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ABSTRACT: Airway nitric oxide concentrations in patients with cystic fibrosis or
primary ciliary dyskinesia syndrome have been shown to be lower than in healthy
subjects. Decreased NO concentrations may contribute to impaired ciliary clearance,
respiratory tract infections, or obstructive lung disease in these conditions.

Nasal and exhaled NO concentrations were compared before and after infusion of
500 mg~kg'1 L-arginine, the substrate of NO synthases, in 11 cystic fibrosis (CF) pa-
tients, seven primary ciliary dyskinesia (PCD) syndrome patients, and 11 control sub-
jects.

Baseline nasal and exhaled NO concentrations were significantly lower in both CF
and PCD syndrome patients than in controls (p<0.01). In controls, the maximum
increase of NO was seen immediately after L-arginine infusion in the upper airways
(1.8-fold) and 3 h after the infusion in the lower airways (1.4-fold). Although NO con-
centrations also increased significantly in both CF (1.9-fold and 1.6-fold, respectively)
and PCD syndrome patients (1.4-fold and 1.8-fold, respectively), concentrations re-
mained subnormal compared with baseline values of controls. Pulmonary function
remained unchanged in both patient groups.

In conclusion, the low airway nitric oxide formation in both cystic fibrosis and pri-
mary ciliary dyskinesia syndrome patients can be augmented by L-arginine adminis-
tration. The finding that pulmonary function remained unchanged in both conditions
may be due to the fact that normalization of airway nitric oxide concentrations could
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not be achieved.
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Nitric oxide has multiple functions in the airways in-
cluding regulation of vascular and bronchial tone, host
defence, as well as modulation of ciliar motility [1]. Many
cells residing within the respiratory tract have the poten-
tial to release NO, including endothelial cells, epithelial
cells, neutrophils, and alveolar macrophages [2—4]. NO
that appears in the exhaled air is derived from endogenous
production, but the precise source of expired NO is un-
known. While concentrations of exhaled NO are increased
in bronchiectasis or asthma [5, 6], there are three known
conditions with reduced airway NO concentrations: pri-
mary ciliary dyskinesia (PCD) syndrome [7], cystic fibrosis
(CF) [8, 9], and systemic sclerosis with pulmonary hyper-
tension [10]. PCD syndrome and CF are further charac-
terized by impaired ciliary clearance, pathological retention
of airway fluids, recurrent respiratory tract infections, and
chronic obstructive lung disease [11, 12]. The reason for
decreased NO formation in CF and PCD syndrome are
unknown; airway wall and epithelial lining fluid thickening
as diffusion barriers, or limitation of substrate for the nitric
oxide synthase (NOS) may be involved.

Airway NO has been shown to modulate bronchomotor
tone [13] and the authors recently demonstrated that pul-
monary function in CF patients is positively correlated to
both lower airway NO [9] and the concentration of sputum

NO metabolites [14]. As NO is a potent bronchodilator,
decreased NO formation in advanced CF pulmonary dis-
ease could contribute to the obstructive lung disease in
these patients. The aim of this study was to assess: 1)
whether the decreased NO formation in CF and PCD
patients can be augmented by infusion of rL-arginine, as
indicated by increased NO concentrations in the lower res-
piratory tract and/or upper airways; and 2) whether stimu-
lation of NO production can improve pulmonary function.

Methods
Subjects

Eleven patients (six females) with CF were included in
this study. The diagnosis of CF was confirmed by repeated
sweat tests with chloride concentrations >60 mmol-L™".
The age range was 11-37 yrs (1949 yrs; mean+sp). Mean
forced expiratory volume in one second (FEV1) was
47+20% (%sp) and mean forced vital capacity (FVC) was
56+19% predicted, respectively, as assessed by spirome-
try. All CF patients were admitted to the hospital for an
elective i.v. antibiotic therapy of 14 days and were studied
at the end of their admission. Seven patients (three fe-
males) with PCD syndrome were studied. All had been
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diagnosed functionally by nasal biopsies and all but one
had situs inversus. The age range was 6-32 yrs (mean
1949 yrs), mean FEV1 was 78+19%, and FVC was 87+
14% pred. None of the patients received corticosteroids.
All patients were instructed not to take any [3,-agonist me-
dication for at least 6 h prior to investigation. Patients were
compared with 11 healthy nonsmoking subjects (seven fe-
males), 15-36 yrs of age (mean 25£5 yrs). None of the
controls had a recent history of respiratory tract infection or
was receiving any medication. The study was approved by
the human ethics committee of the authors institution.
Written informed consent was obtained from each patient
and volunteer or their parents, respectively.

Study protocol

A 21% (w/v) L-arginine hydrochloride solution (Braun,
Melsungen, Germany) was diluted in 250 mg of normal
saline and immediately administered in a peripheral vein
in a dose of 0.5 g-kg body weight! over a period of 20
min. Blood pressure and oxygen saturation were moni-
tored during this period and during 30 min after infusion.
NO airway concentrations and pulmonary function were
measured before and immediately after the infusion, as
well as after 3 h and 24 h. Serum r-arginine and L-citrul-
line levels were determined before and after L-arginine
administration in 13 patients (nine CF and four PCD syn-
drome).

Measurement of nitric oxide

Each subject was asked to perform two manoeuvres
which are described in detail below: a slow exhalation
after a maximal inspiration for lower airway NO detec-
tion, and a breath hold for nasal NO measurement. Each
manoeuvre was performed three times with a short rest in
between. The mean of the three readings was used for
analysis. Preliminary experiments showed no significant
loss of NO when flushing the system with a calibration gas
of 80 parts per billion (ppb). NO concentrations were re-
corded on-line using a chemiluminescent analyser (Sievers
280A, Boulder, CO, USA) at a constant sample gas flow of
1.1 mL-s™". The minimal detectable NO concentration was
1 ppb. The analyser was calibrated before each study using
the 80 ppb NO calibration gas.

Lower airway nitric oxide

Single-breath measurements were performed to deter-
mine the lower airway NO concentration. Each subject
was asked to inhale room air to total lung capacity (TLC)
and then to exhale slowly to residual volume (RV). The
mouthpiece had a 2 mm diameter open end. This expira-
tory resistance produces a continuous positive expiratory
pressure of approximately 4 cmH,O in the mouth which
closes the velum during expiration and minimizes con-
tamination of air from the lower respiratory tract by upper
airway NO [15]. The mouthpiece was connected to the
chemiluminescence analyser with a Teflon tube via a side
port. NO concentration was assumed to be alveolar when
the simultaneously monitored end-tidal carbon dioxide con-
centration reached a plateau.

Nasal nitric oxide concentration

A plastic nosepiece was placed inside one nostril of each
subject and directly connected to the analyser with a Teflon
tube, similar to as previously described [8]. A deep breath
was held while the other nostril was manually closed until
nasal NO concentration reached a plateau. Plateau con-
centrations were obtained from both nostrils; and the
higher reading was used for analysis.

Pulmonary function testing

FEV1, and FVC were measured by spirometry (Volu-
graph, Mijnhardt, Bunnik, the Netherlands). Results were
expressed as percentages of predicted reference values [16,
17].

Statistics

NO concentrations were expressed as either mean value
and 95% confidence interval (CI) or as mean value+sem.
All other data are expressed as mean+sp. Since not all
data were normally distributed, intragroup and intergroup
comparisons were performed with the Wilcoxon test. A p-
value <0.05 was considered statistically significant.

Results

One CF patient complained of dizziness after the infu-
sion of r-arginine which resolved spontaneously. Dis-
comfort or unusual taste were not observed by any other
patient or volunteer. Blood glucose levels and blood gases
remained unchanged before and after the infusion of L-
arginine (data not shown). Baseline serum L-arginine and
L-citrulline concentrations were within the normal range.
Changes after infusion are shown in table 1.

Lower airway NO

Exhaled NO concentrations from the lower respiratory
tract before infusion of L-arginine are displayed in figure 1.
Mean baseline NO concentrations in both CF (2.3£1.4
ppb (#sp); 95% CI: 1.4-3.1 ppb) and PCD syndrome
patients (2.3£1.0; 95% CI: 1.5-3.0 ppb), were significantly
lower than in controls (4.7+2.2;95% CI: 3.4-5.9 ppb), how-
ever, there was marked overlap between the groups. Ex-
haled NO concentration in controls increased significantly

Table 1. — L-arginine andL-citrulline plasma concentrations
in cystic fibrosis (CF) (n=7) and primary ciliary dyskinesia
(PCD) syndrome (n=5) patients

L-arginine (umol-L™") L-citrulline (umol-L™")

CF PCD CF PCD
Pre 108+10 122+14 40.6+4.5 322435
20 min 7139+430*%  7507+1042* 49.746.2 35.4+4.2
3h 434472 450+49 53.0£5.6  36.0£7.0
24 h 156+32 209421 67.5£2.5 40.0£2.0

Data are presented in mean+sem. Normal range for L-arginine
plasma concentrations is 20-280 pmol-L™'. *: p<0.01 versus
baseline (Pre).
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Fig. 1. — Concentrations of exhaled nitric oxide in parts per billion (ppb)
in patients with cystic fibrosis (CF), primary ciliary dyskinesia (PCD)
syndrome, and controls. Every symbol represents one individual; the
horizontal lines are the mean NO and 95% confidence interval for the
population. Concentrations in controls were significantly higher than in
both CF and PCD syndrome patients.

Controls

20 min following the administration of L-arginine and
remained eclevated at 3 h after the infusion (fig. 2). NO
returned to baseline values after 24 h. In CF, exhaled NO
concentration was also significantly elevated 20 min and 3
h after the L-arginine infusion. In PCD syndrome exhaled
NO was significantly increased only at 3 h after L-arginine
(fig. 2). When compared with baseline concentrations of
controls, lower airway NO concentrations remained sub-
normal in both CF and PCD syndrome patients.

Upper airway NO
Nasal NO concentrations before L-arginine infusion are

displayed in figure 3. Nasal NO was highest in controls
(1,195.5+618.2 ppb (£sp); 95% CI: 830.1-1,560.8 ppb),
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Fig. 2. — Concentrations of exhaled nitric oxide in parts per billion (ppb)
in patients with cystic fibrosis (CF; m), primary ciliary dyskinesia
(PCD) syndrome (@), and controls (A) before (pre) as well as 20
min, 3 and 24 h after infusion of r-arginine. Every bar represents
mean NO and sem for the groups. ***: p<0.001; **: p<0.01; *:
p<0.05 versus baseline (Pre).
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Fig. 3. — Nasal nitric oxide concentrations in parts per billion (ppb) in
cystic fibrosis (CF) patients, primary ciliary dyskinesia (PCD) syndrome
patients, and controls. Concentrations in controls were significantly
higher than in CF and PCD syndrome patients, but also lower in PCD
syndrome when compared with CF.

lower in CF (438.2+225.3; 95% CI: 305-571.4 ppb), and
lowest in PCD syndrome (72.1446.4; 95% CI: 37.8-106.5
ppb). In controls nasal NO concentration was significantly
increased immediately after the infusion of L-arginine and
returned to baseline at 24 h (fig. 4). The same pattern was
also observed for both CF and PCD syndrome patients (fig.
4). Nasal NO concentrations remained subnormal in both
conditions, when compared with baseline concentrations in
controls.

Pulmonary function

No significant changes in FEV1 or FVC were observed
in any of the subjects during the study period.
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Fig. 4. — Nasal nitric oxide concentrations in parts per billion (ppb) in
cystic fibrosis (CF; m) patients, primary ciliary dyskinesia (PCD; @)
syndrome patients, and controls (A) before and after infusion of L-
arginine. A significant increase was observed in all groups; ***:
p<0.001; **: p<0.01; *: p<0.05 versus baseline (Pre).
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Discussion

These results confirm that NO concentrations in the
upper and lower airways of CF and PCD syndrome pa-
tients are lower than in normal individuals. Although
endogenous NO formation in CF and PCD syndrome
patients could be increased significantly by administering
the substrate of NO synthases, L-arginine, airway NO re-
mained subnormal in both diseases. These findings pro-
vide further evidence for decreased NOS activity in both
conditions and exclude substrate limitation as a reason for
decreased NO formation in CF or PCD syndrome patients.

Low NO concentrations in CF could be both due to
increased retention or decreased NO formation within the
airways. It has recently been demonstrated that significant
amounts of NO are degraded and retained in the epithelial
lining fluid of children with lower respiratory tract infec-
tions [18] and in sputum of CF patients [14]. Retention is
probably less important in the upper airways of CF pa-
tients where NO concentrations were also subnormal at
baseline and remained decreased after infusion of L-arg-
inine. These findings may, at least in part, be due to the fact
that a major part of the upper airway NO is produced
within the paranasal sinuses which do not communicate
properly with the nasal cavities in CF.

An alternative explanation for the impaired increase of
airway NO concentration may be that the activity of NOS
is reduced in the airways of CF patients. Evidence for
impaired NOS activity in CF airways has been recently
found by KeLLeEy and Drumm [19]. They have described
reduced airway nitrate/nitrite production in a murine CF
model in response to lipopolysaccharide or L-arginine. Fur-
thermore, they showed lower inducible NOS (NOS2)
expression in lung tissue of these CF mice than wild type
mice and could subsequently confirm these findings in
excised tracheas from CF patients undergoing lung trans-
plantation [19]. Decreased NOS activity in CF airways
could be of clinical relevance since NO has antiviral and
antibacterial properties [20, 21], and is important in the
killing of Staphylococcus aureus, a common pathogen in
CF lung disease [22]. In addition, recent studies suggest a
NO-related modulation of ion transport [23, 24]. There-
fore, increasing NO levels may be of functional impor-
tance in CF.

Lower than normal airway NO concentrations in PCD
syndrome were first described by LUNDBERG ef al. [7] who
reported decreased nasal NO levels in four children with
Kartagener’'s syndrome. The present results demonstrate
that not only upper but also lower airway NO concentra-
tions are decreased in PCD syndrome. However, due to
the marked overlap of lower airway NO concentrations
between the groups, upper airway NO seems to be a better
tool in the diagnosis of PCD syndrome. Since NO modu-
lates ciliary beating frequency [1], low NO concentrations
could contribute to the impaired mucociliary clearance in
these patients. As discussed before, reduced lower airway
NO concentrations may also be due to retention of NO in
airway fluids. Retention is, however, unlikely to explain
the decreased NO concentrations in the nose of PCD syn-
drome patients which were significantly lower than in nor-
mals or CF patients. Both PCD syndrome and CF patients
have poor communication of the nasal cavity with the
paranasal sinuses which produce large amounts of NO.
This phenomenon alone cannot explain why NO concen-

trations in the upper airways of PCD syndrome patients
are lower than in CF and display little increase after stim-
ulation with L-arginine. Therefore, the present data provide
further evidence for decreased or defective NO formation
in PCD syndrome patients.

NO is a powerful endogenous and exogenous vasodila-
tor [1, 25]. Autoinhalation of nasally derived NO at con-
centrations of 304+19 ppb had been shown to improve
arterial oxygenation, presumably as a result of changes in
the ventilation—perfusion ratio [13]. Inspired NO also red-
uces pulmonary bronchoconstriction in response to meth-
acholine provocation [26-28], but has no effect on airway
resistance in normal subjects [27]. Interestingly, inhaled
NO mediates significant bronchodilation in asthmatic pa-
tients without induced bronchoconstriction only at high
concentrations (80 parts per million) [27]. Asthmatics
have increased NO concentrations in their expired air, but
they also have increased bronchomuscular tone. Although
the source of exhaled NO is unknown, it is assumed that
increased exhaled NO levels in asthmatics are due to the
observed overexpression of NOS2 in the airway epithelial
cells of these patients [29]. NO that is produced in the epi-
thelial cells, similar to inhaled NO, may not reach the
important elements in the bronchi which regulate bron-
chomotor tone, and this could be due to the known very
short biological half-life of NO [30]. Systemically admin-
istered r-arginine could potentially reach these elements
(e.g. constitutive isoforms of NOS in smooth muscles or
nerve fibres) and thereby relax airway smooth muscle
cells. However, no improvement of pulmonary function
was observed in CF or PCD syndrome patients.

In conclusion, these results demonstrate that infusion of
L-arginine increases airway nitric oxide concentration in
normals, cystic fibrosis, and primary ciliary dyskinesia
patients. However, despite the significant increase of nasal
and exhaled nitric oxide in cystic fibrosis and primary cil-
iary dyskinesia, airway nitric oxide concentrations re-
mained subnormal in these conditions. This may be one of
the reasons why no effect was observed on pulmonary
function in these patient groups.
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