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L-arginine-dependent nitric oxide synthase:
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ABSTRACT: An L-arginine-dependent pathway, metabolising L-arginine to cit-
rulline and nitrogen oxides, has been described in many cell types in different
species, including man. Two subtypes of this nitric oxide synthase have been
reported: a constitutive enzyme type, releasing nitric oxide after stimulation,
is typically found in endothelial and neural cells; another subtype can be in-
duced in macrophages after cytokine treatment.

This review summarizes the literature on the known and proposed roles of
this L-arginine-dependent nitric oxide production in different pulmonary pro-
cesses.

Nitric oxide has been reported to act as a neurotransmitter in the inhibitory
nonadrenergic, noncholinergic nerves in the airways of guinea-pig and man. It
is released in cytostatic processes by immune-stimulated alveolar macrophages.
Recent data on the role of L-arginine-dependent processes in immune-complex-
mediated lung injury, histamine-induced activation of guanylate cyclase or
cytokine networks in the lung are also discussed. Finally, similarities and dif-
ferences between tracheal epithelium-derived relaxing factor and nitric oxide
are analysed.

The details of the role and distribution of nitric oxide synthase in the (hu-
man) lung and airways are not yet completely understood. Nitric oxide is be-
lieved to play a role in various pulmonary physiological processes, such as
bronchodilation and the cytotoxic action of certain cells. The modulation of
nitric oxide release will therefore, most probably lead to application of novel
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therapies in diseases such as asthma and inflammatory pulmonary diseases.
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In 1987, a new metabolic pathway was described
both in the vascular endothelium [1], and in activated
murine macrophages [2, 3]. The products of this
enzymatic pathway are L-citrulline and the highly re-
active and unstable nitric oxide (NO), which decom-
poses into other nitrogen oxides, such as nitrite (NO,),
nitrate (NO,") and the potent oxidising agent pero-
xynitrite (ONOO") (fig. 1). The enzyme responsible
for the production of these nitrogen oxides has been
named nitric oxide synthase [4]. From the first mo-
ments of its discovery, it was seen to be L-arginine-
dependent. Indeed, NO is synthetised from the
terminal guanidino nitrogen atom of the L-arginine
(and not the D-arginine) molecule [4].

Soon it became clear that this metabolic pathway
exists in various cells from different embryological
origin, and that two forms of NO synthase can be dis-
tinguished, based on their mode of NO release [5].
A first subtype is a constitutive, cytosolic calcium-
dependent enzyme, releasing nitric oxide after receptor
or physical stimulation: this has been found in
the vascular endothelium, platelets, neutrophils neural

tissue. The other subtype is an inducible,
calcium-independent enzyme, which is found follow-
ing induction with cytokines, in macrophages, vascu-
lar smooth muscle cells, cardiac myocytes, endothelial
cells, and fibroblasts, as well as certain epithelial and
adenocarcinoma cells [4, 5].

Nitric oxide is a highly reactive and unstable sub-
stance with a very short half-life. Except for on-line
chemiluminescence, it is mainly measured by indirect
techniques (fig. 1). Since NO accounts for the
biological activity of endothelium-derived relaxing fac-
tor (EDRF), and also inhibits platelet aggregation, both
vascular tissue and platelets can be used as indicators
for the NO production by other cells. Haemoglobin
and other haeme proteins, which absorb nitric oxide
to form paramagnetic detectable nitroso-haeme prod-
ucts, and superoxide dismutase, which prolongs
NO action by preventing its breakdown to other
nitrogen oxides, are then used to further modulate
pharmacological effects. Another indirect method is
the spectrophotometric determination of nitrite and ni-
trate, two nitrogen oxides rapidly formed during NO
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oxidation. Considerable evidence has emerged sug-
gesting that the effects of NO in some physiological
processes are mediated through the activation of
guanylate cyclase, resulting in an increased level of
cyclic guanylate monophosphate (cGMP) in the target
cell [4, 5]. Therefore, cGMP accumulation in cultured
rat lung fibroblasts is frequently used as a model to
study the ability of cells to produce NO [6, 7]. Fi-
nally, a class of L-arginine analogues is known to
inhibit nitric oxide synthase in either a competitive or
irreversible way, rendering them useful for exploring
the role of L-arginine dependent nitric oxide produc-
tion.

Recent observations suggest that this metabolic path-
way is present in different pulmonary cell-types, and
that it may play a role in various regulatory mechanis-
ms in airway and lung tissue. This review will focus
on the known and proposed mechanisms of the regula-
tion and role of nitric oxide production in the lung and
airways, in humans, as well as in other animal species.

direct stimulation

The role of nitric oxide in the pulmonary vascular bed,
i.e. the impairment of its release in chronic obstruc-
tive lung disease [8], and its possible therapeutic use
in pulmonary hypertension [9], has recently been re-
viewed in The European Respiratory Journal [10]; it
will, not therefore, be considered in this review.

A role for nitric oxide in nonadrenergic,
noncholinergic neural control in the airways

In addition to the classical cholinergic bronchocon-
strictor and adrenergic bronchodilator neural mecha-
nisms, evidence supports the existence, in the airways
of different animal species and man, of neural path-
ways which are neither adrenergic nor cholinergic, the
so-called nonadrenergic, noncholinergic (NANC)
nerves [11, 12]. NANC stimulation may either induce
contraction (excitatory NANC), or relaxation (inhibi-
tory NANC) [12]. While excitatory NANC responses
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Fig. 1. — Schematic diagram of the proposed L-arginine-dependent nitric oxide synthase pathway. NO is formed in the generator cell
from L-arginine, either after direct stimulation (NO synthase type I), or after induction with cytokines (NO synthase type II). After dif-
fusion out of the cell, NO can react with oxygen radicals and is then vulnerable to degradation to nitrogen oxides. NO can stimulate
soluble guanylate cyclase activity in certain target cells or inhibit deoxyribonucleic acid (DNA) synthesis and aconitase activity (citric
acid cycle) in tumour cells. The induction of NO synthase type II is suppressed by glucocorticoids. Both subtypes of the enzyme NO
synthase are suppressed by certain analogues of L-arginine (such as L-NMMA, L-NA, L-NAME). The pathway is also inhibited by hae-
moglobin and superoxide anion, which inactivate NO, and by methylene blue, a guanylate cyclase inhibitor. L-NMMA: L-N¢ monomethyl
arginine; L-NA: L-NC nitro-arginine; L-NAME: L-N€ nitro-arginine methylester; ONOO: peroxynitrite.
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are believed to be mediated by the release of differ-
ent neuropeptides, including substance P, neurokinin A
and calcitonin gene-related peptide, the inhibitory
NANC responses are believed to be mediated, at least
in part, by the release of vasoactive intestinal peptide
(VIP) and related peptides, such as peptide histidine
isoleucine/methionine. However, ELLIS and FARMER
[13] have shown that a-chymotrypsin, an enzyme
capable of degrading peptides, only reduces inhibitory
responses to NANC stimulation in the guinea-pig
airways by about 35%; raising the possibility that at
least part of the response is mediated by a molecule
other than a protein. Therefore, it seemed reasonable
to assume that NO might play a role in inhibitory
NANC neurotransmission in the airways, comparable
to its proposed role as a neurotransmitter of the NANC
nerves in the anococcygeus muscle [14], and the gut
[15].

In the airways of guinea-pigs, the peptidase-
resistant component of the NANC inhibitory response
is attenuated in a concentration-dependent manner by
the L-arginine analogue, L-N° nitro-arginine (L-NA),
but not by D-N€ nitro-arginine, and can be reversed
by L-but not D-arginine. It is suggested that this ef-
fect is presynaptic, because at a concentration produc-
ing a 74% reduction in the electrically-induced NANC
relaxation, L-N° nitro-arginine is without effect on
relaxations produced by submaximal concentrations of
VIP [16].

Lr and RAND [17] demonstrated that L-N® mono-
methyl arginine (L-NMMA) and L N€ nitro-arginine
methylester (L-NAME), two more competitive inhibi-
tors of NO synthase, also reduce relaxations of guinea-
pig tracheal smooth muscle elicited by electrical
stimulation of NANC nerves; with L-NAME being 10—
30 times more potent than L-NMMA. Recent data
also suggest that NO could mediate NANC relaxation
of tracheal smooth muscle in other species, such as the
pig [18]. Moreover, in guinea-pig airways, L-NAME
significantly enhances cholinergic neuro-transmission in
the trachea. Therefore, NO could also be an endog-
enous modulator of the cholinergic neurotransmission
in guinea-pig airways which co-exists with NANC in-
nervation in this species [19]. Thus, NO may be co-
released with acetylcholine, and act as a braking
mechanism for cholinergic reflex bronchoconstriction
[19].

Recently, these studies have been extended to
human airways, where the prominent inhibitory NANC
is the only neural bronchodilator mechanism known.
BEeLvist et al. [20] initially reported that L-NMMA
only partially blocked these inhibitory NANC
responses in human trachea, but later reported that
L-NAME inhibits the tetrodotoxin-sensitive (i.e. neu-
ral) dilator response to neural stimulation at all fre-
quencies tested in tracheal rings from normal donors
for heart-lung transplantation [21]. L-arginine, but not
D-arginine, reversed this inhibitory effect of L-NAME.
Moreover, a-chymotrypsin, which degrades VIP and
related peptides, had no inhibitory effect in humans
[21], contrasting with guinea-pig tracheal neural

responses [21]. Bal et al. [22] found that nitric oxide
mediates a component of the inhibitory response after
stimulation of inhibitory NANC neurons in bronchial
smooth muscle, although this inhibition (by L-NAME)
was less than 50% of the NANC relaxation in
precontracted human bronchial tissues, implying that
other mediators are involved in the relaxant response.
These data indirectly suggest that NO is a (or the?)
neurotransmitter of bronchodilator nerves in human
airways.

Nitric oxide-containing vasodilators such as glyceryl-
trinitrate and isosorbide dinitrate act as nonspecific
smooth muscle relaxants, activating guanylate cyclase
and raising cGMP levels [5]. Nitrates have been
reported to be effective as relaxants of bovine airway
smooth muscle in vitro [23], and intravenously admin-
istered glyceryl trinitrate was reported to relax the
tracheal smooth muscle in nonasthmatic, anaesthetized
humans undergoing cardiac surgery [24]. However,
reports about the clinical efficacy of sublingual
glyceryl trinitrate and isosorbide dinitrate in the treat-
ment of asthma are conflicting [25-30].

S-nitrosothiols are bioactive NO-adducts, which form
readily, under physiological conditions, from the reac-
tion of endogenously-derived nitrogen oxides with
reduced thiols [31]. These compounds have half-lives
that are significantly greater than the unstable NO-
radical itself. They have been shown to relax both
precontracted guinea-pig tracheal rings [32], and
human peripheral bronchi [33], an effect which is
mediated in part by activation of guanylate cyclase.
A study published by Dupuy et al. [34] demonstrated
that inhalation of low concentrations of NO rapidly
reversed methacholine-induced bronchoconstriction in
anaesthetized and mechanically-ventilated guinea-pigs.
Inhaling S-nitroso-N-acetyl-penicillamine, an NO do-
nor molecule, also induced prompt and long-lasting
bronchodilation. Nitric oxide and NO-donors have,
therefore, potential for pharmacological application as
bronchodilators, and their utility in the treatment of
airflow obstruction certainly deserves further consid-
eration.

All of these investigations indicate that NO, or a
NO-like product, might play a role in NANC-induced
relaxations of tracheal smooth muscle in different
species. They give no answer yet to the quest-
ions whether NO: 1) may mediate the smooth muscle
relaxant activity of other putative NANC neuro-
transmitters, such as VIP [35]; 2) may be co-released
with transmitters such as VIP from the same neurons
[36]; or 3) may even be released from other than neu-
ronal pulmonary cells.

Immune-stimulated alveolar macrophages release
L-arginine derived nitric oxide

KnNowLEs et al. [37] found that a calcium-independ-
ent NO synthase is induced in the lungs of rats treated
with lipopolysaccharide (LPS), but it was not clear in
which cell type this NO synthase was induced.
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Recent work in our laboratory shows that pulmonary
rat macrophages, alveolar as well as pleural, can
produce L-arginine derived nitrite in a dose- and
time-dependent manner, after activation with endo-
toxin, rat recombinant interferon-y (IFN-y) and opson-
ized zymosan in vitro [38]. The L-arginine
analogue L-NMMA is effective in inhibiting this
production.

Consistent with the fact that glucocorticoids are able
to inhibit the induction of nitric oxide synthase in the
lung in vivo after LPS treatment [39], we were able
to demonstrate that these anti-inflammatory agents
block the induction of nitrite in alveolar macrophages
in vitro by all of the stimuli mentioned [38]. The
mechanism underlying this inhibition is suggested to
be receptor-mediated, since the addition of equimolar
concentrations of cortexolone (the partial agonist of the
glucocorticoid receptor) [38] or RU 38 486 (a com-
plete antagonist of the receptor) [40] to the incubations
with dexamethasone partially reverse this inhibitory
effect. These data confirm reports on the ability of
glucocorticoids to inhibit nitric oxide synthase in
murine macrophages [41], and suggest that part of the
anti-inflammatory effect and immunosuppressive
effects of glucocorticoids are due to their inhibition of
the induction of NO-synthase. In the meantime, we
have been able to extend these observations by show-
ing that two constituents of food components, soybean
trypsin inhibitor and B-amylase, are capable of induc-
ing this L-arginine dependent nitrite production in
rat alveolar macrophages in vitro in a dose- and
time-dependent manner [42]. Whether this in vitro ob-
servation may explain, in part, the previously observed
anti-carcinogenic effects of certain food products,
by inducing the production of the cytotoxic mole-
cule NO in phagocytic cells, remains to be estab-
lished.

Many authors [2, 43] have shown that mouse peri-
toneal macrophages are cytotoxic to tumour cells and
microorganisms in vitro, via this L-arginine-dependent
pathway, by inactivating iron/sulphur centres in key
enzymes associated with cellular respiration and deox-
yribonucleic acid (DNA) synthesis. Few studies have
been conducted to investigate whether this pathway
plays a role in alveolar macrophages. This is of prac-
tical importance, since alveolar macrophages are
known to play an important role in pulmonary host
defence mechanism through the release of numerous
secretory products, such as oxygen radicals, enzymes,
anti-proteases, cytokines and bioactive lipids [44].

A recent study by BARRATT et al. [45] reported that
simultaneous application of the immune-activating
agent, muramyl dipeptide, and endotoxin, to rat alveo-
lar macrophages in vitro, induced cytostatic activity
against a rat fibrohistiocytoma line, mediated by the
L-arginine NO-generating pathway.

Ozone inhalation increases nitric oxide release from
rat alveolar macrophages harvested 48 h following in-
halation. Huotr and Hacker [47] were able to prove
that alveolar macrophages, harvested by broncho-
alveolar lavage from rats exposed to intratracheal

instillation of a single fibrogenic dose of bleomycin,
are able to express cytostatic activity for co-cultured
neoplastic cells. This is linked to the release of sig-
nificant amounts of nitrites. Erythrocytes inhibit this
alveolar macrophage cytostatic activity, by preventing
reactive nitrogen intermediates from reaching target
cells, because haemoglobin serves as a sink for reac-
tive nitrogen oxides [48]. Therefore, it seems that re-
active nitrogen oxides are important in the cytostatic
mechanism of macrophages in certain in vivo models
of lung injury.

Although fungistasis in mice peritoneal macrophages
and tumour cell killing in mice and rat macrophages
in vitro tequires L-arginine, human alveolar macro-
phage-mediated fungistasis in vitro does not require L-
arginine, and human alveolar macrophages do not
produce amounts of nitrite and nitrate detectable by
colorimetry in co-cultures with Cryptococcus neo-for-
mans [49]. This absence of L-arginine-dependent
nitrogen oxides in human alveolar macrophages, (com-
pared to mice peritoneal macro-phages), during con-
ditions under which fungistasis occurs suggests that
this phenomenon is species-specific, rather than spe-
cific to the tissue origin of the macrophage. Various
explanations are possible for this observed difference.
The lack of demonstrable NO in human macrophages,
suggests that NO synthase may be absent in these
cells, may respond to alternative stimuli, or may not
produce extracellular nitric oxide [50]. Reduced
biopterin (5,6,7,8 tetrahydrobiopterin) is required for
full-activity of cytokine-induced NO synthase in the
murine peritoneal [51] and the rat alveolar [52] mac-
rophage, but human macrophages lack the enzymatic
system necessary to produce reduced biopterin [53].
This does not exclude the existence of this system in
alveolar macrophages in vivo, since reduced biopterin
or other co-factors could be obtained in vivo from an
exogenous biological source. This may not completely
account for the difference between human and murine
macrophages, since human macrophages treated with
interferon-y plus endotoxin, and reconstituted with
intracellularly-delivered biopterin, produce no nitrite or
nitrate [54].

Recently, SHERMAN et al. [55] reported that human
recombinant interferon-y increases the citrulline con-
tent, but not the nitrite content, in the in vitro culture
media of human alveolar macrophages; they propose
that citrulline production is a main indicator of L-
arginine oxidation. In contrast to this cytokine,
Pneumocystis carinii when placed in co-culture with
human alveolar macrophages does induce a small but
detectable nitrite production. [55]. This raises the pos-
sibility that NO may indeed play a role as a micro-
bicide, produced by human alveolar macrophages,
against certain opportunistic pathogens; a mechanism
comparable to the one proposed for human blood
monocytes in vitro inactivation of Mycobacterium
avium [56].

Chloromethyl ketone derivatives, a class of mol-
ecules co-valently binding to the active site of serine
proteases, are able to block nitrite production of
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immune-stimulated rat alveolar macrophages in vitro
[57]. These inhibitors may, therefore, be useful in
further defining the role of nitric oxide synthase
production in (alveolar) macrophages.

Cytokine networks and nitric oxide

The development of pulmonary inflammation
involves a series of cellular events controlled by a
variety of mediators, including cytokines. During pul-
monary inflammation, a number of these cytokines are
expressed and released into the lung and airways.
Therefore, the interaction between these cytokines in
cytokine networks may play an important role in the
modulation of inflammation in the local environment.

Granulocyte macrophage-colony-stimulating factor
(GM-CSF) and muramyl dipeptide, a constituent of the
bacterial cell wall, are able to enhance IFN-y-induced
nitrite production in rat alveolar macrophages in vitro,
with GM-CSF serving as a priming factor [58]. The
interleukins 1, 3 and 4 and tumour necrosis factor are
devoid of such activities in rat alveolar macrophages
[58].

Results from our laboratory indicate that not only rat
alveolar macrophages, but also rat lung fibroblasts, are
capable of producing nitrite upon stimulation with
IFN-y. This effect is markedly enhanced in fibroblasts
by the addition of endotoxin and interleukin-13 [59].
Interleukin-1B can also serve as an efficient priming
signal for this IFN-y induced nitrite production. The
nitric oxide synthase pathway, therefore, provides an
excellent tool for exploring the interaction between
cytokines in the lung. Several recent observations sug-
gest that nitric oxide may play a role in pulmonary
cell-to-cell interactions and critical defence mecha-
nisms of the host: pyocyanine, a pigment produced by
Pseudomonas aeruginosa, can inhibit the release of
reactive nitrogen intermediates from murine alveolar
macrophages [60]; peroxynitrite inhibits rat alveolar
type II cell respiration [61]; the immunosuppressive
effect of cultured rat alveolar macrophages on mi-
togen-induced proliferative responses of splenic
lymphocytes involves the L-arginine dependent nitric
oxide pathway [62].

Other L-arginine dependent processes in the lung

Acute or chronic lung injury has been linked to
the presence of proteases and oxygen radicals released
from activated phagocytic cells. Recent data suggest
that the free radical NO may be added to the list
of cytotoxic molecules involved in lung injury.
Indeed, L-NAME protects rats against immune-
complex-induced lung and skin vascular injury [63], a
process which is believed to be polymorphonuclear-
and oxygen-radical-dependent. This protective effect
is reversed by the presence of L- but not of D-ar-
ginine. Additionally, in the absence of L-NAME, this
observed injury is enhanced by the presence of L- but
not D-arginine. That nitrite and nitrate are found in

high concentrations in the bronchoalveolar lavage
(BAL) fluid of animals undergoing immune complex
deposition, supports this hypothesis [63].

Histamine seems to be responsible for the produc-
tion of cGMP both in human [64], and guinea-pig lung
tissue [65]. LEeurs et al. [65] showed that this H -
receptor-mediated cGMP response is potently inhibited
in the guinea-pig lung by haemoglobin. Their experi-
ments suggest that after an initial H, receptor-mediated
phospholipase C-dependent, calcium mobilization, the
enzymatic conversion of L-arginine to NO is stimu-
lated. This NO production may then cause the in-
creased cGMP production, extending data reported by
MaYEr and BonmEe [66] that the (bovine) lung is ca-
pable of converting L-arginine to an activator of
guanylate cyclase. Since ¢cGMP has been reported to
modulate the immunologically induced release of
mediators from mast cells, through an effect on the
microtubular assembly [67], this might suggest a role
for NO-mediated guanylate cyclase activation in aller-
gic diseases.

Endogenous nitric oxide has been found in expired
air samples from rabbit, guinea pig and human, uti-
lising different techniques including chemiluminescence
[68]. Although the exact origin remains to be deter-
mined, it is likely that NO is produced in the lung
during different processes, such as vascular regulation
and in host defence. Indeed, many cells apart from
endothelium and macrophages, known to play a role
in lung defence and injury, have been described as us-
ing L-arginine for their cytotoxic action (lymphocytes
[69]), or to release NO in vitro (neutrophils [70];
platelets [71]; monocytes [70], as well as mast cells
[72, 73D).

Epithelium-derived relaxing factor is
probably not nitric oxide

In the past, the airway epithelium was regarded as
mainly passive, thereby functioning as a barrier. It is
now known that the epithelium actively participates in
many airway functions, and that various agents can in-
duce the release of an inhibitory substance from
airway epithelium, the so-called epithelium-derived
relaxing factor (EpDRF). This substance is capable of
relaxing certain tissues, and regulating the tone of the
underlying airway smooth muscle, therefore attenuat-
ing airway smooth muscle responsiveness [74].
Such a system may, therefore, function in a manner
analogous to that described for the influence of the
endothelium on vascular smooth muscle by releasing
EDRF or nitric oxide. Recent studies on the effect
of removal of the airway epithelium on underlying
smooth muscle contraction strongly suggest the exist-
ence of such an EpDRF, but its identity remains
unclear. In some studies, the production of guinea-
pig and human tracheal bronchial epithelium-derived
relaxing factor has been demonstrated in the presence
of inhibition of cyclo- and lipoxygenase, ruling out a
prostaglandin as the relaxant responsible [74, 75]. A
saturated solution of nitric oxide is able to cause
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concentration-dependent and complete relaxation of
nonvascular smooth muscle relaxation including bovine
epithelium denuded airway strips [76]. Since it is
speculated that the airway epithelium has a similar role
as endothelium in vascular tissue, nitric oxide is a
good candidate for being the epithelium-derived relax-
ing factor.

However, epithelium-dependent relaxation of vascu-
lar or gastrointestinal smooth muscle, used as a
bioassay for EpDRF, is not affected by methylene blue
[77, 78], which inhibits the effects of EDRF on solu-
ble guanylate cyclase. EpDRF must, therefore, be an
agent that produces endothelium-independent relaxation
in these systems. Moreover, L-NMMA does not
inhibit osmotic-induced epithelium-dependent relaxation
in guinea-pig airways [79]. These results suggest that
NO is probably not responsible for causing epithelium-
derived relaxation of airway smooth muscle, although
EpDRF and vascular EDRF have some pharmacologi-
cal similarities. More work is required to identify the
precise characteristics of EpDRF.

Discussion

It is clear that full exploration of the role of
nitric oxide suffers various limitations. Firstly, the
measurement and detection of nitric oxide, due to
its instability, is based mainly on indirect detection
techniques. However, the recent cloning of the
nitric oxide synthase enzyme will make it possible
to look for its distribution and expression [80].

Secondly, although NO looks promising for measur-
ing diffusion capacity in humans [81, 82], the main
limitation is the fact that the toxicity of both the
nitric oxide radical and the L-arginine analogues have
not been investigated in humans or animals. When
considering the investigation of the role of NO in the
human lung, one should, indeed, be aware that NO is
one of the main constituents of the gas phase of ciga-
rette smoke at a concentration even >50 ppm [83-85],
and is recognized as a toxic air pollutant [86].
Nitric oxide is extremely cytotoxic, which explains its
toxicity to malignant cells. In addition, nitric oxide
is known to cause nitrosative deamination of
DNA, resulting in genomic alterations in bacteria
which are comparable to those alterations that have
been linked, in humans, to a variety of disorders re-
sulting from base deamination [87]. Nitric oxide and
the superoxide anion can react to form peroxynitrite,
a powerful oxidant [88] and inactivator of o -protein-
ase inhibitor [89], the most abundant and effec-
tive extracellular antiprotease in the lower respiratory
tract.

It is likely that multiple functions of the L-
arginine-dependent nitric oxide production exist in
the lung, since multiple cell types of the lung, in-
volved in different pathological processes, are capable
of producing L-arginine-dependent nitric oxide (table
1). Although details about the role and distribution
of nitric oxide synthase in the (human) lung are not
yet known, the wide array of stimuli that are in-
volved in both the immediate release or the induction

Table 1. — Evidence for stimulus-dependent generation of NO by pulmonary cells
Cell type Animal species Stimulus First Author Year [Ref.]
NO synthase type I
(direct stimulation)
NANC neurons Guinea-pigs Electrical stimulation L 1991 [17]
NANC neurons Guinea-pigs Electrical stimulation TuckERr 1990 [16]
NANC neurons Pig Electrical stimulation KANNAN 1992 [18]
NANC neurons Human Electrical stimulation BELVISI 1992 [21]
NANC neurons Human Electrical stimulation Bat 1992 [22]
NO synthase type 11
(induction by cytokines)
Pulmonary cells, cultured in vitro
Alveolar macrophages Rat Endotoxin, interferon-y, opsonized
zymosan JORENS 1991 [38]
Alveolar macrophages Rat Endotoxin BARRATT 1991 [45]
Alveolar macrophages Rat Soybean trypsin inhibitor B-amylase  JORENS 1992 [42]
Alveolar macrophages Human Co-culture with Pneumocystis carinii  SHERMAN 1991 [55]
Alveolar macrophages Rat Co-culture with splenic lymphocytes KAWABE 1992 [62]
Alveolar macrophages Mice Interferon-y SHELLITO 1992 [60]
Pleural macrophages Rat Endotoxin, interferon-y JORENS 1991 [38]
Lung fibroblasts Rat Interferon-y JORENS 1992 [59]
In vivo models of lung injury
Whole lung Rat After intravenous endotoxin KNOWLES 1990 [37]

Alveolar macrophages
Alveolar space, cell type? Rat
Alveolar macrophages Rat

NANC: nonadrenergic, noncholinergic.

Rat After intratracheal bleomycin Huor 1990 [47]
Immune complex lung injury
Following ozone inhalation

MULLIGAN 1991 [63]
PENDINO 1992 [46]
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of nitric oxide production indicate that this pathway
may play an important role in the pathogenesis of dif-
ferent pulmonary disorders.
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