Rostrum

Modulation of nitric oxide responses in
asthma by extracellular antioxidants

James D. Crapo, MD, and Brian J. Day, PhD Denver, Colo

Key words: Asthma, extracellular superoxide dismutase, antioxi-
dants, inflammation, nitric oxide, peroxynitrite, nitrotyrosine

Nitric oxide (NO) levels are substantially elevated in
the exhaled air of patients with active asthma.l The role
of NO in the pathogenesis of asthmais atantalizing enig-
ma. NO has been shown to have both anti-inflammatory
and proinflammatory actions in a wide range of disease
states, including asthma.2 Both NO and its metabalite, S-
nitrosoglutathione (GSNO), are formed endogenously in
the airways and can act as bronchodilators.34 NO is a
nonadrenergic, noncholinergic neurotransmitter that reg-
ulates airway tone® and is an inhibitor of components of
the inflammatory cascade, including leukocyte activa-
tion, mobility, and adhesion.6-8 Along with these positive
actions of NO, there are also potential deleterious actions
of NO in asthmatic airways. Some of these actions may
include increasing bronchial blood flow, direct cytotoxic
effects on airway epithelial cells,® enhancing plasmaexu-
dation into airways,10 and interfering with the balance of
Tyl and Ty2 lymphocytes through suppressing the
helper T cell effect of the T,1 subset of CD4* T cells11
These paradoxical actions of NO make it challenging to
interpret the role of elevated levels of exhaled NO asso-
ciated with exacerbation in asthma. Three critical ques-
tions pertaining to NO remain unanswered in asthma: (1)
what are the direct effects of NO, (2) which effects are
mediated by NO metabolites, and (3) what factors mod-
ulate NO reactivity (Fig 1).

Under normal conditions, NO is produced in the res-
piratory tract by 2 constitutive forms of NO synthase
(NOS), neural NOS (nNOS or type | NOS), and endothe-
lial NOS (ecNOS or type Il1 NOS). Constitutive NOS
produces relatively low NO levels found in nonadrener-
gic, noncholinergic neurotransmitter neurons,12 airway
epithelial cells, and endothelial cells.13 This source of
NO production is calcium and calmodulin dependent and
thought to act as a signal transduction agent modulating
a variety of airway and vascular functions, including

From the Department of Medicine, National Jewish Medical and Research
Center, Denver, Colo.

Received for publication Aug 2, 1999; revised Aug 3, 1999; accepted for pub-
lication Aug 3, 1999.

Reprint requests: James D. Crapo, MD, Department of Medicine, National
Jewish Medical and Research Center, 1400 Jackson St, Denver, CO 80206.

JAllergy Clin Immunol 1999;104:743-6.

Copyright © 1999 by Mosby, Inc.

0091-6749/99 $8.00 + 0  1/1/101850

Abbreviations used
EC-SOD: Extracellular superoxide dismutase
GSH: Glutathione
GSNO: S-nitrosoglutathione
NO: Nitric oxide
NOS: Nitric oxide synthase
O,~ Superoxide
ONOO— Peroxynitrite

smooth muscle tone.14 The inducible NOS (iNOS or type
Il NOS) is found in a variety of cellsin the respiratory
tract, including macrophages, airway epithelial cells,
fibroblasts, and endothelial cells.13 Inducible NOS is
associated with larger bursts of NO and is an important
component of the host defense response. Expression is
induced by endotoxin and proinflammatory cytokines
such as IL-1B and TNF-a.15 It is important to note that,
although NO is produced under normal conditionsin air-
way walls, most of the exhaled NO measured in healthy
individualsis thought to arise from the nasopharynx with
little contribution from the lower respiratory tract. The
production of exhaled NO in healthy individuas is not
influenced by treatment with glucocorticoids.18 In con-
trast, in asthmatic patients exhaled NO is substantially
increased, the primary source of that increase coming
from the lower respiratory tract, and it is sensitive to glu-
cocorticoid treatment. This suggests that the primary
source of exhaled NO under conditions of asthma is an
inducible form of NOS. It has been suggested that
inhaled air pollutants can stimulate induction of
inducible NOS by enhanced gene transcription and this
might be one pathway whereby environmental air pollu-
tants contribute to exacerbations of asthma.

Under normal conditions O, is produced in low
amounts, primarily as a byproduct of mitochondria res-
piration.}” However, under conditions of inflammation
the levels of extracellular O, are dramatically elevated
as part of the host defense response. The sources of
extracellular O,~ include macrophages, eosinophils, and
neutrophils by activation of membrane-bound reduced
nicotinamide adenine dinucleotide phosphate oxidas-
es.18 Leukocytes isolated from asthmatic airways have
been shown to produce higher levels of O, on stimula-
tion.19

Because NO reacts with O, at close to diffusion-lim-
ited rates (the Michaelis-Menten constant for the reaction
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FIG 1. NO and superoxide (O,") pathways in healthy and asthmatic airways. Diagram depicts reactive nitro-
gen-oxygen species formation in healthy and asthmatic lungs and their modulation by antioxidants such as
gluthatione (GSH) and extracellular superoxide dismutase (EC-SOD). Under normal conditions, neuronal and
endothelial forms of NO synthase (nNOS and ecNOS) generate low amounts of NO. High levels of GSH and
EC-SOD in airway walls maintain O,~ and hydrogen peroxide (H,0,) at extremely low levels and NO or one
of its products (GSNO) can widely diffuse to function in intracellular signaling, such as mediating bronchial
smooth muscle relaxation. In asthma high levels of NO are produced in lower airways with significant con-
tribution coming from inducible NO synthase (iNOS), which can be induced in a variety of airway cells, includ-
ing inflammatory cells. Inflammatory conditions also produce large amounts of O,-, which will preferentially
react with NO to produce peroxynitrite (ONOO-) and a subsequent cascade of strong oxidants. Although NO
is high in exhaled air, tissue levels of NO and GSNO are not known and could even be low if O,~ production
is sufficiently high. Activity of both intracellular antioxidants and major extracellular antioxidants in airway
walls of asthmatic patients is not known, and changes in these agents could largely determine the outcome
of NO-mediated reactions in extracellular spaces. Predominant NO species in asthmatic airway walls
(NO/GSNO or ONOO") is likely regulated by balance between O, levels and its primary extracellular scav-
enger, EC-SOD. Bottom left, Immunolocalization of EC-SOD in baboon airway with use of horseradish perox-
idase method. Brown stain on airway surface and in smooth muscle layer demonstrates location where EC-
SOD concentrations are normally high. Bottom right, EC-SOD modulates extracellular O,~ levels and
therefore maintains the critical balance between NO’s anti-inflammatory and proinflammatory actions.
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isin excess of 109 M-1s1),20 then any O, present in the
extracellular spaces would preferentialy react with NO,
forming ONOO-. The formation of ONOO- may change
the function of NO as a signal transduction agent.
ONOO-is a potent nitrating species and readily nitrates
tyrosine residues of proteins.2l The byproduct of this
reaction is the formation of nitrotyrosine residues and is

a commonly used footprint for the presence of ONOO-.
However, not all nitrotyrosine may be formed through
the reaction with ONOO- because hypochlorous acid,
formed by myeloperoxide, can react with nitrite, produc-
ing a nitrating species.22 In this issue Kaminsky et al
(p 747) have demonstrated that nitrotyrosine labeling in
both the airways and lung parenchyma of asthmatic
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patientsis significantly increased. Thus some deleterious
effects of NO may be mediated through one of its highly
active metabolites, such as ONOO-. ONOO- is capable
of producing bronchoconstriction of the airways.23
Whether increased nitrotyrosine formation is part of the
pathogenesis or merely a spectator in asthma remains to
be answered.

The conversion of NO to a metabolite such as GSNO
may protect NO from attack from O,~, enhance its half-
life, and enable it to more effectively function as a signal
transduction molecule. In fact, GSNO levels are
decreased in the epithelia lining fluid of asthmatic
patients.24 In this study it was not clear whether the pri-
mary species diffusing across extracellular spacesis NO
itself or one of its active metabolites. However, it is
becoming increasingly clear that protection of NO from
attack by O, is a critical step that enables NO signal
transduction.

Mammalian airways have unusually high levels of
extracellular antioxidants. Two antioxidants that are
highly expressed in the extracellular spaces of the lung
are GSH and EC-SOD. GSH isfound in lung extracellu-
lar fluids at levels 2-fold higher than that in serum.25
GSH may serve as a substrate for GSNO formation or for
glutathione peroxidase, an important enzyme that scav-
enges hydrogen peroxide. The combination of high lev-
els of EC-SOD and GSH would effectively keep both
O,~ and hydrogen peroxide at extremely low levelsin
extracellular spacesin airway walls.

EC-SOD is a secreted copper- and zinc-containing
enzyme with a unique tissue distribution that differs dra-
matically from the other 2 mammalian SOD isoforms.
EC-SOD has a uniquely high expression in the lung.26
EC-SOD has a heparin-binding motif at its C-terminal
end that is believed to bind glycosaminoglycan in the
extracellular space. EC-SOD is the mgjor SOD enzyme
in blood vessels and airways?” (Fig 1). Another interest-
ing feature of EC-SOD is that its expression is modulat-
ed by cytokines and growth factorsin amanner similar to
that seen with inducible NOS.28 In addition to compara-
ble regulation, both these enzymes seem to be expressed
in similar lung cell types. EC-SOD has been shown to
play a primary role in modulating the bioavailability of
NO in an animal model of central nervous system toxic-
ity29 and to regulate the ability of NO to modulate vas-
cular tone.30 The high levels of EC-SOD expression in
lung airway walls suggest a similar role for modulation
of NO functions by this unique antioxidant in airway
inflammation.3!

The production of enhanced levels of exhaled NO in
asthmatic patients is commonly associated with the late-
phase response to allergens, which suggests that thislung
NO production may be associated with exacerbation of
the long-term inflammatory response. If this process is
mediated by the formation ONOGO, it suggests that there
is a significant disturbance both of the balance of NO
production and the production or scavenging of O,~. The
same cells that induce inducible NOS in response to
inflammatory stimuli also have been shown capable of
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induction of high levels of O, release and induction of
EC-SOD.

In asthma we know that exhaled NO is elevated and
there is activation of pathways that produce enhanced
concentrations of O,~, and it has now been shown that
high levels of OONO- result in high levels of nitrotyro-
sine residues. Although it is known that there are high
levels of exhaled NO in the airways of patients with asth-
ma, it is not yet clear whether tissue levels of NO and its
active metabolites such as GSNO are elevated or
decreased. This would critically depend on the levels of
O,~, the activity of antioxidants such as EC-SOD, intra-
cellular antioxidants, and the balance of these speciesin
response to the higher oxidative stress in the extracellu-
lar milieu of the airway wall. The functional importance
of avariety of the positive and adverse pathways stimu-
lated by NO and its metabolites are critically dependent
on the microchemistry in the airway wall and the balance
of other species such as O, and its primary extracellular
scavenger, EC-SOD (Fig 1).

The high exhaled levels of NO in asthmatic patients
are associated with a pro-oxidant activity in airway walls
resulting in lipid peroxidation and nitration of proteins.
To the extent that this pathway is mediated by a coexist-
ing high level of production of O, it raises the potential
that therapeutic approaches designed to scavenge O,~ in
airway walls could inhibit a key component of proin-
flammatory actions cascading from NO production. |f
the high levels of NO being produced under conditions of
asthma were preserved at high tissue levels of NO, there
could be aprofound impact on the progression of asthma
with both smooth muscle relaxation and inhibition of
inflammatory pathways.

The question of whether NO is a critical speciesin the
pathogeneis of airway inflammation remains. Demonstra-
tion of a footprint from one of the NO reaction products
(aninitiator of a pro-oxidant pathway) resulting in protein
nitration suggests a reasonable explanation for the appar-
ent paradoxical reactions of NO and raises numerous
questions regarding which nitrogen and oxygen species
are active in the airway walls of asthmatic patients.
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