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Nitric oxide in exhaled air

Copyright ©ERS Journals Ltd 1996
European Respiratory Journal
ISSN 0903 - 1936

J.O.N. Lundberg*, E. Weitzberg**, J.M. Lundberg*, K. Alving*

Nitric oxide in exhaled air. J.O.N. Lundberg, E. Weitzberg, J.M. Lundberg, K. Alving.
©ERS Journals Ltd 1996.

ABSTRACT: Much interest is now being focused on measurements of nitric oxide
(NO) in exhaled air. In healthy subjects exhaled NO seems to originate mainly in
the nasal airways, whereas the contribution from the lower respiratory tract is
low.

In certain inflammatory airway disorders, the excretion of NO into the airways
is altered resulting in changes in the levels of NO in exhaled air. New techniques
have been developed to measure NO release at different levels of the airways: asth-
matics show increased orally-exhaled NO levels, whereas patients with cystic fibro-
sis or Kartagener’s syndrome exhibit a marked reduction in nasal release of NO.
It has been suggested that measurements of exhaled NO may be clinically useful
in noninvasive diagnosis and monitoring of inflammatory airway diseases.

To further evaluate the potential clinical usefulness of measurement of exhaled
NO, it is vital to explore how airway NO production is normally regulated and
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Nitric oxide (NO) is not only a reactive free radical,
it is also a highly diffusible gas. Direct measurements
of NO in biological tissues are difficult to perform be-
cause the gas reacts rapidly with, e.g. haemoglobin or
other FeZ+-containing proteins [1]. Therefore, one must
often rely on indirect measurements in order to detect
NO synthesis in vivo. Such indirect methods include
measurements of citrulline, the co-product when NO is
synthesized enzymatically by a NO synthase, or of nitrate/
nitrite, which are stable breakdown products of NO [1].
Unlike the situation in most biological tissues, where
NO is rapidly destroyed, NO in gas phase is fairly sta-
ble at low concentrations [1]. Therefore, NO produced
in superficial structures of hollow organs will diffuse to
the lumen and, thus, be detectable in gas collected from
such organs. Indeed, NO is excreted in the human air-
ways and is detectable in exhaled air [2—4].

How to measure exhaled NO

Method of detection

The most widely-used technique for measurement of
NO in exhaled air is the chemiluminescence method.
The NO contained in a gas sample reacts with an excess
of ozone (O;) to produce NO, with an electron in an
excited state (NO,*). NO,* changes back to the ground
state (NO,) while emitting electromagnetic radiation
ranging 600-3,000 nm in wavelength. The chemilumi-
nescence is detected by a photomultiplier tube that pro-
portionally converts the intensity of luminescence into
an electrical signal for display. The chemiluminescence
technique is highly sensitive: NO can be detected down
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to a concentration of approximately 1 part per billion (ppb)
[1]. This technique is easy to use and readily allows on-
line registration of exhaled NO. Other techniques that
have been used to further establish that NO is present
in a human breath include mass spectrometry [2]; and
gas chromatography-mass spectrometry (GC-MS) [5].

Because NO is highly diffusible and reactive, it is
important to use inert nonabsorbing materials, such as
glass, steel or Teflon, in all tubings contained in an NO
measuring system. Furthermore, although most inhaled
NO is rapidly absorbed by the lungs [6], it is nonethe-
less important to ensure that inhaled NO concentrations
are kept low, in order not to interfere with exhaled lev-
els, since NO in dead space is not absorbed to any large
extent. In urban areas, ambient NO levels may some-
times exceed 100 ppb, and in these situations a closed
system is preferable, in which NO-free air is inhaled
from a reservoir [3].

Single-breath measurements

Rapid registration of exhaled NO levels during the
course of a single exhalation allows fractioning of a
breath into early and late phases. For single-breath mea-
surements, a subject takes a deep breath of NO-free air
and exhales into a system of appropriate tubings, from
which an air fraction is continuously sampled, and NO
is measured in the sample. Naturally, since most of the
NO found in exhaled air is continuously formed with-
in the upper airways and released into the dead space
area [3, 4] (see below), the velocity of the exhalation
will influence the concentration of NO in exhaled air.
Thus, if exhalation is slow, more NO will be released
in the lumen during the course of the exhalation, resulting
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in higher concentrations (fig 1). This is particularly ac-
centuated if a subject holds his breath prior to exhalati-
on. In such settings, much NO accumulates in the airways
and a large initial peak with a subsequent plateau is seen
in the single-breath registration [4, 7] (fig. 2c).

Due to the flow-dependency of NO concentrations in
exhaled air, it is vital to monitor the exhalation flow rate
carefully when measuring NO, if one chooses to express
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Fig. 1. — Graph illustrating the relationship between exhalation flow

rate and nitric oxide concentration [NO] in orally-exhaled air of a
healthy subject.

the value obtained as a concentration. Airway NO release
may also be expressed as the amount of NO excreted
per time unit during exhalation.

Continuous measurements

NO may also be measured during normal tidal breath-
ing. This method is suitable for continuous measure-
ments of NO over longer periods of time, for example
to study the effect of physical exercise on exhaled NO
levels. One problem with this method is that even the
normal exhalation rate will dilute NO to concentrations
close to the detection limit of most analysers. As with
the single-breath measurements, one must also bear in
mind the influence of flow rate on NO concentrations
when using this method. For measurements of NO in
orally-exhaled air, the subject breathes through a mouth-
piece whilst wearing a noseclip. NO-free air is inhaled
either directly from ambient air or from a reservoir, and
the exhaled fraction is led into tubings via a nonre-
breathing valve [3]. Air is continuously sampled from
the exhalation limb of the system and NO levels are
registered.

Orally-exhaled NO levels have been used to estimate
alterations in NO excretion in lower parts of the air-
ways, for example in asthma (see below). However, NO
derived from the upper airways may severely contami-
nate the air exhaled through the mouth. Thus, subjects
with a permanent tracheostomy exhale only low levels
when breathing through the tracheostomy, while the
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Fig. 2. — Original recordings from single-breath exhalations from total lung capacity of a conscious subject with a permanent tracheostomy.

The arrow indicates start of exhalation. NO measurements were made over an exhalation time of 20 s during: a) exhalation through the nose
without breathholding; b) exhalation through the mouth without breathholding; c) exhalation through the mouth after 15 s of breathholding; and
d) exhalation through the tracheostomy after 15 s of breathholding. (From [4] with permission).
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same individuals show considerably higher exhaled NO
levels when breathing through the mouth or nose [4]
(fig. 2d).

The contribution of NO from the upper airways to or-
ally-exhaled levels may be further accentuated by using
continuous oral breathing using a noseclip. When a nose-
clip is used, large amounts of NO will accumulate in
the nasal airways and this NO may be added to orally-
exhaled air when air from the nose passes to the phar-
ynx following changes in the position of the soft palate.
Thus, the large NO production in the upper airways may
easily mask relatively small changes in NO excretion in
the lower airways. Indeed, KimMBERLY ef al. [8] have shown
that approximately 50% of exhaled NO comes from the
nose during mouth breathing with an open posterior
nasopharynx.

Direct nasal sampling

In order to measure NO excretion into the nasal air-
ways, a direct sampling technique has been developed
[4]. The subjects are asked either to hold their breath
with the mouth closed, or to breathe normal tidal vol-
umes through the mouth during the measurements. An
occlusive catheter is introduced into one nostril and air
is aspirated continuously at a constant flow rate from the
nasal cavity. Aspirated air is led directly to the NO ana-
lyser. In this procedure, ambient air (only used if free
of NO) is continuously drawn through the contralateral
nostril and around the septum via the nasopharynx. Us-
ing a fixed rather high flow rate (0.7-0.8 L-min'!) dur-
ing these continuous measurements ensures that the
resulting NO concentrations will be representative of
the total amount of NO excreted into the nasal airways
per unit of time [9].

Alternatively, to measure the actual NO concentra-
tion in the nasal cavity at a given time, a small volume,
not exceeding total nasal cavity volume, can be sam-
pled in a syringe directly from one nostril and subse-
quently injected into the NO analyser [9, 10]. To further
separate the nasal airways from the rest of the respira-
tory tract during nasal NO measurements, one might use
a technique where the soft palate is closed voluntarily
[8]. Measurements of carbon dioxide may be performed
simultaneously in the nose to ensure that no contami-
nation with air from the lower airways is occurring [8].

Origin of exhaled NO in healthy individuals

Anatomical origin

There has been considerable confusion in the litera-
ture concerning the origin of NO found in the exhaled
air of humans. Some authors have suggested that this
NO is produced in the lung [11], whilst others have
claimed that exhaled NO is produced in the terminal
region of the bronchial tree [7]. However, several stud-
ies have now clearly shown that, in healthy subjects at
rest, virtually all exhaled NO is produced within the
upper airways, with only a minor contribution from the
lower respiratory tract and the lungs [3, 4, 12]. Hence,
conscious tracheostomized subjects exhaled only low
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levels when breathing through the tracheostomy, while
these subjects showed much higher levels during oral
or nasal breathing [4] (fig. 2). In almost all healthy sub-
jects, NO values are higher during nasal than during
oral breathing, indicating large NO excretion in the nasal
airways [4].

We recently demonstrated that there is a large pro-
duction of NO in the paranasal sinuses of humans [13].
Sinus-derived NO reaches the nasal cavity through the
ducts connecting the sinuses with the nose, and makes
a large contribution to the levels of NO found in the
nasal cavity [14]. The contribution from the nasal cav-
ity mucosa to NO levels found in nasally-exhaled air
seems to be of less importance, since local instillation
of a NO synthase (NOS) inhibitor into the nasal cavity
only slightly reduced NO levels in nasal cavity air [13].
As mentioned above, only very low levels of NO (usu-
ally below the levels in ambient air) are normally found
in air derived from the lower airways. In certain con-
ditions, however, it is possible that there is also a sub-
stantial NO excretion into the lumen in the lower airways
(see below).

Cellular origin

It is likely that most of the NO excreted into the air-
way lumen is produced superficially in the mucosa, since
NO produced in deeper mucosal structures would prob-
ably be trapped, e.g. by reaction with haemoglobin, and,
therefore, would not reach the lumen. Sinus NO pre-
sumably originates from the epithelial cells lining the
sinuses, since strong NOS immunoreactivity has been
found in those cells [13]. Weak NOS immunoreactivity
has also been found in epithelial cells in the nasal cav-
ity [13]. GERLACH et al. [12] suggested the presence of
a substantial NO release in the nasopharynx and phar-
ynx, but this has not yet been established.

NOS isoforms in the airways

Conceivably, most of the NO found in exhaled air is
endogenously produced by "NOSs" present in airway
mucosal cells. In a number of studies, inhaled NOS
inhibitors have markedly reduced airway excretion of
NO [2, 13, 15]. For example, intrasinus instillation of
NG-nitro-L-arginine methyl ester (L-NAME) resulted in
an almost complete inhibition of sinus NO release [13].
However, a bacterial contribution to luminal NO can-
not be entirely excluded, since some strains of bacteria
are known to produce NO from nitrite [16]. Furthermore,
a recent study indicated that NO may be formed in the
oral cavity by reduction of nitrite at the surface of the
tongue [17].

All three known isoforms of NOS (neuronal NOS
(nNOS), inducible NOS (iNOS), and endothelial NOS
(eNOS)) have been identified in human airway mucosa.
Endothelial NOS is found in mucosal blood vessels and
also in cultured human bronchial epithelium [18]. Neuro-
nal NOS has been identified in bronchial epithelial cells
[19], as well as in certain mucosal nerves. Inducible NOS
may be expressed in bronchial epithelial cells, for exam-
ple during inflammation [20] or in vitro after stimulation
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with certain cytokines [19]. However, there has been
confusion in the literature as to whether this NOS iso-
form is also present in healthy bronchial epithelium.
Hawmip et al. [20] and Asano et al. [19] found no evi-
dence of iNOS expression in healthy bronchial epithe-
lium, whereas Guo et al. [21] reported iNOS expression
in bronchial mucosa of healthy subjects [21].

Nevertheless, it seems quite clear that in certain areas
of the upper airways iNOS is constantly expressed [13].
The NOS found in healthy sinus epithelium [13] is iden-
tical or very closely related to the iNOS that has been
cloned in activated human hepatocytes [22], as shown by
messenger ribonucleic acid (mRNA) in sifu hybridization
as well as immunohistochemical studies. Furthermore,
like iNOS, sinus NOS is predominantly Ca2+-independ-
ent in its nature, as revealed by a citrulline bioassay [23].
However, the regulation of expression and the activity
of sinus iNOS seems to differ from what has been de-
scribed previously for this isoform. Thus, sinus NOS is
constitutively expressed and seems resistant to steroids
[13,23,24], properties that are normally associated with
nNOS and eNOSs, which have low productivity levels
[25]. Recent studies indicate that there may be multiple
iNOS-like sequences in the human genome that encode
iNOS-like products [26]; this may help to explain these
marked differences in regulation of expression.

The finding of a highly productive NOS in the upper
airways and the absence of this enzyme in the lower
respiratory tract in normal individuals fits well with the
levels of NO normally excreted into the airway lumen
in the upper and lower airways, respectively. The much
larger NO excretion in the upper compared to the lower
airways is even more clearly apparent if one compares
the actual amounts of NO released into different parts
of the airways per time unit. Total NO release in the
entire normal lower airways as measured in exhaled air
of adults is less than 5 nmol-min! at rest [13, 27]. This
is less than the excretion from the paranasal sinuses
[13]. Hence, NO excretion in one maxillary sinus may
well exceed 20 nmol-min-!. Although NO levels in air
derived from the lower airways are very low, it cannot
be excluded that a substantial NO production also takes
place in these parts of the airways; this NO may be
trapped in the lower airways and the lungs following

reaction with, e.g. haemoglobin, or other compounds
that react rapidly with NO.

Factors that influence exhaled NO

There is increasing knowledge about the various phys-
iological and pathological factors that influence levels
of NO in exhaled air, although much further study is still
required. Various diseases that are known to influence
airway excretion of NO are summarized in table 1.

Physiological factors

Body posture has not been shown to have any influ-
ence on exhaled NO levels. However, the amount of
NO released into the nasal airways from the paranasal
sinuses could, theoretically, decrease when a subject is
lying down, due to alterations in sinus ostial patency.
Ostial patency is known to decrease when a subject lies
down [35]; hence, NO passage from the sinuses to the
nasal cavity may decrease.

Nasal NO levels (measured by continuous sampling
from the nose) are lower in newborns and increase with
age, reaching levels similar to those in adults at the age
of approximately 10 yrs [13]. In this study, the same
sampling rate (0.8 L-min-!) was used in all subjects. If
one calculates airway NO excretion in relation to body
surface area and compares these relative nasal NO lev-
els in children at the age of 10 yrs and in adults, one
finds that these children excrete approximately twice as
much NO into the nasal airways compared to adults
[13]. The reason for this is not clear, but it may be due
to the fact that total paranasal sinus volume does not
parallel the increase in body surface area during growth.
Instead, the sinuses develop primarily during the first
10-12 yrs in humans [36]. Another possible reason could
be that the regional distribution of NO-producing cells
in the nasal airways differs between adults and children.
Thus, a larger proportion of the excreted NO might be
released from the nasal mucosa in children.

In adult males and children, intraindividual changes
in orally- or nasally-exhaled NO over time seem to be

Table 1. — Influence of respiratory tract disease on airway excretion of nitric oxide (NO)
Disease Age Orally-exhaled NO Nasal NO [Ref.]
Asthma Adults Increased Unchanged [3]
Adults Increased NR [15, 28, 29]
Children, 5-15 yrs Increased Unchanged [30]
Rhinitis Children, 5-15 yrs NR Unchanged [30]
Adults Increased Increased [31]
Cystic fibrosis Children, 5-15 yrs Unchanged* Decreased [30]
Kartagener's Children, 2.5-12 yrs ~ Unchanged* Decreased [4]
syndrome
Bronchiectasis Adults Increased NR [32]
Chronic bronchitis Adults Increased? NR [33]
Sarcoidosis Adults Unchanged NR [33]
URTI Adults Increased NR [34]
LRTI Adults Increased NR [3]

*: none of the patients had ongoing severe respiratory infection at the time of the measurements; *:
unpublished observations; #: during acute exacerbation. URTI: upper respiratory tract infection; LRTI:

lower respiratory tract infection; NR: not reported.
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minor, provided that the measurements are performed
in the same way [4]. However, in menstruating females
great variations of exhaled NO in synchrony with the
menstrual cycle have been reported [37]. Thus, exhaled
NO peaked at midcycle during ovulation, whereas it
dropped during menstruation. It is known that circulat-
ing nitrate/nitrite levels increase with follicular develop-
ment [38], and that oestradiol may increase the expression
of eNOS. However, it is not clear whether the cyclic
alterations in exhaled NO reflects changes in excretion of
NO into the upper or lower airways. Exhaled NO lev-
els have been reported to remain fairly constant during
the course of a normal pregnancy [39].

Several groups have investigated whether orally-exha-
led NO levels are affected by physical exercise [7, 27,
40]. The results are similar: absolute concentrations of
exhaled NO decrease during exercise but, since the ven-
tilation increases greatly, the calculated amounts of
excreted NO are increased (table 2). In contrast, we re-
cently showed that NO excretion in the nasal airways is
acutely reduced by heavy physical exercise [10], pos-
sibly due to a reduced mucosal blood flow in the upper
airways (including the paranasal sinuses) during exer-
cise [46], which in turn might reduce the availability of
substrate for NOS. This is supported by the fact that i.v.
infusion of L-arginine increases upper airway NO ex-
cretion [23], indicating that substrate availability is a
rate-limiting factor for the CaZ*-independent NOS in the
human paranasal sinus mucosa.

The amount of NO exhaled by cigarette smokers has
been observed to be lower than normal [12, 28] (table
2). The reason for this is not clear but it could be due
to a downregulation of endogenous NO synthesis bec-
ause of the high NO content in cigarette smoke [47], or
damage to NO producing cells by toxic agents in smoke.
The presence of NO in cigarette smoke also explains its
vasodilatory effects on the pulmonary and bronchial cir-
culation [48]. Since basal NO excretion from the lower
airways is minimal, as discussed above, it is likely that
this downregulation occurs in the upper parts of the air-
ways. Indeed, GERLACH et al. [12] reported lower nasopha-
ryngeal NO levels in smokers than in nonsmokers.
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Interestingly, large NO production in the upper air-
ways has only been observed in humans and other pri-
mates [49]. In pigs, rats and rabbits, for example, we
have found only low nasal NO levels (unpublished obser-
vations). On the other hand, some commonly used exper-
imental animals, such as guinea-pigs and rabbits, show
a high basal NO release in the lower airways [2].

Asthma and exhaled NO

Inflammation in general has been reported to be asso-
ciated with enhanced production of NO, and NO has
been implicated in the pathogenesis of certain inflam-
matory diseases [50]. In 1993, ALVING et al. [3] report-
ed increased NO levels in orally-exhaled air of asthmatics.
These findings have since been confirmed by several
research groups [15, 28, 29]. Nasal NO excretion does
not differ between asthmatics and controls in children
[30] or adults [3], indicating that the increase in exhaled
NO involves the lower airways in asthmatics. Indeed,
Massaro et al. [51] reported increased NO concentra-
tions in isolated lower airways of asthmatic subjects
[51]. Furthermore, HaMID et al. [20] reported expres-
sion of high producing iNOS in asthmatic bronchial
epithelium, but not in control bronchial tissue from heal-
thy subjects. This may be one explanation for the ele-
vation of the orally-exhaled NO levels in asthmatic
patients.

However, other sources, such as macrophages, mast
cells or other NO-generating cells found in great quan-
tities in inflamed mucosa, cannot be excluded. Glucocor-
ticoids are known to generally inhibit the expression of
iNOS [52]. Therefore, one would expect that exhaled
NO levels would decrease in patients on treatment with
such drugs. Indeed, exhaled NO levels in adult asthma-
tic patients on regular treatment with inhaled steroids
are similar to controls [15, 29, 30], indicating that the
expression of a steroid-sensitive iNOS is responsible for
the elevated NO levels seen in asthmatics. Furthermore,
both systemic [29] and local [41] steroid treatment
reduces exhaled NO over a period of days to weeks in
asthmatics.

Table 2. — Effects of drugs, smoking habits and exercise on airway excretion of nitric oxide (NO)
Agent Administration Orally-exhaled NO  Nasal NO [Ref.]
Glucocorticoids
Healthy subjects Nasal instillation Unchanged Unchanged [4]
Systemic Unchanged Unchanged [23]
Asthmatics Oral inhalation Decreased NR [15, 41]
Oral/nasal inhalation Decreased Unchanged [24]
L-arginine Systemic Increased NR [42]
Systemic NR Increased [23]
Nasal spray NR Unchanged [9]
NO synthase inhibitors Nasal instillation Unchanged Minor decrease [13]
Orally inhaled Decreased [43]
Ethanol Ingestion Decreased NR [44]
Histamine, capsaicin Nasal spray NR Unchanged [9]
oL,-agonists Nasal spray Decreased [9]
Nitroglycerine Intravenous Increased NR [45]
Antibiotics Systemic Unchanged Unchanged [4]
Cigarette smoke Decreased NR [28, 33]
Decreased [12]
Physical exercise Increased NR [7, 27, 40]
NR Decreased [10]

NR: not reported.
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In asthmatic children a dose-dependency has been
observed; those treated with no or low-to-moderate doses
of topical steroids showed increased exhaled NO, where-
as those treated with the highest doses of steroids showed
exhaled NO levels that did not differ from controls [30].

Recently, KHaritonov et al. [53] reported further ele-
vation of exhaled NO during the late phase reaction of
asthmatics. Measurements were made after antigen chal-
lenge and only dual responders showed elevated exhaled
NO levels. This indicates that the late phase reaction
increase in NO levels is due to an inflammation-driven
increase in iNOS expression.

Many studies on exhaled NO in asthmatics have now
been performed, and it is likely that the expression of
an iNOS in asthmatic airways is responsible for the ele-
vation in exhaled NO levels seen in these patients. As-
thma therapy today is very much focused on treatment
of the underlying inflammatory disease and there is a
great need for an objective marker of airway inflam-
mation [54]. It is tempting to speculate on the possible
usefulness of NO in exhaled air as a marker of airway
inflammation; these measurements are easy to perform,
noninvasive, objective and rapidly provide information
about a local process.

However, further studies are needed to investigate the
potential of this method in the diagnosis and monitor-
ing of airway inflammation. Such studies include longi-
tudinal trials to explore how well exhaled NO correlates
with severity of disease, medication and to other known
markers of inflammation, such as eosinophil proteins.
Furthermore, it is important to thoroughly examine what
other factors (some discussed in this article) influence
levels of exhaled NO. Finally, much remains to be im-
proved in the methodology of NO measurements. NO
measuring systems should be designed so as to obtain a
maximal contribution of NO from the parts of the airways
that are of interest, and to minimize contamination due
to normal NO production elsewhere in the respiratory
tract. For example, asthmatic subjects show elevated
orally-exhaled NO levels, whereas NO levels in nasal-
ly-exhaled air of asthmatics do not differ from controls
[3]. Therefore, it is vital to minimize nasal contribution
in these patients during measurements. In this aspect,
oral single-breath measurements may be superior to con-
tinuous sampling, as discussed above.

There has been a great variation in reported absolute
values for NO in exhaled air, probably because of the
different measurement techniques used. A European
Respiratory Society taskforce is presently working on
recommendations for a standard technique in measur-
ing exhaled NO to monitor pulmonary inflammation.

Other diseases of the respiratory tract

Asthma is not the only airway disease associated with
alterations in exhaled NO. ALvING et al. [3] reported
transient elevations of orally-exhaled NO in subjects
with lower respiratory tract infection, and KHARITONOV
et al. [34] reported increased NO levels during the symp-
tomatic period in subjects with upper airway infection.
Increased NO levels have also been reported in patients
with bronchiectasis [32]. Hence, both inflammation and
infection in the airways may be associated with enhanced

airway production of NO. This is not surprising, since
the factors known to induce expression of iNOS (e.g.
certain proinflammatory cytokines and bacterial pro-
ducts) may be present in increased amounts in inflamed/
infected tissues. SCHILLING et al. [55] reported reduced
exhaled NO in patients with hypertension.

NO excretion in the nasal airways does not seem to
be altered in asthmatics, as mentioned above. However,
in children with Kartagener's syndrome (a triad con-
sisting of bronchiectasis, sinusitis, and situs inversus)
nasal NO levels are extremely low [4]. Whether this
finding reflects reduced diffusion of NO from the air-
way mucosa or a genuine reduction in mucosal NO syn-
thesis, is not clear. We have also found decreased nasal
NO levels in children with another chronic airway dis-
ease, namely cystic fibrosis [30]. In a group of children
with perennial allergic rhinitis, we found no alterations
in nasal excretion of NO as compared to controls [30],
whereas MARTIN et al. [31] reported increased NO lev-
els both in orally- and nasally-exhaled air in adults with
seasonal rhinitis.

Since a large part of airway NO production normal-
ly takes place in the paranasal sinuses [13, 14], it will,
of course, be of great interest to investigate whether
patients with sinus disorders exhibit altered airway NO
levels. The finding of low nasal NO levels in patients
with chronic sinus disorders, such as Kartagener's syn-
drome, or with cystic fibrosis may indeed indicate that
sinus NO release can be altered in these patients.

Drugs

Various drugs that may interact with NO synthesis
and release are summarized in table 2.

Glucocorticoids have been mentioned above; these
agents depress already increased exhaled NO levels in,
for example, asthmatics. However, steroids do not in-
fluence basal exhaled NO levels in healthy individuals
[4]. Interestingly, the "inducible-like" NOS found in the
upper airways appears not to be steroid sensitive, since
intranasal steroids do not affect nasal NO levels [4], and
sinus NO excretion seems to be unaffected even by high
doses of systemic steroids [13, 23]. Competitive NOS
inhibitors can decrease airway NO release in the nasal
airways when given locally [13, 24]. YATES et al. [43]
reported decreased orally-exhaled NO levels in controls
and in asthmatics following oral inhalation of an NOS
inhibitor. Antibiotics do not alter excretion of NO in
the upper airways [4]. PErssoN and co-workers [44]
reported decreased orally-exhaled NO levels following
ingestion of ethanol.

Nitrovasodilators, such as nitroglycerine, act through
the release of NO, and increased exhaled NO levels have
been observed in experimental animals following i.v.
administration of this drug [45].

L-arginine, the substrate for enzymatic NO synthesis,
has been shown to increase exhaled NO in a dose-depen-
dent manner when taken orally [42], or infused intrave-
nously [23]. This increase seems to take place primarily
in the upper airways [23]. Conversely, locally adminis-
tered oi-adrenergic agonists reduce nasal NO levels acu-
tely [9], possibly due to reduced substrate supply, as
discussed above.
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Measurements of luminal NO in the gastro-
intestinal and urinary tracts

The concept of collecting air or gases from hollow
organs and measuring NO content may also be applied
in other luminal structures, for example the gastrointes-
tinal tract. In fact, during early studies, we noted that if
a subject swallowed during measurements of NO in ex-
haled air, there was a marked peak in exhaled NO levels.

Stomach

High levels of NO have been found in expelled air
from the stomach [56]. Intragastric NO production is
nonenzymatic and requires an acidic environment. Stom-
ach NO is originally derived from the nitrate present in
saliva. Nitrate is concentrated in human saliva and is
partly reduced to nitrite by bacteria in the oral cavity.
Nitrite-containing saliva is regularly swallowed, and NO
is formed in the stomach following acidification of the
nitrite. When acid secretion is inhibited by omeprazole,
stomach NO synthesis is almost abolished [56]. This
was the first observation of nonenzymatic NO forma-
tion in humans. It has been suggested that intragastric
NO could act as a defence mechanism against ingested
pathogens [56, 57], or take part in regulation of super-
ficial mucosal blood flow [56]. NO derived from the
stomach may accidentally interfere with measurements
of NO in exhaled air following regurgitation of stom-
ach air (unpublished observations). However, gastric NO
does not seem to contribute continuously to exhaled NO
levels either in controls or asthmatics [56].

Large intestine

Low levels of NO have been found in gas aspirated
from the colon of controls during colonoscopy [58]. In
contrast, patients with active ulcerative colitis [58] or
Crohn's disease [24, 59] showed greatly increased lu-
minal NO levels. The source of this NO is probably the
mucosa, since increased NOS activity has been detect-
ed there by indirect methods in ulcerative colitis pati-
ents [60].

Urinary bladder

Increased luminal NO levels have also been observed
in the urinary bladder during cystitis [61]. NO-free air
was introduced into the urinary bladder in controls and
in patients with cystitis of bacterial or chemical gene-
sis. After an incubation period, the air was removed and
immediately injected into an NO analyser. NO levels
were greatly increased in patients with cystitis of dif-
ferent genesis, compared to controls.

Direct measurement of airborne NO in the gastroin-
testinal and urinary tracts seems to be an attractive diag-
nostic tool to reveal inflammation in these hollow organs.

Role of airway-derived NO

One may speculate over the biological significance of
the NO that is released into the airways. Is it just a spill-
over product, or can it play a role in the regulation of
certain airway or lung functions?
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Host defence

The fact that NO can be produced in large amounts
by an iNOS [25] suggests that NO plays a role in pri-
mary host defence. Indeed, NO is involved in mouse
macrophage killing of a variety of pathogens, including
virus [25]. The concentration of NO in normal paranasal
sinuses and even in the nasal cavity, greatly exceeds the
NO concentrations that are bacteriostatic to, for exam-
ple, Staphylococcus aureus [62], thereby indicating a
role for NO in upper airway host defence. Interestingly,
children with Kartagener's syndrome or cystic fibrosis,
who have very low nasal NO levels [4, 30] also have
severe problems with recurrent airway infections. NO
has been shown to increase ciliary beat frequency in air-
way epithelium both in vitro [63] and in vivo [64], sug-
gesting another possible role of NO in host defence.

Inflammation

NO produced by an iNOS has also been implicated
in the pathogenesis of inflammation [50]. Indeed, NO
synthesis is clearly enhanced locally at sites of inflam-
mation, and inhibition of NO synthesis, by e.g. L-argi-
nine analogues, may attenuate the tissue damage caused
by the inflammation in certain experimental settings
[50]. Possible proinflammatory actions of NO may be
due to activation of enzymes, such as cyclo-oxygenase
[65] or metalloproteases [66]. Furthermore, NO may
react with free oxygen radicals present in inflamed tis-
sue to form the highly oxidizing agent peroxynitrite [67].
Peroxynitrite, in turn, may directly cause tissue damage
or further decompose to even more oxidizing compounds
[67].

NO has also been implicated in the pathogenesis of
pertussis, since NOS inhibitors dramatically attenuated
the epithelial damaging effects of a cytotoxin that is
released by Bordetella pertussis [68]. However, the role
of NO in inflammation is far from settled, and the recent
finding of a constantly-expressed iNOS in the upper air-
ways of humans [13] further complicates this picture,
since it clearly demonstrates that the sole expression of
iNOS and the subsequent large production of NO is not
necessarily associated with tissue damage. On the con-
trary, iNOS in the upper airways may serve important
protective functions in the airways. It has been sug-
gested that upregulation of NO synthesis in asthma serves
to counterbalance bronchoconstrictor stimuli [69], alth-
ough NO is a rather weak bronchodilator compared to
its vasodilator properties.

NO as an aerocrine messenger

In most tissues, NO is thought to exert its biological
effects in a paracrine manner: this free radical gas is
too short-lived to act at greater distances. However, the
situation in the airways is strikingly different, in that
NO in gas phase is fairly stable. Theoretically, NO pro-
duced at one site may, therefore, be transported in lumi-
nal air to a distal site of action. NO produced in the
upper airways will follow the airstream to the lower air-
ways and the lungs with every inhalation. Hence, a con-
tinuous low-dose flushing of the lower airways with NO
takes place normally. It has not been clear if this NO
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has any biological effects; however, inhaled exogenous
NO at concentrations as low as 100 ppb significantly
decreases pulmonary vascular resistance (PVR) and
improves arterial oxygenation in subjects with severe
pulmonary disease [70]. Normally, inhaled endogenous
NO levels are in the same concentration range [4, 12].
This supports the notion that NO derived from the upper
airways could have physiological effects in the lung and,
thereby, act in an aerocrine fashion.

We tested this hypothesis in intubated patients, who
are deprived of the possibility of inhaling the endoge-
nous NO produced in their upper airways. We aspirat-
ed NO-containing nasal air from the patient's nose and
introduced this air into the inhalation limb of the ven-
tilator. A significant fall in PVR and an increase in arte-
rial oxygen tension (Pa,0,) was seen when nasal air was
added to the inhaled air [24, 71]. This finding supports
the hypothesis that inhaled NO, produced in the upper
airways and then inhaled, may function as an aerocrine
messenger involved in the regulation of pulmonary func-
tion in man.

Summary and future research

Measurements of exhaled NO may be used to estimate
local mucosal NO production in the airways. Such mea-
surements may be helpful in further understanding the
physiological and pathophysiological roles of NO in the
airways. Recent studies clearly show that almost all NO
found in exhaled air of healthy humans is produced in
the upper airways, with only a minor contribution from
the lower respiratory tract. The largest source of NO in
the upper airways seems to be located in the paranasal
sinuses; an "inducible-like" NO synthase is constitutively
expressed in sinus epithelium and is able to produce bac-
teriostatic concentrations of NO in the sinuses.

Since airway excretion of NO is altered in certain dis-
orders, measurements of exhaled NO may be helpful in
noninvasive diagnosis and monitoring of such diseases.
However, before any broader conclusions can be drawn
over the usefulness of exhaled NO as a marker of air-
way disease, it will be important to further characterize
normal airway NO production and the factors that influ-
ence NO levels in exhaled air.
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