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ABSTRACT: Nitric oxide (NO) is a major regulatory molecule of the cardio-
vascular system; however, measurement of vascular NO synthesis in vivo represents
a major challenge. NO stemming from the lower respiratory tract has been used as a
marker of vascular endothelial function. Experimental evidence for this concept is
lacking. Therefore, the aim of the present study was to investigate this relationship.

Lower respiratory tract exhaled NO concentration, together with systemic and
pulmonary artery pressure, was measured in endothelial nitric oxide synthase (NOS)
(eNOS) null mice (eNOS-/-). Similar studies were performed in inducible NOS (iNOS)
null mice (iNOS-/-).

Defective endothelial NO synthesis in eNOS-/- mice (evidenced by systemic and
pulmonary hypertension) was associated with augmented exhaled NO levels (12.5¡1.9
versus 9.8¡1.2 parts per billion (ppb), eNOS-/- versus wild type), whereas normal
endothelial NO synthesis in iNOS-/- mice was associated with decreased exhaled NO
levels (4.3¡1.5 ppb). Augmented exhaled NO levels in eNOS-/- mice were associated
with upregulation of iNOS expression in the lung.

These results indicate that inducible nitric oxide synthase is a major determinant
of gaseous nitric oxide production in the lung, and lower respiratory tract exhaled
nitric oxide does not always represent a marker of vascular endothelial nitric oxide
synthesis.
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Since the late 1980s, nitric oxide (NO) has emerged as a
major regulator of the cardiovascular system [1]. Measure-
ment of vascular endothelial nitric oxide synthase (NOS)
(eNOS) activity and its final product NO in vivo still
represents a major challenge, because the small amount of
NO produced by the endothelium is rapidly scavenged by
haemoglobin and then inactivated. To date, the contribution
of NO to the regulation of vascular tone has been assessed by
indirect methods, examining specific modifications of phy-
siological responses induced by NOS inhibitors and NO
donors, and/or measuring levels of NO metabolites or cyclic
guanosine monophosphate [2].

NO is present in the exhaled air of many animal species and
humans [3], but its origin and physiological function are
incompletely understood. In the respiratory tract, all three
NOS isoforms are expressed in tissues close to the airways.
Although there is consensus that under normal conditions, a
large proportion of the exhaled NO is synthesised by
inducible NOS (iNOS) located in the epithelial cells of the
upper respiratory tract [4, 5], the origin and function of lower
respiratory tract exhaled NO is incompletely understood. It
has been claimed that exhaled NO stemming from the lower
respiratory tract represents a marker of vascular endothelial
NO synthesis [6–12]. Experimental evidence for this concept is
lacking, however, and studies in humans, using pharmaco-
logical NOS inhibitors, suggest that eNOS barely albeit

significantly, contributes to lower respiratory tract exhaled
NO concentration [13]. A potentially important limitation of
these studies was that the available pharmacological NOS
inhibitors were not selective for a specific NOS isoform.
Therefore, the aim of the present study was to measure
pulmonary exhaled NO levels together with plasma nitrite/
nitrate (NOx) concentration and systolic pulmonary artery
pressure in eNOS null (eNOS-/-) and wild-type mice. In order
to gain further mechanistic insight, similar studies were
performed in iNOS null (iNOS-/-) mice and pulmonary
NOS isoform expression examined in eNOS-/- and wild-type
mice.

Methods

Experiments were carried out under protocols approved by
the Institutional Animal Care and Use Committee.

eNOS and iNOS knockout mice were generated as
previously described [14, 15]. Knockout and control mice
were generated by mating heterozygous animals from the
authors9 colony. Male 11–14-week-old litter mates (body
weight 22–26 g) were used in the experiments. Mice were
housed in the authors9 animal facility with free access to a
low-nitrate diet (Indulab, Gams, Switzerland, v32 mg?kg-1

nitrate) and water.
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Measurement of exhaled nitric oxide concentration

Mice (n=9 per group) were anaesthetised (ketamine 100 mg?
kg body weight-1 and xylazine 10 mg?kg body weight-1, intra-
peritoneal), intubated and ventilated with NO-free (v1 parts
per billion (ppb)) air (Harvard 55-7066 small animal venti-
lator; Harvard Apparatus, South Natick, MA, USA, respira-
tory frequency 150 breaths?min-1; tidal volume 9 mL?g body
weight-1). Body temperature was kept constant (37¡0.5uC)
by a warming table. Exhaled air was collected by connecting
a Mylar collecting bag to the tracheal tube for 10 min. The
samples were analysed within 10 min of collection using a
chemiluminescence NO analyser (NOA 280; Sievers, Boulder,
CO, USA) calibrated before each measurement against a NO-
free gas and a reference gas containing 40 parts per million
NO in pure nitrogen.

Measurement of plasma nitrite/nitrate concentration

Immediately after exhaled NO sampling, 400 mL blood was
collected by heart puncture. Coagulation was prevented by
adding 10 mL heparin (5,000 IU/mL-1), and the sample
centrifuged for 10 min at 1,6506g at 4uC. The supernatant
was collected, frozen in liquid nitrogen and stored at -80uC
until use. NOx was measured using chemiluminescence after
reduction of NOx to NO by vanadium chloride [16].

Semiquantitative Western blotting

The lungs and liver were removed and immediately frozen
in liquid nitrogen. They were then homogenised in a buffer
containing 50 mM tris-(hydroxymethyl)-aminomethane (Tris)/
HCl (pH 7.5), 150 mM sodium chloride, 1% Nonidet P-40,
0.1% sodium dodecyl sulphate (SDS) and a cocktail of
protease inhibitors (CompleteTM Protease Inhibitor Cocktail
Tablets; Boehringer, Ingelheim, Germany). Homogenates
were centrifuged for 10 min at 3,0006g at 4uC. The super-
natant was collected and centrifuged again for 10 min at
20,0006g at 4uC. Proteins (100 mg) were separated by SDS-
polyacrylamide gel electrophoresis and transferred to nitro-
cellulose membranes (Hybond ECL; Amersham, Little
Chalfont, UK) in 25 mM Tris/192 mM glycine/20% (volume/
volume) methanol buffer (pH 8.0). The membranes were
blocked with 20 mM Tris-buffered saline (137 mM) (pH 7.5)
containing 5% (weight/volume) nonfat milk for 1 h at room
temperature and then blotted with specific iNOS and neuro-
nal NOS (nNOS) antibodies (Transduction laboratories,
Lexington, KY, USA) and peroxidase-conjugated secondary
antibodies. Immune complexes were revealed using a specific
chemiluminescent detection system (Supersignal1; Pierce,
Rockford, IL, USA). Quantification was performed by scan-
ning densitometry using a Fluor STM imager and Quantity
OneTM software (Biorad, Hercules, CA, USA). Protein expres-
sion levels are given in arbitrary units (U).

Measurement of systolic pulmonary artery pressure and
systemic blood pressure

Mice (n=6 per group) were anaesthetised via intraperitoneal
injection of ketamine/xylazine (100/10 mg?kg body weight-1).
A Mikrotip pressure transducer (Millar, Inc., Houston, TX,
USA, 1.4F) was advanced, via a PE 50 catheter inserted
into the jugular vein, through the superior vena cava into the
right ventricle. Right ventricular pressure was recorded by a
computer data acquisition system (DI-400, Windaq; Dataq

Instruments, Akron, OH, USA). The systolic pulmonary
artery pressure was assumed to be equal to the systolic right
ventricular pressure. Arterial pressure was measured in
awake, partially restricted, 10–14-week-old mice (n=6 per
group) [17].

Statistical analysis

Statistical analysis was carried out using analysis of
variance for between-group comparisons and the two-tailed
t-test for single comparisons. A pv0.05 was considered to
indicate significance. Unless otherwise indicated, data are
expressed as mean¡SEM.

Results

Figure 1 shows that there was a direct relationship between
vascular endothelial NO synthesis, as reflected by plasma
NOx concentration, and systolic pulmonary artery pres-
sure. They60% lower plasma NOx concentration in eNOS-/-
than in control mice (24.4¡5.5 versus 57.5¡5.4 mM, pv0.001)
was associated with a 25% increase in systolic pulmo-
nary artery pressure (26.5¡1.1 versus 20.9¡0.6 mmHg, pv
0.001) and mean systemic blood pressure (126.5¡6.1 versus
98.5¡1.8 mmHg, pv0.01). In iNOS-deficient mice, plasma
NOx concentration (44.1¡4.3 mM), pulmonary artery pres-
sure (22.6¡1.1 mmHg) and mean systemic blood pressure
(107.8¡3.9 mmHg) did not differ from that in control mice
(pw0.1).

In contrast to haemodynamics, vascular NO synthesis and
lower respiratory tract exhaled NO were dissociated. Com-
pared with control mice, exhaled NO concentration was
augmented in the eNOS-/- mice (12.5¡1.9 versus 9.8¡1.2 ppb,
p=0.02), whereas it was markedly decreased in the iNOS-/-
mice (4.3¡1.5 ppb, p=0.01 versus control mice).

To test whether the augmented lower respiratory tract NO
concentration in eNOS-/- mice could be related to upregula-
tion of another NOS isoform, the amount of iNOS and nNOS
in lung homogenates was quantified. Figure 2 shows that
iNOS expression wasy80% greater in eNOS-/- than in control
lungs. In contrast, nNOS expression was similar in eNOS-/-
and wild-type lungs (20.1¡6.1 versus 21.9¡4.5 U, pw0.1). To
examine whether, in eNOS-/- mice, the upregulation of iNOS
expression was specific to the lung, iNOS expression in liver
homogenates was examined and found not to differ between
eNOS-/- and wild-type mice (data not shown).

Discussion

It has been postulated that NO produced by the vascular
endothelium diffuses into the alveolar space and makes up an
important part of the NO exhaled from the lower respiratory
tract, thereby making it a marker of endothelial function [18].
Here, this concept was directly tested and no relationship
found between vascular NO synthesis and exhaled NO con-
centration. eNOS-/- mice with a functionally relevant impair-
ment of vascular NO synthesis, as evidenced by decreased
plasma NOx concentration and systemic and pulmonary
hypertension, showed an augmented lower respiratory tract
exhaled NO concentration, whereas iNOS-/- mice exhibited
normal vascular NO synthesis, but exhaled y60% less NO
than wild-type mice. These findings provide the first direct
evidence that exhaled lower respiratory tract NO does not
always provide a marker of vascular endothelial NO
synthesis. Moreover, they demonstrate that iNOS is a major
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determinant of gaseous NO production not only in the upper
but also in the lower respiratory tract.

NO is synthesised by three different isoforms of NOS, each
encoded by distinct genes. In the vascular endothelium, loss of
eNOS was not functionally compensated for by the other
isoforms, as evidenced by the decreased plasma NOx
concentration and pulmonary and systemic hypertension in
eNOS knockout mice. This defect of vascular NO synthesis,
however, was not reflected in a corresponding decrease in

lower respiratory tract exhaled NO concentration. These
findings indicate that, in mice, exhaled NO is not a marker of
endothelial NO release, and strengthen previous indirect
evidence in humans, suggesting that NO synthesised in the
vasculature by eNOS does not contribute significantly to
lower respiratory tract NO [13].

The relative contribution of eNOS and iNOS to lower
respiratory tract NO production is not known. Endotracheal
intubation in eNOS and iNOS knockout mice allowed
selective assessment of the effects of these genes on this
production. The present data indicate that iNOS accounts for
y60% of the NO measured in exhaled air stemming from the
lower respiratory tract. The remaining portion appears to be
synthesised by nNOS, which has been shown to make up
y40% of the NO measured in the lower respiratory tract [19].

The augmented exhaled NO concentration in eNOS-/- mice
was an interesting finding. Whether or not this observation
could be related to upregulation of another NOS isoform was
considered. It was found that, in eNOS-/- mice, pulmonary
iNOS, but not nNOS, expression was augmented. This
upregulation appears not to be generalised, since hepatic
iNOS expression was comparable in both strains. These
findings suggest that iNOS is not only the major determinant
of exhaled NO in normal mice but also accounts for the
augmented pulmonary NO concentration in eNOS-/- mice.

NO synthesised in the respiratory tract may diffuse into the
vasculature and regulate pulmonary vascular tone. Consistent
with this hypothesis, impaired pulmonary NO synthesis in
iNOS-/- mice is associated with augmented hypoxia-induced
pulmonary hypertension [20], and aerosol-mediated iNOS
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Fig. 1. – a) Lower respiratory tract exhaled nitric oxide concentration;
b) systolic pulmonary artery pressure (sPAP); and c) plasma nitrite/
nitrate (NOx) concentration in endothelial nitric oxide synthase
(NOS) null (eNOS-/-), inducible NOS null (iNOS-/-) and wild-type
(WT) mice. Data are presented as mean¡SEM (n=6 per group (n=9
for exhaled NO)). ppb: parts per billion. *: pv0.05; ***: pv0.001;
versus WT; #: pv0.05 versus iNOS-/-.

Fig. 2. – a) Western blot of lung proteins using antibodies directed
against inducible nitric oxide synthase (NOS) (iNOS; 130 kDa) and
neuronal NOS (nNOS; 155 kDa); and b) quantification of iNOS expres-
sion in endothelial NOS null (eNOS-/-) and wild-type (WT) mice.
Data are expressed in arbitrary units and presented as mean¡SEM

(n=9 per group). *: pv0.01.
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gene transfer in the bronchial tree of rats attenuates hypoxic
pulmonary hypertension [21]. In humans, pulmonary artery
pressure is lower during nasal than during oral breathing [22],
and impaired lower respiratory tract NO production is asso-
ciated with exaggerated hypoxic pulmonary vasoconstriction
[23]. Taken together, these data are consistent with the con-
cept that NO derived from the respiratory tract participates in
the regulation of pulmonary artery pressure. The authors
speculate that, in eNOS-/- mice, augmented respiratory NO
production may represent a compensatory mechanism for the
loss of eNOS-derived vascular NO synthesis.

The present values obtained for lower respiratory tract
exhaled NO concentration in wild-type-mice are comparable
to those reported by DE SANCTIS et al. [19] using similar
measurement techniques. In contrast to the present findings,
in this study, exhaled NO concentration was comparable in
iNOS-/- and wild-type mice using ambient air NO concentra-
tion in an airtight mouse housing chamber as an index of
respiratory NO production [24]. An important limitation of
this previous study, however, was that it did not allow
determination of the fractional contributions of upper versus
lower respiratory, and, possibly even more importantly,
respiratory versus nonairway sources, to the measured NO
production. It appears possible that, in this study, an
augmented fractional contribution of nonairway NO to
total exhaled NO may have precluded the demonstration of
decreased exhaled NO concentration in iNOS knockout mice.

In conclusion, it has been shown that inducible nitric oxide
synthase is a major determinant of gaseous nitric oxide
production not only in the upper but also in the lower
respiratory tract. Moreover, dissociation was found between
vascular nitric oxide synthesis and exhaled nitric oxide
concentration, indicating that lower respiratory tract exhaled
nitric oxide concentration does not provide a marker of
vascular endothelial nitric oxide synthesis.
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