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Summary 
Nitric oxide (NO) is an important endogenous neurotransmitter 
and mediator. It participates in regulation of physiological 
processes in different organ systems including airways. 
Therefore, it is important to clarify its role in the regulation of 
both airway and vascular smooth muscle, neurotransmission and 
neurotoxicity, mucus transport, lung development and in the 
surfactant production. The bioactivity of NO is highly variable and 
depends on many factors: the presence and activity of 
NO-producing enzymes, activity of competitive enzymes (e.g. 
arginase), the amount of substrate for the NO production, the 
presence of reactive oxygen species and others. All of these can 
change NO primary physiological role into potentially harmful. 
The borderline between them is very fragile and in many cases 
not entirely clear. For this reason, the research focuses on 
a comprehensive understanding of NO synthesis and its 
metabolic pathways, genetic polymorphisms of NO synthesizing 
enzymes and related effects. Research is also motivated by 
frequent use of exhaled NO monitoring in the clinical 
manifestations of respiratory diseases. The review focuses on the 
latest knowledge about the production and function of this 
mediator and understanding the basic physiological processes in 
the airways. 
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Introduction 

The small and simple molecule nitric oxide (NO) 
was considered an environmental pollutant for a long 
time. This opinion has changed with the discovery of its 
role as a relaxing factor derived from endothelium 
(Furchgott and Zawadzki 1980, Púszerová et al. 2010). 
A number of positive and negative effects of NO have 
been reported in all systems including respiratory system 
since then (Ricciardolo 2003). Detection of exhaled NO 
is nowadays a validated method, which belongs to 
standard protocols in the management of respiratory 
diseases, such as bronchial asthma (Prado et al. 2011) or 
primary ciliary dyskinesia (Djakow and O’Callaghan 
2014). Numerous studies have been published to point 
out the role of NO in the pathogenesis of various diseases 
affecting respiratory system (Silkoff et al. 2000). 
However, this may lead to the assumption that NO has 
only adverse effects on human health. In fact, NO is 
a messenger that regulates various biological processes at 
low concentrations, and becomes cytotoxic at high 
concentrations. The main objective of this review is to 
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summarize the knowledge on NO and its positive role in 
regulation of the airway smooth muscle tone, pulmonary 
blood flow, mucus output, local defensive processes and 
surfactant function. 
 
Nitric oxide synthesis 
 

Each of at least 40 different types of cells in the 

human respiratory system has the ability to produce NO 
through one or more isoforms of NO synthases (NOS) 
(Fig. 1). NO participates in a number of processes 
depending on the target cells by relaxing the airway and 
vascular smooth muscle cells, regulating phagocytosis 
etc. These processes are coordinated under physiological 
conditions to maintain optimal function of the respiratory 
system (Ricciardolo 2003). 

 
 

 

 
 
Fig. 1. Distribution of nitric oxide 
production in the respiratory system. 
 
 
 
 
 
 
 
 

 
 
Endogenous NO is produced by NOS from the 

amino acid L-arginine, which is converted into NO and 
L-citrulline (Fig. 2). Oxidation of L-arginine has several 
steps. The first one is the production of Nω-hydroxy-L-
arginine (NOHA), which is followed by oxidative 
cleavage of the C=N bond in NOHA into NO and  
L-citrulline, which is then recycled back to the L-arginine 
in a process referred to as citrulline/arginine cycle (Wu 
and Morris 1998). Physiological concentration of  

L-arginine in the human body is sufficient for the 
continual production of NO (Sajeev et al. 1998). 
Although the catalytic activity of the NOS is relatively 
low (KmL-Arg 1.4 to 32.2 mmol/l), depending on the 
type of isoform, supplementation of the L-arginine may 
partially increase the availability of NO (Su et al. 1997). 
NO can be also produced without the direct action of 
NOS, e.g. NOHA releases NO by interaction with 
cytochrome P-450 (Jia et al. 1998). 

 

 

 
 
Fig. 2. Nitric oxide synthesis and 
basic mechanisms of NO effects. 
NO – nitric oxide, iNANC – inhibitory 
non-adrenergic non-cholinergic 
nervous system, Ca2+ – calcium,  
cNOS – constitutive nitric oxide 
synthase, nNOS – neuronal nitric 
oxide synthase, iNOS – inductive nitric 
oxide synthase, cGMP – cyclic 
guanosine monophosphate,  
KCa – potassium dependent ion 
channels, ONOO- – peroxynitrite,  
O2- – superoxide. 
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There are three isoforms of NOS in the human 
body and all of them were identified in the respiratory 
system. Neuronal NOS (nNOS) was detected in non-
adrenergic non-cholinergic nervous system (NANC), 
airway nerves and epithelium, endothelial NOS (eNOS) 
is present mainly in endothelial cells of the lung 
vasculature. The third isoform – inductive NOS (iNOS) 
has been associated with the pro- and anti-inflammatory 
responses. All isoforms are flavoproteins that contain 
tetrahydrobiopterin, heme, and an area that is 
homologous to cytochrome P450 reductase. They act as 
dioxygenases using an oxygen molecule and NADPH to 
transform the L-arginine into L-citrulline and release the 
nitric oxide (Förstermann and Sessa 2012). There are 
specific differences for each of the NOS isoforms, not 
only in the term of their structure, location, but also at the 
transcriptional and post-translational regulation of their 
catalytic activity (Lacza et al. 2003). Neuronal and 
endothelial NOS are referred to as constitutive. Their 
activity depends on 6 intracellular calcium levels and 
they produce femto- or picomolar concentrations of NO, 
which are considered to be the key regulators of 
homeostasis (Ricciardolo et al. 2004, Cox et al. 2009). 

Neuronal NOS is localized in the cytosol of cells 
of the central and peripheral nervous system (Ward et al. 
1995) and, in the respiratory system, it is present in the 
epithelium including the alveolar lining and in the nerve 
fibres innervating the airway structures (Cox et al. 2009). 
NO produced by nNOS is important inhibitory 
neurotransmitter of NANC participating in the control of 
airway smooth muscle tone via NO/cGMP mechanism. 
The primary process which controls activity of the 
enzyme is interaction of calmodulin with the calmodulin-
binding domain after the increase of Cai

2+ levels to 
approximately 500 nmol/l. Although nNOS is described 
as a constitutive isoform, its expression is modulated by 
both physiological (estrogens), and pathological (nerve 
damage) stimuli (Grasemann et al. 2003). 

Function of eNOS was described for the first 
time in the cardiovascular system. Calcium and  
L-arginine depending enzyme was identified in 
endothelial cells, wherein the NO exerts vasodilation and 
it is involved in the regulation of vascular tone and other 
processes. In the respiratory system, the eNOS is 
localized in the epithelium of trachea, bronchi and alveoli 
(Pechkovsky et al. 2002). eNOS immunoreactivity was 
also detected in endothelial cells of pulmonary vessels, in 
the nasal mucosa and in the basal membrane of ciliary 
microtubules, where it is thought to contribute to the 

regulation of ciliary movement (Xue et al. 1996, 
Kawamoto et al. 1998). eNOS is the enzyme with 
a unique membrane localization. It is located specifically 
in caveolae, small membrane invaginations characterized 
by the presence of protein caveolin. eNOS oxygenase 
domain contains a binding site for caveolin-1 that 
competes with calmodulin, leading to activation of eNOS. 
This process is regulated by Cai

2+ (Kone 1999).  
NO release occurs in short pulses in response to the 
influx of Ca2+ (Fleming and Busse 2003). The expression 
of eNOS is affected by both physiological (hormonal) 
and pathological stimuli e.g. in cardiovascular diseases, 
chronic hypoxia or heart failure (Harrison 1997,  
Kone 1999). 

Inductive NOS (iNOS) was for the first time 
detected in the alveolar macrophages, where its activity 
was increased in a response to proinflammatory cytokines 
and endotoxins. It is a cytoplasmic enzyme present in 
various cells. Expression of iNOS in the airways is 
enhanced primarily by proinflammatory cytokines such 
as TNF-α, IL-1-β and INF-γ (Vallance 2001, Ricciardolo 
et al. 2004). For quite a long time, it was suggested that 
the source of iNOS in the respiratory system are mainly 
alveolar macrophages. Later, however, it was detected in 
the epithelium of the proximal and terminal bronchioles 
(Pechkovsky et al. 2002), alveolar type II cells (Warner et 
al. 1995), lung fibroblasts, (Romanska et al. 2002), 
bronchial and vascular smooth muscle (Griffith and 
Stuehr 1995), mast cells (Gilchrist et al. 2002), 
endothelial cells (Palmer et al. 1987) and neutrophils 
(Blackford et al. 1994). One of the best described features 
of iNOS is its role in the body's response to infectious 
agents. This effect is mediated by a number of highly 
reactive radicals (superoxide, peroxynitrite), which 
inactivate the iron-containing enzymes and modify 
proteins leading to cytostatic or cytotoxic effects against 
pathogens. The cytotoxic effect of NO against tumour 
cells has also been reported (Ricciardolo et al. 2004). 

iNOS activity depends on binding to calmodulin. 
In contrast to the constitutive isoforms, this binding is 
independent on Cai

2+, and occurs even at very low Cai
2+. 

This results in sustained release of NO in quantities larger 
than physiological. In pathological conditions, the 
production of NO by iNOS may increase up to  
1,000-times and instead of having regulatory and 
protective effects NO acts as a cytotoxic agent. Too high 
NO levels then lead to vascular smooth muscle 
relaxation, increase vascular permeability and mucus 
secretion, cause mucosal damage and modulate activity 
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of immune cells controlling inflammation in the 
respiratory system (Meurs et al. 2003). 

All three isoforms localized in the respiratory 
system participate in the regulation of respiratory 
physiology by cooperative production of NO. Any 
change of their activity may lead to the change of  
NO level and contribute to the pathogenesis of various 
respiratory diseases (Meurs et al. 2002, Antosova et al. 
2012, Kopincova and Calkovska 2016). 

L-arginine is the only substrate for NOS, and 
thus the regulation of L-arginine availability could 
determine cellular rates of NO production. L-arginine is 
an essential amino-acid, which is supplied by diet and 
actively transported into cells. L-arginine is abundant 
with normal dietary intake, but its availability is low due 
to extensive protein binding. Oral administration of  
L-arginine in humans is associated with increased 
exhaled NO and with increased concentration of nitrates 
in the plasma (Kharitonov et al. 1995, Antosova and 
Strapkova 2013). 

L-arginine can be either converted by NOS to 
NO and citrulline, or it can be catabolized by arginase. 
There are two forms of arginase in human body. Arginase 
I is hepatic cytosolic enzyme and arginase II is 
extrahepatic mitochondrial enzyme (Gotoh et al. 1997, 
Vercelli 2003). It participates in synthesis of proline, 
which is a part of proteins, and polyamines controlling 
cellular proliferation and production of collagen (Morris 
2002, Vercelli 2003). The presence of both isoforms of 

arginase was confirmed in the respiratory system 
(Vercelli 2003). Induction of any type of arginase could 
decrease bioavailability of L-arginine for NOS, and 
therefore reduce effects mediated by NO (Wu and Morris 
1998). 

The NO production can be inhibited by the 
blockage of NOS or by the administration of  
an alternative substrate that inhibits the production of NO 
by these enzymes. Recently, many NO inhibitors as  
L-NG-monomethyl-arginine citrate (L-NMMA),  
L-NG-nitroarginine methyl ester (L-NAME) or  
L-canavanin that block the NOS have become 
commercially available (Prado et al. 2011, Antosova et 
al. 2015). 
 
Molecular effects of NO 
 

As mentioned above, small amounts of NO 
produced by constitutive forms of NOS are involved in 
the regulation of physiological processes, while high 
levels of NO possess the toxic effect (Table 1). The 
effects of NO are further influenced by other factors such 
as production rate, time of its release and the 
concentration of oxygen and other radicals (Morgan 
2000). NO activity is classified to cGMP-dependent or 
cGMP-independent and many functions such as airway 
smooth muscle relaxation appear to utilize both pathways 
(Domenico 2004). 

 
 
Table 1. The basic effects of nitric oxide in the respiratory system. 
 

Physiology Pathophysiology 

Neurotransmission (iNANC) Bronchial hyperreactivity 
Bronchodilation Vasodilation 
Surfactant production Free radical production 
Mucous secretion Mucous hypersection 
Ciliary motility stimulation Ciliary motility inhibition 
Antiinflammatory effect Proinflammatory effect 

 
iNANC – inhibitory non-adrenergic non-cholinergic nervous system. 
 
 
Effects mediated by cGMP 

Perhaps most studied is the effect of NO 
mediated by soluble guanylyl-cyclase. With this 
mechanism, NO produced by constitutive isoforms of 
NOS binds to the heme Fe2+ of the guanylyl-cyclase, 
what changes activity of this enzyme (Sajeev et al. 1998, 

Morgan 2000). It results in the conversion of guanosine 
triphosphate to cyclic GMP, which in turn activates 
cGMP-dependent protein kinases (PKGs). PKGs catalyze 
further phosphorylation of proteins (Charles 1999), 
activate or inhibit certain types of ion channels or 
regulate the activity of phosphodiesterases. At functional 
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level this results into various cellular processes such as 
vascular and airway smooth muscle relaxation (Carvajal 
et al. 2000, Vallance 2001, Hamad et al. 2003). It is 
known that cGMP causes the relaxation of smooth 
muscle by reducing Cai

2+ or decreasing the sensitivity of 
the contractile system to the Cai

2+ (Ricciardolo et al. 
2004). The effect of cGMP is modulated by the 
administration of compounds reducing the biodegradation 
of cGMP such as inhibitors of endogenous 
phosphodiesterases (PDEs), which may lead to the 
smooth muscle relaxation. Potential of these substances 
in respiratory system and their clinical relevance is 
extensively studied (Mokry and Mokra 2013). 
 
cGMP independent mechanisms 

Ion channels are transmembrane protein 
structures that control the transfer of ions between the 
cytosol and the extracellular space. They play a role in 
the regulation of bronchomotor tone (Abderrahmane et 
al. 1998) and some of them seem to be activated by NO. 

NO activates potassium channel, especially 
highly conductive calcium-dependent K+ channel BKCa, 
present in the airway smooth muscle cells (Kažić and 
Gojković-Bukarica 1999). Consequent membrane hyper-
polarization and the reduction of Cai

2+ concentration results 
in bronchodilation. Some NO donors may act by this 
mechanism (Stuart-Smith et al. 1998). 

Under certain circumstances nitric oxide has 
cytotoxic effects. A key mechanism in this process is the 
interaction of NO with superoxide radical producing 
peroxynitrite (Aizawa 1999). This may be either 
converted to harmless nitrate, or as a strong oxidant it can 
lead to cellular damage. Damage is caused either directly 
by nitration of tyrosine, which leads to irreversible 
dysfunction of important proteins, or it initiates 
production of other reactive molecules with cellular 
toxicity (Cucchiaro et al. 1999, Antosova et al. 2012, 
Kleniewska and Gorąca 2016). Peroxynitrite along with 
NO can also damage DNA, alter DNA repair process and 
trigger a cascade of events leading to cell apoptosis 
(Ricciardolo 2003). 

By its ability to alter the structural integrity and 
activity of transcription factors, mainly NF-κB, NO acts 
as a modulator of gene expression. NF-κB is a protein 
required for transcription of many proinflammatory 
molecules, enzymes, cytokines and chemokines. 
Activation of this factor can trigger processes involved in 
the iNOS expression and initiation of inflammation 
(Nijkamp and Folkerts 1997). 

The role of NO in the regulation of airway 
smooth muscle tone 
 

The regulation of bronchomotor tone is 
a complex physiologic process, primarily based on the 
activity of autonomic nervous system. In addition, 
bronchial tone is influenced by many humoral factors. 
The role of NO in this process has been extensively 
studied for more than 40 years. In 1968, Aviado with  
co-workers demonstrated that inhalation of NO donors 
reduces airway resistance (Aviado et al. 1968).  
NO relaxes tracheal and bronchial smooth muscle, 
activates guanylyl cyclase and increases cGMP level 
(Gruetter et al. 1989). Inhalation of NO in a concentration 
of 5-300 parts per million (ppm) reduces methacholine-
induced bronchoconstriction in anesthetized guinea pigs 
(Dupuy et al. 1992). Adding 80 ppm of NO to the inhaled 
air in anesthetized and mechanically ventilated rabbits 
avoided increase of airways reactivity to nebulized 
methacholine. In patients with COPD and healthy 
subjects inhalation of the same amount of NO had no 
effect, but it resulted in mild bronchodilation in patients 
with bronchial asthma (Högman et al. 1993). This insight 
into the history provides an evidence about the 
participation of endogenous and exogenous NO in 
regulation of bronchial smooth muscle tone. 

Both parts of non-adrenergic non-cholinergic 
(NANC) nervous system play an important role in this 
regulation. The excitatory part (eNANC) mediates the 
contraction of airway smooth muscle while the inhibitory 
part (iNANC) elicits opposite response (Venugopalan et 
al. 1998, Widdicombe 1998). NO is one of the main 
neurotransmitters of iNANC system. It is produced by 
nNOS, which responds to the Ca2+ influx during nerve 
fibre depolarization. The terminals of these fibres are 
located in different distances from effector cells  
(20 nm – 2 µm). NO is released from the varicosities of 
these terminals and then diffuses through intercellular 
space to the effector cells (Khassawneh et al. 2002). 
Bronchodilatory response mediated by iNANC system is 
associated with increased cGMP levels in smooth muscle, 
suggesting modulation of bronchomotor tone through the 
NO/cGMP cascade (Widdicombe 1998). 

The importance of NO as a neurotransmitter of 
iNANC system has been demonstrated by studies on 
isolated trachea of the guinea pigs and later in isolated 
preparations of human respiratory system (Li and Rand 
1991, Antosova and Strapkova 2013). Administration of 
NOS inhibitors in vitro significantly increased 
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contraction mediated by cholinergic system after 
electrical or pharmacological stimulation (Di Maria et al. 
2000). NO prevented bronchoconstriction induced by 
acetylcholine and other stimuli (Nijkamp and Folkerts 
1997, Schuiling et al. 1998). NO inhalation caused 
bronchodilation in asthmatic patients (Folkerts and 
Nijkamp, 1998) and similarly, bronchodilation was 
observed after administration of NO donors (Di Maria et 
al. 2000). 

In the regulation of bronchomotor tone the role 
of certain ion channels has been discussed (Ricciardolo 
2003). L-type of calcium channels is the most important 
for the physiology of the airway smooth muscle. Its 
activity increases by treatment with substances with 
cholinergic effect and leads to the smooth muscle 
contraction (Fleischmann et al. 1996). The interaction of 
this type of channel and NO in the respiratory system is 
not fully understood. However, it is already known that 
these channels provide an optimal Cai

2+ concentration for 
activation of constitutive NOS (Hall 2000). 

Airway smooth muscle cells contain also 
potassium channels, particularly ATP-sensitive potassium 
channels. These are highly conductive channels 
dependent on calcium levels (Nijkamp and Folkerts, 
1997). Opening of these channels contributes to the 
airway smooth muscle relaxation and hence 
bronchodilation. BKCa channels can be activated by  
NO directly, then through cGMP and finally via 
peroxynitrite. The role of these channels in NO-mediated 
signaling pathways was documented after bronchial 
relaxation induced by NO was blocked by administration 
of specific inhibitors of BKCa channels. Up to 50 % of 
relaxation produced by NO might be mediated by these 
channels (Abderrahmane et al. 1998). 

Significant role in the regulation of 
bronchomotor tone is done by the epithelium and 
mediators it produces. One of the relaxing factors 
released by epithelium is NO. It does not have a direct 
effect on baseline bronchial tone, but it reduces 
contractile response to cholinergic drugs, histamine, 
bradykinin, and KCl in the respiratory system of guinea 
pigs (Nijkamp et al. 1993). Contractile response to the 
action of various spasmogens increased after removal of 
the epithelium (Ricciardolo 2003). 

Another important factor participating in the 
regulation of airway smooth muscle tone is arginase due 
to its competition with cNOS. Increased activity of 
endogenous arginase potentiates methacholine-induced 
bronchoconstriction through inhibition of NO by 

competing for the main substrate L-arginine. The activity 
of arginase is three-times higher in allergen-induced 
airway hyperreactivity than in physiological conditions 
(Meurs et al. 2002, Strapkova and Antosova 2011). 

The airway smooth muscle tone is controlled via 
different humoral agents including metabolic products of 
arachidonic acid – prostaglandins and leukotrienes. 
Cyclooxygenase (COX) containing heme core is another 
possible target site for NO. The nature of the interaction 
between NO and COX depends on various factors such as 
the NO concentration, the iron valence in the enzyme, the 
redox state of the body and others. The interaction of 
COX vs. NOS seems to be important in the respiratory 
system and should be studied in details (Nijkamp and 
Folkerts 1997, Strapkova et al. 2006). 

cGMP and cAMP as second messengers have an 
important role in the regulation of bronchomotor tone at 
the cellular level. Airway smooth muscle relaxation is 
mediated primarily by NO/cGMP pathways, wherein the 
cGMP is a second messenger of NO (Venugopalan et al. 
1998). cAMP is a second messenger of the 
catecholamine-induced relaxation through β2-adrenergic 
receptors. As a result, the activity of adenylate cyclase is 
increased and it catalyzes the conversion of ATP to 
cAMP. cAMP promotes the release and transport of Ca2+ 
out of the cell, resulting in bronchodilation. Hydrolysis of 
cGMP and cAMP is catalyzed by phosphodiesterases. 
cGMP acts on some of them as an inhibitor (PDE3) and 
activator for the other PDEs (PDE2, PDE5, PDE6), and 
thus it directly affects degradation of cAMP. This 
mechanism represents an important interaction of the 
NO/cGMP and cAMP signaling pathways in the 
respiratory system (Liaudet et al. 2000). 
 
The effect of NO on lung vasculature 
 

The role of NO in controlling the pulmonary 
circulation was studied by different approaches from 
pharmacological inhibition of NOS to utilization of 
knock-out animals for each of the three NOS isoforms 
(Moncada and Higgs 2006). While more recent studies 
suggested the role of NO in regulation of pulmonary 
vasculature tone under physiological circumstances, latest 
studies using knock-outs emphasize the importance of 
NO in hypoxia and other pathological circumstances 
(Dias-Junior et al. 2008). 

Several mechanisms of NO-mediated 
vasodilation were suggested (Dweik 2001). NO is known 
to increase the activity of soluble guanylyl-cyclase most 
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likely by the interaction with the heme moiety in the 
enzyme (Murad 1994). The enzyme catalyzes cGMP 
formation, which acts directly as a second messenger. As 
a result Cai

2+ decrease and the sensitivity of the smooth 
muscle to Ca2+ reduces. NO-mediated vasodilation is 
inhibited by substances which block cGMP formation. 
Increased cGMP is also related to phosphorylation and 
activation of calcium-gated K+ channel in vascular 
smooth muscles. K+ channel activation by NO is inhibited 
by blockade of G-kinase, and the activating effect of NO 
on K+ channels in pulmonary artery smooth muscle can 
be simulated by pharmacologic activation of G-kinases 
(Hampl 1995). 

cGMP-dependent activation of Ca2+-activated  
K+ channel seems to be another mechanism by which  
NO mediates vasodilation. Treatment with inhibitors of 
these channels can reverse relaxing effect of NO donors 
on lung vasculature (Rydberg et al. 1997). NO can also 
activate K+ channels directly in the absence of cGMP or 
G-kinases (Bolotina et al. 1994). Interestingly, NO seems 
to modulate also the effect of angiotensin II on its 
receptors in lung vasculature (Ichiki et al. 1998). 

In the studies with L-NAME and L-NMMA as 
NOS inhibitors it was demonstrated that endogenous  
NO production does not play an important role in keeping 
the low tone of pulmonary vessel wall in basal conditions 
regardless the route of administration or duration of 
exposure to NOS inhibitors (Phillipson et al. 2003). The 
animals presented significant systemic arterial 
hypertension, confirming the role of NO in maintaining 
vascular system homeostasis, however, NOS inhibitors 
had little or no effect on pulmonary artery pressure under 
the same circumstances. In contrast, in humans with 
infusion of high dose of NOS inhibitor the pulmonary 
artery pressure increased significantly (Fagan et al. 
2001). Other studies have shown that only eNOS knock-
out animals present limited increase in pulmonary artery 
pressure. When these animals were exposed to hypoxia, 
in which pulmonary vessels respond with 
vasoconstriction, pulmonary hypertension was 
significantly higher than in controls. The data suggest that 
NO is not the sole mediator involved in low pulmonary 
vascular tone maintenance, however it is important in 
modulating the vasoconstriction response associated with 
hypoxia (Han et al. 2010). Release of eNOS/NO is 
largely reduced in chronic hypoxia as well (Adnot et al. 
1991, Dinh-Xuan et al. 1991). Decreased expression and 
activity of eNOS in pulmonary endothelium relates to 
increased thickening of muscle layer in vascular wall and 

gradual vasoconstriction in pulmonary hypertension 
(Giaid and Saleh 1995), and decreased NO release by this 
isoform was also observed in pulmonary vessels in 
patients with COPD and cystic fibrosis (Voelkel et al. 
2011). 

Contrariwise, increased NO synthesis via 
endothelial isoform reduced increased systolic pressure in 
right ventricle caused by pulmonary hypertension. 
Overproduction of NO had positive effect in vascular 
remodeling in lung parenchyma and hypertrophy of the 
right ventricle caused by chronic hypoxia (Ozaki et al. 
2001). There is inconsistent data about the effect of NO 
on bronchial circulation but NO seems to mediate 
vasodilation in the bronchial vessels. 

The effect of NO on microvasculature and 
vascular permeability is not fully elucidated.  
NOS inhibitors prevent plasma leak in microvasculature 
elicited by substance P and leukotriene D4, but not after 
histamine. It indicates the importance of NO role in 
extravascular plasma leak caused by some inflammatory 
mediators (Kageyama et al. 1997). Simultaneously, the 
authors point out that plasma leak caused by these 
substances is increased in response to endogenous NO, 
especially in extrapulmonary, but not in intrapulmonary 
airways. This supports the concept of different regulation 
of protein influx in anatomically different parts of 
airways microvasculature (Ricciardolo 2003). 
 
NO and pulmonary surfactant 
 

Pulmonary surfactant is a lipid-protein complex 
which reduces surface tension at the air/liquid interface, 
thereby preventing lung collapse. About 80 % of the 
alveolar surfactant are phospholipids, which are at least 
50 different species and around 8-10 % of surfactant 
molecules form specific proteins (Curstedt et al. 2013) In 
addition to the stabilization of the alveoli and small 
airways, surfactant prevents transudation of fluid into the 
alveoli, thereby preventing lung edema, it is involved in 
the local defense mechanisms, facilitates oxygen 
transport through the alveolar-capillary membrane and it 
has transport and barrier functions (Calkovska et al. 
2005). 

The mutual relationship between nitric oxide and 
surfactant was studied in different models. In isolated 
perfused rat lung model inhibition of cNOS and iNOS, as 
well as inhibition of cGMP and proteinkinase G reduced 
significantly surfactant secretion (Sun et al. 2003). In 
primary culture of alveolar type II cells, NO donor 
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increased basal phosphatidylcholine (PC) secretion in 
a dose-dependent manner (Sun et al. 2003). The results 
suggest that NO may play an important role in lung 
surfactant secretion. Some studies emphasize the role of 
NO in pulmonary development. Expression of surfactant 
proteins SP-A, -B, and -C in the alveolar type II cells was 
not different between wild type (WT) and eNOS knock-
out mice. On the other hand, phosphatidylcholine (PC), 
the most abundant surfactant lipid component was 
reduced in broncho-alveolar lavage fluid from lungs of 
eNOS knock-out neonatal mice at birth in comparison 
with WT. The major and most surface-active 
phospholipid species, dipalmitoyl PC, was also 
significantly reduced in BAL fluid (Han et al. 2004). In 
SP-D and iNOS double knockout mice model the loss of 
alveoli and alterations of elastic properties of lung 
parenchyma with no changes in surfactant system where 
reported suggesting that surfactant homeostasis is 
mediated by different mechanisms (Knudsen et al. 2014). 

Interestingly, surfactant was shown to have 
vasodilatory effect in alveolar capillary bed. This effect 
was inhibited by L-NAME, which means that the 
activation of NOS and NO production by alveolar 
epithelial cells is involved in surfactant-induced 
vasodilation (Yu et al. 1997). In contrast, recent study did 
not confirm the nitric oxide involvement in contractile 
response of airway smooth muscle to surfactant since 
treatment of isolated tracheal and bronchial tissue strips 
of guinea pigs with L-NAME did not prevent surfactant-
induced muscle relaxation (Calkovska et al. 2015). 

The ability of NO to control surfactant 
production by alveolar cells is used clinically, especially 
in premature infants (Lakshminrusimha et al. 2016). At 
low concentrations, NO has a potential to preserve 
surfactant function. Exposure of natural surfactant to NO 
(80 ppb, 4-12 h) prevents reduction in surface activity 
(Hallman and Bry 1996). On the other hand, high levels 
of NO are associated with free radical production which 
is enhanced by simultaneous oxygen therapy. On its own, 
nitric oxide acts as a potent inhibitor of the lipid 
peroxidation chain reaction by scavenging lipid peroxyl 
radicals. In addition, nitric oxide can also inhibit many 
potential initiators of lipid peroxidation, such as 
peroxidase enzymes. However, in the presence of 
superoxide, nitric oxide forms peroxynitrite, a powerful 
oxidant capable of initiating lipid peroxidation and 
oxidizing lipid soluble antioxidants (Hogg and 
Kalyanaraman 1999). Except lipid peroxidation, 
surfactant function can be also inhibited by NO-mediated 

damage to surfactant proteins (Rodriguez-Capote et al. 
2006). More detailed insight in this clinically interesting 
issue of potential interactions of inhaled nitric oxide 
therapy with lung surfactant is beyond this review. 
 
NO and mucociliary transport 
 

Mucus production in the respiratory system is 
influenced neurally by autonomic cholinergic and NANC 
signaling and by complex network of mediators with 
stimulatory or inhibitory effects including neuropeptides, 
purines, enzymes and lipid mediators (Rogers 2007). 

The effect of NO on mucus production by 
human airway submucosal glands was investigated using 
NOS inhibitors. Administration of L-NAME and  
L-MMMA reduced both methacholine- and bradykinin-
induced hypersecretion by isolated submucosal glands, 
and in addition, NO donor isosorbide dinitrate 
significantly increased submucosal gland secretion. This 
finding indicates that endogenous NO production has 
stimulating effect on submucosal glands secretion 
(Nagaki et al. 1995). 

Stimulatory effect of other secretagogues was 
inhibited by preincubation of the cells with competitive 
NOS inhibitors. This indicates that mucin secretion was 
provoked via mechanisms involving intracellular 
production of NO as a critical signaling molecule (Adler 
et al. 1995). Endogenous NO stimulates the activity of 
respiratory submucosal glands which leads to subsequent 
increase in mucus production (Ricciardolo 2003, Bencova 
et al. 2012). Exogenous NO induced the MUC5AC mucin 
gene and protein through proteinkinase C pathways in 
human respiratory epithelial cells (Song et al. 2007). 

Some studies indicate that NO does not play 
a role in controlling the airway submucosal glands under 
physiologic circumstances (Ballard and Spadafora 2007). 
In isolated rat trachea neither isosorbide dinitrate nor 
sodium nitroprusside, which liberate NO, were able to 
affect mucus secretion. Even zaprinast as a cGMP 
specific PDE5 (phosphodiesterase 5) inhibitor alone or in 
combination with NO donors had no effect (Ramnarine et 
al. 1996). The role of NO in mucus output control could 
become significant in pathological conditions after the 
expression of iNOS (Adler et al. 1995). 

Nitric oxide affects also the ciliary motility. 
Stimulatory effect of cytokines on ciliary movement is 
suppressed by administration of NO synthases inhibitors 
and enhanced by administration of L-arginine, which 
proves the involvement of NO in ciliary motility. 
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Together with increased ciliary motility, increased 
expression of eNOS in ciliary epithelium was reported 
(Jain et al. 1995). In patients with Kartagener syndrome, 
ciliary dysfunction is associated with impaired NO 
synthesis. Reduced NO synthesis is present in primary 
ciliary dyskinesia and cystic fibrosis, in which 
mucociliary clearance is impaired as well. The influence 
of NO on ciliary movement very likely involves 
phosphodiesterases modulation (Fischer et al. 1999) or 
modulation of ion channels activity (Duszyk 2001). From 
available literature it can be understood that nitric oxide 
acts as physiologic regulator of mucociliary clearance. Its 
metabolites increase tracheobronchial secretion (Jang et 
al. 2004) and the changes in its synthesis and activity can 
be an important component of pathophysiology of 
respiratory diseases related to changes in mucus secretion 
and mucociliary transport (Ricciardolo 2003). 
 
Conclusions 
 

Since the discovery of NO, numerous studies 
have been performed on cell cultures, animals and 
humans with the attempt to identify whether and how this 
small molecule interacts with various processes in 

respiratory system. Studies using NOS inhibitors, cGMP 
inhibitors, NO donors, or even new approaches using 
knock-out animals produced a huge pool of data, which is 
sometimes difficult to interpret due to the differences 
between species or methodological issues. Although there 
are conflicting results in some aspects of NO effects in 
the respiratory system, majority of data supports the 
positive and protective role of low concentration of NO 
produced by constitutive NOS, and potentially harmful 
effects of high concentrations of NO produced mainly by 
inductive NOS isoform. NO considerably regulates 
bronchial smooth muscle tone, lung vasculature and 
pulmonary blood flow, surfactant function, mucus output 
and other processes such as local host defense, 
antioxidant homeostasis and lung development. 
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