure of rat alveolar
macrophages to asbestos fibers (10 pLg/ml) resulted in a
significant increase in nitric oxide release measured 48 h
after exposure. In their test system, chrysotile was a
more potent stimulant than crocidolite (on an equal mass
basis). Chrysotile-induced nitric oxide production by rat
alveolar macrophages 24 h after in vitro exposure was
also reported by Iguchi et al.*” who found crocidolite and
amosite to be inactive at a 150 lg/ml dose. In vitro, a 24-
h exposure of rat alveolar macrophages or RAW 264.7
mouse peritoneal macrophages to crocidolite (10
ng/cm?) resulted in induction of mRNA for iNOS and
activation of the iNOS promoter gene.*® Treatment of a
mouse alveolar macrophage cell line (MH-S) with croci-
dolite (25 pg/cm?) increased NOS activity and NO pro-
duction by ~4-fold at the 24-h exposure time point.*
Crocidolite (6 pug/cm? for 24 h) also stimulated mRNA
levels for iNOS and NO productionin an alveolar type II

epithelial cell line (A549).5° Treatment of these cells
with aminoguanidine, an iNOS inhibitor, not only
decreased asbestos-induced NO production but also
inhibited 8-OHdG formation, suggesting a link between
NO production and asbestos-induced DNA damage. In
contrast, exposure of rat parietal pleural mesothelial
cells to crocidolite or chrysotile failed to induce NO pro-
duction. However, asbestos-induced mRNA for iNOS
and NO production was noted if interleukin-1 (IL-1) was
present in the culture medium.>!

Nitric oxide production in response to in vivo exposure
to asbestos

Intratracheal instillation of rats with asbestos has been
shown to increase NOS activity of lung tissue 48-h post-
exposure.*’ On an equal mass basis, chrysotile was more
potent than amosite. Dorger et al.*? reported induction of
mRNA for iNOS in lung tissue and increased immuno-
histochemical staining for iNOS protein and nitrotyro-
sine residues in bronchial and alveolar epithelial cells
and alveolar macrophages 24 h after intratracheal instil-
lation of mice with crocidolite (2 mg/kg). Similar results
were reported in rats 24 h after intratracheal instillation
of crocidolite (5 mg/kg), with increased iNOS protein
and mRNA noted in lung tissue and positive staining for
iNOS and nitrotyrosine in alveolar macrophages, alveo-
lar epithelial cells and vascular endothelium > Induction
of NO has also been observed after inhalation exposure
of rats to asbestos. A 6 h/day exposure to crocidolite or
chrysotile asbestos (7-10 mg/m?) for 3 days resulted in a
greater than 2-fold increase in NO production from alve-
olar macrophages.* This NO production was temporally
correlated with inflammation, measured by neutrophil
infiltration. One week after inhalation exposure of rats
(7-8 mg/m?, 6 h/day, 5 days/week) to crocidolite or
chrysotile, iNOS protein was elevated in alveolar
macrophages resulting in a 2-3-fold increase in NO pro-
duction by these phagocytes. Increased nitrotyrosine
staining of alveolar macrophages, bronchiolar epithelial
cells and alveolar bifurcation epithelial cells indicated
that this enhanced NO production resulted in peroxyni-
trite formation and nitrosation-induced damage.>*

Influence of nitric oxide on the pulmonary response to
asbestos

The evidence above indicates that asbestos exposure
either in vitro or in vivo can induce NO production by
alveolar macrophages and alveolar epithelial cells. In
some cases, an association was noted between the
potency of different forms of asbestos to induce NO pro-
duction and to cause pulmonary damage.*’ In other
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Table 2. Response of rats and hamsters to asbestos exposure

Species NO induction Pulmonary responses
Rat T mRNA for iNOS (lung tissue)  Gas exchange 53%
TiNOS protein (lung tissue) T Edema 32%
TiNOS staining (lung sections) T BALF protein 857%
T Nitrotyrosine staining (lung sections) T BAL neutrophils 278%
T Lung MPO 438%
Hamster No evidence of induction of iNOS protein, | Gas exchange 23%
message, or reactive product (peroxynitrite) T Edema 1%
T BALF protein 43%
T BAL neutrophils 0%
T Lung MPO 50%

Crocidolite exposure — intratracheal instillation of crocidolite (5 mg/kg body weight): pulmonary responses evaluated 24 h

post-exposure. Modified from Dorger et al.>

cases, a temporal association between NO production and
pulmonary inflammation was noted* The presence of
asbestos-induced nitrotyrosine staining in lung tissue has
also been taken to indicate a role of NO in asbestos-induced
lung injury.32* Further correlation between NO production
and asbestos-induced inflammation and injury has been
reported recently by Dorger et al.>* This study compared the
acute pulmonary reaction of rats and hamsters to intratra-
cheal instillation of crocidolite (5 mg/kg). The rat/hamster
comparison was investigated because rat alveolar
macrophages exhibit iNOS induction and enhanced NO
release in response to LPS, IFN-y or TNF-o., while hamster
alveolar macrophages do not.>3¢ As shown in Table 2, 1
day after intratracheal instillation of crocidolite the rat
showed the following indications of induction of NO pro-
duction: (i) an increase in mRNA for iNOS in lung tissue
measured by Northern blot; (ii) an increase in lung iNOS
protein measured by Western blot; (iii) an increase in
immunohistochemical staining for iNOS in lung slices; and
(iv) an increase in nitrotyrosine staining of lung slices. In
contrast, lung tissue from asbestos-exposed hamsters
showed no indication of NO induction. Correlating with

this NO induction, rat lungs exhibited substantial evidence
of alveolar infiltration of neutrophils, damage to the alveo-
lar air/blood barrier, edema and activation of myeloperoxi-
dase (MPO) in lung tissue, while hamsters exhibited a
much less pronounced degree of inflammation or damage
in response to asbestos (Table 2). These quantitativeindica-
tors of pulmonary response were supported by histopathol-
ogy results, where hemorrhage, alveolar inflammatory
cells, and thickening of the alveolar septa were more dra-
matic in asbestos-exposed rat lungs than the hamster.

The role of NO in asbestos-induced injury was also
investigated using iNOS knockout mice.>? In this model,
both protective and damaging effects of NO were
observed (Table 3). iNOS knockout mice exhibited
greater inflammation, measured as neutrophil harvested
by bronchoalveolar lavage, histological evidence of
inflammatory cell infiltration, lung mRNA for TNF-a,
and TNF-a levels in bronchoalveolarlavage fluid. These
results suggest a protective role of NO against asbestos-
induced inflammation. In contrast, asbestos-exposed
iNOS knockout mice exhibited significantly lower lung
damage, measured as lavage fluid protein, lavage fluid

Table 3. Role of nitric oxide in the pulmonary response to asbestos

Role of NO Model Pulmonary response
(Response of iNOS knockout compared to wild-type mice)

Protective iNOS KO T BAL neutrophils 26%
T Lung MPO 76%
T Lung mRNA for TNF-a!
T BALF TNF-a. 53%
T Histological evidence of inflammatory cells

Damaging iNOS KO | BALF protein 24%
| BALF LDH 51%

{ Histological evidence of alveolar septal thickening

Crocidolite exposure of mice — intratracheal instillation of crocidolite (2 mg/kg body weight): pulmonary responses evaluated

24 h post-exposure. Modified from Dorger et al.>
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lactate dehydrogenase (LDH) activity, and histological
evidence for thickening of the alveolar septa. These
results suggest a damaging role of NO in asbestos-
induced lung injury.

Conclusion

There is strong evidence from both in vitro and in vivo
exposure models that asbestos induces iNOS protein
synthesis and the production of NO by alveolar
macrophages and alveolar epithelial cells. Evidence
indicates that NO plays a significant role in acute
asbestos-induced lung injury probably by peroxynitrite-
dependent nitrosation of alveolar tissue. However, evi-
dence also indicates that NO is protective against the
acute inflammatory response to asbestos. The role of NO
in chronic pathogenesis in response to asbestos has not
been investigated.

SILICA

Inhalation of crystalline silica (SiO,) can result in silico-
sis. Acute silicosis results from exposures to relatively
high levels of silica and is characterized by the rapid
development of pulmonary edema, interstitial inflamma-
tion and alveolar lipoproteinosis. Patients often suffer
from labored breathing, fatigue, cough, weight loss, and
compromised gas exchange. Chronic silicosis develops
over decades and is characterized by fibrotic nodular
lesions. As fibrosis progresses, restrictive lung disease
and decreased gas exchange can become marked.”’
Silica exposure has also been associated with lung can-
cer.’® Free radicals generated from silica particles and
reactive species produced by lung cells exposed to silica
have been linked to silica-induced fibrosis and lung can-
cer.>® The following is a summary of the evidence that
NO is generated upon silica exposure and a discussion of
the role of NO in silica-induced lung disease.

Nitric oxide production in response to in vitro exposure
to silica

Srivastava et al.®! have reported that the exposure of a
mouse macrophage cell line (IC-21) to silica (10 pLg/ml)
resulted in a greater than 12-fold increase in NO after 4 h
of exposure. In contrast, silica exposure of a mouse peri-
toneal macrophage cell line (RAW 264.7) caused a
small, but not significant, induction of the iNOS gene
promoter.*® In vitro exposure of primary rat alveolar
macrophages to silica (5-100 ng/ml) failed to induce
NO production after a 24-h treatment.’? Primary rat alve-
olar type II epithelial cells were also shown to be non-

responsive to silica exposure with respect to NO produc-
tion.®? Huffman er al’® have shown that alveolar
macrophages will produce NO in response to in vitro
treatment with silica if the cells were incubated in condi-
tioned-medium from bronchoalveolar cells harvested
from silica-exposed rats. Therefore, intercellular media-
tors appear to be critical to the responsiveness of cells to
silica. This requirement for priming is unique to NO and
is not required for silica-induced stimulation of TNF-a,
MIP-2, IL-6, or IL-1PB production

Nitric oxide production in response to in vivo exposure
to silica

In contrast to in vitro studies, in vivo exposure of rats to sil-
ica has been consistently associated with induction of NO.
Intratracheal instillation of rats with crystalline silica (10
mg/100 g body weight) resulted in a 5-fold increase in NO
production from bronchoalveolar lavage cells (BALC), a
3-fold increase in mRNA for iNOS in BALC, and a 5-fold
increase in zymosan-stimulated NO-dependent chemilu-
minescence from alveolar macrophages harvested 24-h
post-exposure>®* Similarly, induced iNOS levels were
reported in alveolar macrophages in response to inhalation
of crystalline silica (250 mg/m?, 5 h/day, for 10 days). This
induction was evident 1 week after exposure$! Porter et
al.% conducted a 116-day inhalation exposure study with
crystalline silica (15 mg/m?, 6 h/day, 5 days/week). Nitrate
and nitrite (NOx) was elevated by 1.8-fold after 10 days
of exposure, while NO-dependent chemiluminescence
was elevated 15-fold at this exposure time. This level of
induction remained relatively constant for the first 41
days of exposure, increasing explosively thereafter (a
22-fold increase in BALF NOx and a 151-fold increase
in NO-dependent chemiluminescence after 116 days of
exposure). This NO production was associated with
immunohistochemical evidence of iNOS induction and
nitrotyrosine residues in lung sections at 79 and 116 days
of exposure. Alveolar macrophages and alveolar type II
epithelial cells were identified by in sifu immunohisto-
chemistry as the major sources of i-NOS-derived NO in
silica-exposed rat lungs.

Influence of nitric oxide on the pulmonary response to
silica

A number of studies have reported an association between
silica-induced NO production and pathogenesis. Blackford
et al.% reported that, when normalized to an equivalent
exposure by particle number, the sequence of potency for
four dust particles (silica > coal >> carbonyl iron > titanium
dioxide) in the induction of mRNA for iNOS in bron-
choalveolar lavage cells harvested from rats 24 h after an
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Table 4. Role of nitric oxide in the pulmonary response to silica

Role of NO Model Pulmonary response Reference
(Response of iNOS knockout compared to wild-type mice)
Damaging iNOS KO  # of histopathologicallesions 61
1 week post 80%
6 weeks post 91%
12 weeks post 95%
{ Size of histopathologicallesions
1 week post 60%
6 weeks post 93%
12 weeks post 95%
Damaging iNOS KO | BALF LDH 20% 67
| BAL albumin 23%
1 AM - chemiluminescence 65%
| BALF TNF-a 44%
2 Lung hydroxyproline 86%
l Alveolitis (histopathology) 52%
{ Lipoproteinosis (histopathology) 60%

Srivastava et al.®! — exposure by inhalation of silica (250 mg/m?, 5 h/day, 10 days).
Zeidler’” exposure by pharyngeal aspiration (40 mg/kg body weight), 42 days post-exposure.

intratracheal instillation of dust (5 mg/100g body weight)
was similar to the potency sequence for lung damage
(BALF protein) and inflammation (BAL neutrophils) with
these dusts. Castranova et al.% evaluated bronchoalveolar
lavage cells from a control volunteer, a coal miner exposed
to high silica levels but with a normal chest radiograph, and
a coal miner exposed to high silica levels with an abnormal
chest radiograph. Both the sequence for mRNA levels for
iNOS and for NO-dependent chemiluminescence followed
disease progression, i.e. miner abnormal X-ray > miner
normal X-ray > control. A study by Porter et al.% reported a
temporal association between NOx in bronchoalveolar
lavage fluid and markers of pulmonary inflammation and
damage and an anatomical association between immuno-
histochemical staining of tissue sections for iNOS and
nitrotyrosine and areas of granulomas in the lung and
bronchial associated lymph nodes, resulting from inhala-
tion of silica in a rat model.

A more direct link between silica-induced NO produc-
tion and pathogenesis was obtained using iNOS knockout
mice. These results are summarized in Table 4. Srivastava
et al.® reported that silica-induced pulmonary lesions were
strikingly reduced in both number and size in iNOS knock-
out mice compared to wild-type mice evaluated histologi-
cally 1-12 weeks’ post-exposure. Zeidler” reported a
similar diminished response of iNOS knockout mice 42
days after intratracheal silica exposure. This protection was
statistically significant for a number of pulmonary markers
of damage and macrophage activation as well as for histo-
logical scores for alveolitis and lipoproteinosis.
Interestingly, iNOS knockout provided protection in a sub-
chronic exposure (42 days after silica exposure) but not in

an acute exposure (1 day after silica exposure).5” This sug-
gests that the role of NO is more evident in longer term
pathogenic events.

Conclusion

Although silica is not an effective stimulant of NO using
in vitro alveolar macrophage or alveolar type II epithe-
lial cell systems, crystalline silica is a potent stimulant of
iNOS induction and NO production in vivo. This sug-
gests the intercellular communication is important. Both
associative and direct evidence support the hypothesis
that NO plays a damaging role, most likely through per-
oxynitrite, in initiation of lung injury and progress of sil-
ica-related disease.

OZONE

Ozone (O,) in ambient air is formed from nitrogen
oxides and volatile organic compounds in the presence
of sunlight. Ozone is also generated occupationally from
electrical arcing of equipment, such as welding. Acute
exposure to ozone is associated with airway hyper-reac-
tivity, inflammation and tissue damage, leading to the
exacerbation of asthma and bronchitis. Repeated ozone
exposure can lead to obstructive lung disease and fibro-
sis.% The following is a summary of evidence that NO is
generated in response to ozone exposure and a discus-
sion of the role of NO in ozone-induced lung injury.
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Table 5. Role of nitric oxide in the pulmonary response to ozone

Role of NO  Model Pulmonary response Reference
(Response of iNOS knockout compared to wild-type mice)
Protective iNOS KO (1 ppm O,, T BALF protein 40% 72
8 h/night, for 3 nights) T BAL neutrophils 1215%
T BALF MIP-2 285%
T BALF MMP-9 229%
Damaging iNOS KO (0.8 ppm | BALF protein 100% 69
for 3 h, evaluated { nitrotyrosine staining of lung sections
24 h post-exposure
Damaging iNOS KO (0.8 ppm | BALF protein 32% 74

for 3 h, evaluated
24 h post-exposure

2 Bronchoalveolarlavage cell number 35%
2 PGE, from alveolar macrophages

100%

{ Nitrotyrosine staining of lung sections

Nitric oxide production in response to in vitro exposure
to ozone

The database for the effects of in vitro exposure to ozone
on induction of NO is sparse. A 1-h exposure of primary
rat alveolar macrophages or rat tracheal epithelial cells
to 0.5 ppm ozone failed to induce mRNA levels for
iNOS 3 h post-exposure (Dr Murali Rao, NIOSH, per-
sonal communications). However, whether iNOS mes-
sage would be induced in response to a higher level or
longer duration of ozone exposure is yet to be tested.

Nitric oxide production in response to in vivo exposure
to ozone

Exposure of mice to ozone (0.8 ppm for 3 h) has been shown
to induce NO production in alveolar macrophages harvested
by bronchoalveolarlavage 24-h post-exposure® This induc-
tion was evidenced as follows: (i) increased mRNA for iNOS
in alveolar macrophages; (ii) increased iNOS protein in alve-
olar macrophages; and (iii) increased NO and peroxynitrite
production by alveolar macrophages. Similar induction of

NO has also been reported in rat models. Exposure to ozone
(1 ppm for 3 h) increased NO production from bronchoalve-
olar lavage cells by 1.7-fold and immunohistochemical stain-
ing of lung sections for iNOS in alveolar macrophages and
alveolar type II epithelial cells 2 days post-exposure.”® These
ozone-inducedresponses are more pronounced 1 day follow-
ing exposure to 2 ppm ozone for 3 h, that is, induction of
iNOS protein in alveolar macrophages and type II cells iso-
lated from ozone-exposed rats resulted in a 3.6-fold increase
in NO production by alveolar macrophages and a 14.3-fold
increase in NO production from alveolar type II epithelial
cells.”! This inductionof iNOS protein in response to ozone is
associated with an activation of NF-xB. Inhibition of
NF-xkB with pyprolidine dithiocarbamate effectively
inhibited the ozone-induced increase in iNOS protein in
this model system.”!

Influence of nitric oxide on the pulmonary response to
ozone

The results above indicate that exposure to ozone can increase
mRNA for iNOS, iNOS protein and NO production. Several

Table 6. Damaging role of nitric oxide in the pulmonary response to LPS

Pulmonary response
(Response of test animals, NOS

Exposure Model inhibitor or KO, compared to untreated Reference
or wild-type)

i.v. exposure of rabbits i.v. treatment with | BALF albumin 69% 86

to LPS (5 mg/kg) aminoguanidine | BAL neutrophils 56%
| Histological score for lung injury 50%

i.p. exposure of mice iNOS KO | BALF LDH 100% 85

to LPS (25 mg/kg) | Edema 100%

{ Histological score for lung injury 30%
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investigations have been conducted to evaluate the role of
this elevated NO production in ozone-induced lung dam-
age and inflammation. Kenyon et al.”? reported that NO
had a protective effect and mitigated ozone-induced pul-
monary responses. This conclusion is based on the fact that
ozone-induced inflammation and damage were greater in
iNOS knockout mice than wild-type mice (Table 5).
Support for a protective role of NO against the adverse
effects of oxidant exposure also comes from a study by
Kobayashi e al.”® These investigators reported that mark-
ers of lung damage and inflammation are higher in iNOS
KO mice exposed to hyperoxia than wild-type mice.

In contrast, several studies conclude that NO is damag-
ing and enhances the adverse pulmonary effects of ozone.
Ozone (0.8 ppm for 3 h) results in nitrotyrosine staining of
mouse lung sections 24 h post-exposure, indicating perox-
ynitrite-induced lung damage had occurred.®’* Pretreat-
ment of rats with a peroxynitrite scavenger, ebselen (10
mg/kg body weight intraperitoneally 1 h before and 7 h
after O, exposure), not only decreased ozone-induced (2
ppm O, for 4 h) nitrotyrosine staining of alveolar
macrophages in lung sections 18 h post-exposure, but also
decreased ozone-induced lung damage (BALF albumin)
by 78% and inflammation (BAL neutrophils) by 37%.7
Alveolar macrophage-derived NO appears to play an
important role in pulmonary responses to ozone.
Pretreatment of rats with gadelinium chloride (7 mg/kg
body weight intravenously 24 h before exposure to 2 ppm
O, for 3 h) decreased iNOS staining of alveolar
macrophages but not alveolar type II cells 4 h post-expo-
sure. This decrease in macrophage iNOS resulted in a 75%
decline in NO levels in BALE. Inhibition of NO produc-
tion by alveolar macrophage was associated with a 19%
decrease in BALF protein and a 12% decrease in BAL
neutrophils in GaCl,-pretreated, ozone-exposed rats. More
direct evidence of an adverse role on NO in ozone-induced
lung damage involves studies with iNOS knockout mice
(Table 5). These studies report that BALF protein, BAL
cell number, lung nitrotyrosine staining and PGE, produc-
tion by alveolar macrophages in response to ozone expo-
sure were mitigated in iNOS knockout mice compared to
wild-type mice.®7

Conclusion

Evidence indicates that exposure to ozone increases NO
production by alveolar macrophages and alveolar type II
epithelial cells. Nitrotyrosine staining of ozone-exposed
lung tissue indicates peroxynitrite is formed as a result
of this enhanced NO production and results in NO-
dependent lung injury. Although there is a report to the
contrary, most information supports an adverse role for
NO in ozone-induced lung injury.

LIPOPOLYSACCHARIDE

Organic dusts found in grain-handling operations,
sewage treatment plants, animal confinement facilities,
cotton textile plants, and wood-processing facilities can
be contaminated with endotoxin (a product of the cell
wall of Gram-negative bacteria). The bioactive compo-
nent of endotoxin is lipopolysaccharide (LPS).”
Occupational exposure to dusts containing LPS can
result in an acute response termed organic dust toxic
syndrome, which is characterized by fever, headache,
chest tightness and leukocytosis.”® Chronic exposure to
LPS can result in obstructive lung disease.”

Nitric oxide production in response to in vitro exposure
to LPS

In vitro exposure of primary rat alveolar macrophages to
LPS (0.1-5 pg/ml) has been reported to increase mRNA
for iNOS and iNOS protein 24 h post-exposure, while
increasing NO production by alveolar macrophages by
29-50-fold.$>7*8 LPS (10 pg/ml) has also been reported
to induce NO production from an alveolar type II cell
line.® Kanj et al.%> compared the responsiveness of pri-
mary rat alveolar macrophages with that of primary type
II cells and a rat alveolar epithelial cell line (RLE-6TN)
and found NO production in response to LPS to be 5.8-
fold higher in primary alveolar macrophages than pri-
mary type II cells, with the alveolar epithelial cell line
being significantly less responsive than primary type II
cells.

Nitric oxide production in response to in vivo exposure
to LPS

Numerous studies indicate that LPS is a potent stimulant
of iNOS activity in the lung. Intratracheal instillation of
rats with LPS (250 ug/100 g body weight) resulted in
significant induction of NO 24 h post-exposure: (i)
mRNA for iNOS in lung tissue increased 4-fold; (ii)
mRNA for iNOS in bronchoalveolar lavage cells
increased 7-fold; and (iii) NO-dependent chemilumines-
cence from alveolar macrophages increased 9-fold.®®
Similar up-regulation of NO production was reported 18
h after inhalation exposure of rats to endotoxin (2.2 x 10*
EU/m? for 3 h): (i) NO products (nitrate and nitrite)
increased in BALF by 1.7-fold; (ii) NO production from
BAL cells increased 1.9-fold; (iii)) mRNA for iNOS in
BAL cells increased 11.5-fold; and (iv) NO-dependent
chemiluminescence from alveolar macrophages
increased 33-fold.3° Greenberg et al®' reported the
increase in NO production and iNOS levels 4 h after
intratracheal instillation of LPS in mice was demonstra-
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Table 7. Protective role of nitric oxide in the pulmonary response to LPS

Exposure Model Pulmonary response Reference
(Response of test animals, NOS inhibitor or KO, compared
to untreated or wild-type)
IT exposure of mice to i.p. treatment T mRNA for IL-6 (lung) 300% 27
endotoxin (40 pg/mouse),  with L NAME TIL-6in lung tissue 65%
6 h post-exposure (13 mg/kg) T mRNA for TNF-o (lung) 26%
T TNF-ot in lung tissue 66%
i.v. exposure of rabbits Inhaled NO (10 ppm) | BALF albumin 100% 83
to LPS (5 mg/kg), ! BAL neutrophils 100%
6 h post-exposure | Chemiluminescence by BAL cells 51%
| NE-B activity of alveolar macrophages 100%
i.v. exposure of rabbits Inhaled NO (10 ppm) | BALF protein 53% 87
to LPS (5 mg/kg), | BAL LDH 93%
6 h post-exposure ! BAL neutrophils 100%
! Chemiluminescence by alveolar macrophages 100%
I NE-B activity of alveolar macrophages 100%
JIL-1 production by alveolar macrophages 41%
LIL-8 production by alveolar macrophages 100%
Pharyngeal aspiration iNOS KO T BALF LDH 54% 67
of mice with 1.2 mg/kg T BALF albumin 136%
LPS plus 5000 U/mouse TBALF neutrophils 23%
IFN-v, 72 h post-exposure T Chemiluminescence by alveolar macrophages  90%
T BALF TNF-a. 72%
T BALF MIP-2 127%
IT exposure of mice to i.p. treatment with TBAL neutrophils 81
LPS, 4 h post-exposure L-NIL (10 mg/kg)
IT exposure of mice to iNOS KO TBAL neutrophils 81
LPS, 4 h post-exposure
Pulmonary exposure L-Arginine treatment LIL-1B by alveolar macrophages 88

to LPS

| TNF-a by alveolar macrophages

ble in pulmonary neutrophils and alveolar macrophages.
Intravenous exposure of an isolated-perfused rat lung to
LPS resulted in a 5-fold induction of NOS activity in the
lung 8 Similarly, intravenous treatment of rabbits with
LPS (5 mg/kg body weight) has been shown to increase
NO product levels in BALF and NO production by BAL
cells.® Intravenous LPS also increased mRNA for iNOS
with induction in alveolar macrophages being greater
than alveolar type II cells which was greater than inter-
stitial macrophages.!® Intraperitoneal injection of LPS
has also been shown to induce iNOS in both mouse and
rat models.3*® Pulmonary responses include: (i)
increased mRNA for iNOS in lung tissue; (ii) increased
NOS activity in lung tissue; (iii) increase iNOS protein
in lung tissue; and (iv) increased nitrotyrosine staining in
airway epithelium, alveolar epithelial cells, alveolar
macrophages, and interstitial macrophages.

Influence of nitric oxide on the pulmonary response to LPS

The studies described above clearly demonstrate that
LPS-induced pulmonary inflammation is associated with
induction of iNOS and increased production of NO by
pulmonary macrophages and epithelial cells. However,
conflicting studies exist concerning the role of NO in
LPS-induced pulmonary responses. Evidence that LPS
induces nitrotyrosine staining of lung tissue suggests a
damaging role of NO.% However, inhibition of LPS-
induced NO production by peritoneal macrophages in
vitro with the NOS inhibitor, L-NAME, results in
enhanced NF-kB-DNA binding.?’ Therefore, the
authors suggested that NO acts to attenuate LPS-induced
cytokine production and inflammation.

In vivo studies suggesting that NO enhances LPS-induced
pulmonary inflammation and damage are summarized in
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Table 6. Treatment of rabbits with the iNOS inhibitor,
aminoguanidine, attenuated lung injury and inflammation
following intravenous exposure to LPS (5 mg/kg body
weight).% Similarly, LPS-induced damage 12 h following
intraperitoneal injection of LPS (25 mg/kg body weight)
was significantly lower in iNOS knockout mice compared
to wild-type mice.®

In contrast, several studies report that NO plays a protec-
tive role in suppressing pulmonary inflammation and dam-
age resulting from LPS exposure (Table 7). Inhalation of
NO or increasing the endogenous production of NO via
NOS by supplementation of L-arginine has been reported to
decrease markers of lung damage (BALF protein, albumin
and LDH), decrease infiltration of neutrophilsinto the alve-
olar space, and attenuate the activation of alveolar macro-
phages (activation of NF-«B, production of cytokines, and
generation of reactive oxidant species).3*%”8 Inhibition of
NOS with L-NAME or L-NIL augmented the adverse pul-
monary effects of LPS exposure.2’#! Similarly, knockout of
the iNOS gene resulted in enhanced neutrophil infiltration,
lung damage, cytokine production and oxidant generation
by alveolar macrophages after LPS + IFN-y exposure.?¢" It
is of interest that the protective effects of NO seen in my
laboratory were apparent 72 h post-exposure but not 24 h
post exposure.5’

Conclusion

Although both damaging and protective effects of NO on
LPS-induced pulmonary responses have been reported, the
majority of studies suggest that NO acts to mitigate the
adverse pulmonary responses to LPS exposure.

SUMMARY

In vitro studies present conflicting evidence as to whether
NO expresses oxidant/damaging/inflammatory or antioxi-
dant/protective/anti-inflammatory properties. Some of this
controversy may depend on the ratio of NO versus perox-
ynitrite generated in the test system investigated, i.e. NO
expressing protective effects in low O, conditions while
being damaging in the presence of high O, The action of
NO may also depend on the set point of signaling path-
ways at the time of study. For example, NO has been
reported to inhibit silica-induced activation of NF-xB in
serum-starved RAW 264.7 macrophages where basal NF-
kB activity is low but potentiate NF-xB activation when
silica exposure of RAW 264.7 cells was conducted in
serum-containing medium where basal NF-kB is somewhat
activated. In vivo, studies consistently suggest a damaging
role for NO in the pathogenesis of silicosis, while most data
suggest that NO is anti-inflammatory after exposure to
lipopolysaccharice. This discrepancy may reflect differences

in signaling pathways for silica versus lipopolysaccharice,
i.e. silica interacts with scavenger receptors while LPS act
through Toll-like receptors. Additionally, the opposing roles
of NO in the pathogenesis of pulmonary disease in response
to silica versus LPS may be related to the amount of perox-
ynitrite generated. Silica has been shown to induce directly
O, production by alveolar macrophages, while LPS is not a
direct stimulantbut rather potentiates O, release from alveo-
lar macrophages in response to a second stimulus. Therefore,
the peroxynitrite:NO ratio may be higher in silica-exposed
lungs compared to LPS-exposed lungs. It is clear that further
investigation is required to understand fully the role of nitric
oxide and/or peroxynitrite in the initiation and progression of
pulmonary injury, inflammation, and disease resulting from
exposure to various environmental and occupational agents.
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