Endogenous and nitrovasodilator-induced release of
NO in the airways of end-stage cystic fibrosis patients

To the Editors:

A variety of isoforms of nitric oxide (NO) synthases are
constitutively expressed in human airway and vascular
endothelial cells continuously generating NO. NO plays an
important role in regulating lung function in health and
disease including modulation of pulmonary vascular resis-
tance, airway calibre and host defence. Production of NO and
its consumption by fluid-phase reactions can be detected and
monitored in the exhaled air, providing an important window
to assess the dynamics of NO metabolism in health and
inflammatory lung conditions, asthma in particular [1].

A series of milestone studies uncovered a relative deficiency of
pulmonary NO availability in cystic fibrosis (CF), a severe
chronic inflammatory lung disease with studies generally
showing reduced exhaled NO [2, 3]. However, there remains
controversy regarding the anatomical localisation and mechan-
isms of NO deficiency, and its relationship with CF disease
progression. By using extended exhaled NO analysis at
different expiratory flow rates, indirect studies have attempted
to distinguish NO production into bronchial and alveolar
compartments based on basic models [4-7]. However, the fate
of NO delivered directly to the alveoli has not been demon-
strated in these patients. We aimed to investigate these issues
by evaluating endogenous exhaled NO in end-stage CF in
intubated patients undergoing lung transplantation and the
dynamism of exhaled NO production from pulmonary micro-
vascular metabolism of intravenous nitroglycerin (GTN) [8].

Breath-to-breath tidal measurements of NO concentrations in
the lower airways were performed using a real-time, computer-
controlled and integrated system (Logan Research Ltd 2000 and
3000 series, Rochester, UK), as described previously [8[ and in
detail in the online supplementary material.

To investigate gas-phase NO concentrations in the lower
airways of patients with end-stage CF, seven patients (mean
age, 26 yrs; five males and two females) presented for lung
transplantation were studied after induction of general
anaesthetic with endotracheal intubation and mechanical
ventilation. CF patients were contrasted to patients undergoing
routine open heart surgery for coronary artery bypass grafting
(CABG; n=4) exhibiting normal lung function as judged by
preoperative respiratory function testing and evaluation of
routine chest radiography (mean age 56 yrs). The studies were
approved by the hospital ethics committee and patients
provided written consent.

Baseline measurements to evaluate endogenous production
and release of NO to the gas phase were performed after
induction of anaesthetic, prior to excision of the lungs for
transplant patients, and prior to cardiopulmonary bypass in
CABG patients. This was followed in haemodynamically-
stable patients with administration of a 250-pug bolus of GTN
into the central venous catheter with exhaled NO and arterial

682 VOLUME 36 NUMBER 3

blood pressure changes recorded, as described previously [8]
and in the online supplementary material.

Nearly undetectable levels of NO were found in CF patients
representing an output of 7.6+6 ppb over 30s. This is in
contrast to patients presented for routine open heart surgery
(91.4+21 ppb over 30s; fig. 1). Representative traces are
shown in figure 1A and C of the online supplementary
material.

There was a significant increase in gas-phase NO above baseline
levels by 250 pg GTN boluses in CF patients (36.7+6 ppb),
which was comparable to that seen in control patients with
routine open heart surgery (48.7 +4 ppb; fig. 1). Representative
traces of GTN-induced exhaled NO are presented in figure 1B
and D of the online supplementary material.

These findings provide novel insights into the current debate
on NO exchange dynamics in adult CF. Despite the chronic
inflammatory nature of the disease, exhaled NO has been
reported unchanged or low depending on severity of the
disease [2, 4-7]. Our study investigating exhaled NO in
ventilated patients undergoing lung transplantation clearly
demonstrates a profound reduction in endogenous gas-phase
NO in the isolated lower airways of patients with end-stage
CF. This conclusion must take into consideration both
methodological issues regarding tidal measurements of
exhaled NO and the potential influence of high endogenous
carbon dioxide (CO,) on exhaled NO. However, the same
methodology was used for our control population and during
the GTN experiments in the CF patients. Regarding CO,, we
have not seen major effects of varying endogenous CO,
between 3-6% (unpublished observations) but the potential
effects of even higher end tidal CO, in the CF patients cannot
be excluded. Unpublished observations with end-stage pul-
monary hypertension demonstrating better-preserved exhaled
NO also suggest that the reduced endogenous exhaled NO in
CF may be unique, and is unlikely to be the result of end-stage
lung disease per se.

The exact mechanisms of relative NO deficiency in CF are not
known. Recent studies utilising extended NO exchange
analysis resulted in contradictory findings showing no altera-
tions, increased or decreased bronchial fluxes and/or alveolar
NO concentrations in CF children and adults [4-7]. The
emerging consensus suggests that the main mechanism of
NO deficiency in adult CF may relate to increased bronchial
inflammation and associated defective NO synthase expres-
sion, activity and NO production or increased degradation of
produced NO [2, 3, 6, 9]. The latter may involve bacterial
mechanisms, catalytic and chemical consumption by fluid
phase reactions, and during passage through the highly
viscous mucous layer [6, 9].

Our study expands current understanding of alveolar NO
exchange mechanisms by investigating NO fluxes arising from
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FIGURE 1. a) Area under curve over 30 s and b) peak exhaled nitric oxide
(NO) of endogenous gas-phase NO (baseline NO) and exhaled NO in response to
intravenous administration of 250-pg bolus of nitroglycerin (GTN) in control patients
presenting for open heart surgery for coronary arterial bypass grafting or for lung
transplantation and for end-stage cystic fibrosis. GTN values represent changes
over baseline.

pulmonary microvascular metabolism of exogenous nitrogly-
cerin. Our in vivo studies in patients appear to confirm the ex
vivo observations of HENNO ef al. [10] regarding preserved
endothelium independent vasodilation by nitroprusside in
isolated vascular rings of CF pulmonary arteries. Our
preliminary results extend these studies to the microvascula-
ture and airway compartments by suggesting a notably
preserved ability of the end-stage CF lung microvasculature
to convert GTN and release NO into the alveoli and airways
without evidence of increased consumption either in the
alveolar fluid or gas phase. This is remarkable in relation to
both the profound reduction in endogenous NO release and
the potential for pulmonary vascular dysfunction associated
with end-stage CF in some patients [7, 10]. Altogether, these
data lend strong support for the bronchial epithelial and
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mucosal consumption hypothesis for the dysregulated NO
pathways in CF. Furthermore, they also suggest that the CF
airways may be therapeutically targeted for exposure by NO
through pulmonary metabolism of nitrovasodilators.
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