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INHALED NITRIC OXIDE

INTRODUCTION
The major objective of this lecture is to describe the effects of inhaling
low levels of nitric oxide (NO) on the hemodynamic and gas exchange
function of both the normal and diseased lung. Considerable attention will
be paid to safety and hazards of inhaled NO therapy. During the past few
years remarkable progress has been made in understanding the NO
guanylate cyclase signal transduction system. NO has been given
considerable clinical investigation in pulmonary artery hypertension and
adult

respiratory

distress

syndrome

(ARDS)

patients.

This

lecture

concentrates on this area of clinical research.
Pulmonary hypertension with severe hypoxemia may complicate the
care of patients with diseases such as chronic pulmonary hypertension,
ARDS, chronic respiratory failure, congenital heart disease, and after
cardiopulmonary bypass.

Numerous

vasodilator

therapies

aimed

at

reducing

pulmonary

hypertension have been tested in these patients. Systemic vasodilation and
hypotension occur with all the currently available intravenous vasodilators
tested in dosages sufficient to reduce the pulmonary artery pressure. In
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2
intravenous

infusions

of

systemic

vasodilators

such

as

nitroprusside or prostacyclin (PGI2) markedly increase the venous
admixture (1,2).
NITRIC OXIDE
In 1987, the gaseous molecule NO was identified as an endothelium
derived relaxing factor (EDRF) (3,4). NO is an ideal local transcellular
messenger because of its small size, lipophilic nature, and short duration
of action (5) and its numerous functions in various tissues have been
reviewed (6). In vascular endothelial cells, NO is synthesized from the
terminal guanidine nitrogen of L-arginine and diffuses rapidly into
subjacent vascular smooth muscle (7). There, NO binds to the heme iron
complex of soluble guanylate cyclase. The resulting nitrosylheme activates
guanylate cyclase, stimulating the production of cyclic guanosine 3',5'monophosphate (cGMP) and subsequently relaxing vascular smooth
muscle (7,8). When NO diffuses into the intravascular space, its biologic
activity is limited by avid binding to hemoglobin. Interestingly, the nitroso
vasodilators we have used for decades, such as nitroglycerin and
nitroprusside, act by releasing NO (9).
Endothelium-dependent relaxation in pulmonary arteries occurs in
response to a variety of physical and pharmacologic stimuli (10).
Endogenous NO can be measured in the exhalation of rabbits, guinea pigs,
and humans (11). In normal lungs, however, baseline pulmonary vascular
tone is very low and the administration of acetylcholine or the addition of
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exogenous NO has little effect on pulmonary vascular resistance (12 - 14).
In patients with pulmonary hypertension, on the other hand, acetylcholine
infusion or NO inhalation can reduce pulmonary vascular resistance
(12,13). It is possible that in some acute and chronic pulmonary
hypertensive states, such as ARDS, or chronic pulmonary hypertension,
the production of endogenous NO is impaired (15,16). This might produce
further vasoconstriction and foster platelet aggregation (17). Evidence
supporting this hypothesis is indirect at this time. Such patients may have
an intact response to inhaled NO even though their response to
intravenous acetylcholine is impaired (18).

NO Inhalation in ARDS
We hypothesized that inhaled NO should diffuse into the pulmonary
vasculature of ventilated lung regions and cause relaxation of pulmonary
vascular smooth muscle, thereby decreasing pulmonary hypertension in
ARDS (19,20). Since the NO is inhaled, the gas should be distributed
predominantly to well-ventilated alveoli and not to collapsed or fluid-filled
areas of the lung. In the presence of increased vasomotor tone, selective
vasodilation of well-ventilated lung regions should cause a "steal" or
diversion of pulmonary artery blood flow towards well-ventilated alveoli,
improving the matching of ventilation to perfusion and improving arterial
oxygenation during ARDS. Such an effect would be in marked contrast to
the effects of intravenously administered conventional vasodilators (such
as nitroprusside, nitroglycerin, or prostacyclin). These intravenous agents
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also decrease PA pressure, but by nonselectively dilating the pulmonary
vasculature, they augment blood flow to nonventilated areas, thereby
increasing right-to-left shunting and reducing the PaO2. Also unlike
available intravenous vasodilators, inhaled NO, because it is avidly bound
to hemoglobin and rapidly inactivated, should not produce systemic
vasodilation.
Rossaint and coworkers compared the effects of NO inhalation (18 and
36 parts per million (ppm)) to intravenously infused prostacyclin in nine
patients with ARDS (21). NO selectively reduced mean pulmonary artery
pressure from 37 + 3 to 30 + 2 mmHg (mean + SE). Oxygenation improved
due to a decreased venous admixture (QVA/Qt). During NO breathing, the
PaO2/FIO2 ratio increased from 152 + 15 mmHg to 199 + 23 mmHg. While
the intravenous infusion of prostacyclin also reduced pulmonary artery
pressure, mean arterial pressure and PaO2 decreased as QVA/Qt
increased. Subsequent reports documented that inhalation of lower
concentrations of NO (< 20 ppm) effectively reduced pulmonary artery
pressure and improved PaO2 (22 - 25). Even very small inhaled
concentrations (as low as 250 parts per billion NO) may be effective in
some patients (26). Right ventricular ejection fraction may increase in
some patients responding to inhaled NO, suggesting that the observed
decreases of pulmonary artery pressure may be hemodynamically
important (24,25).
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A marked variation has been reported for the hemodynamic and
respiratory effects of NO inhalation, both among patients and within the
same patient at different times in their illness (22,27,28). It is possible that
preexisting pulmonary disease as well as the concomitant administration
of other vasoactive drugs may contribute to the observed variability. In
general, the baseline level of pulmonary vascular resistance appears to
predict the degree of pulmonary vasoconstriction reversible by NO
inhalation. Those with the greatest degree of pulmonary hypertension
appear to respond best to NO inhalation (22,28). Dellinger recently
reported a dose-response analysis of a randomized trial of NO in 177 ARDS
patients (29), a trial which was too small to obtain significant outcome
data.

Tachyphylaxis has not been observed even when NO inhalation was
continued for up to 53 days (21). Pulmonary artery pressure and PaO2
quickly return to baseline values, however, after discontinuation of the
gas. Occasionally, sudden discontinuation of inhaled NO can produce
problematic pulmonary vasoconstriction and possibly bronchoconstriction
(22,30,31). The reason for this is unclear. Possibly, the addition of
exogenous NO may decrease NO synthase activity (32) or increase tissue
cGMP phosphodiesterase activity.

The vasoconstrictor almitrine besylate has been given intravenously to
enhance pulmonary vasoconstriction during NO breathing. This agent has
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further reduced Qs/Qt in ARDS in combination with NO inhalation (33).

NO Inhalation in Neonatal Respiratory Failure
At birth, there is a sustained decrease of pulmonary vascular
resistance and an increase of pulmonary blood flow, in part due to
increasing oxygen tensions. If this does not occur, persistent pulmonary
hypertension of the newborn (PPHN) may result. Persistent pulmonary
hypertension of the newborn is a syndrome characterized by an increased
pulmonary vascular resistance, increased right-to-left shunting across the
ductus

arteriosus

and

foramen

ovale,

and

severe

hypoxemia.

Extracorporeal membrane oxygenation (ECMO) is often used to support
these infants, because conventional vasodilator therapy is limited by
severe systemic hypotension and may reduce PaO2 by increasing right-toleft shunting. It has been hypothesized that endogenous production of NO
by the pulmonary vasculature might be decreased in PPHN. If so, then
inhaled NO might provide an effective therapy for these severely ill infants
(34, 35). Multiple small clinical studies of NO inhalation have been
performed in neonates, infants, and children with various types of acute
respiratory failure. In general, pulmonary hypertension is reduced and
systemic arterial oxygenation is improved with inhalation of less than 20
ppm NO. Nitric oxide inhalation in babies with PPHN and hypoxic
respiratory

failure

has

been

studied

in

randomized

multicenter

trials(36,37). As in adults, however, the response is variable. In the
neonatal lung, the degree of improvement with NO appears to depend upon
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the presence of mature surfactant.

Laboratory studies of the neonatal pulmonary circulation have also
documented that inhaled nitric oxide is an effective pulmonary vasodilator
(38). Additionally, important experimental evidence is accumulating that
the inhalation of nitric oxide attenuates chronic hypoxic pulmonary
vascular remodeling of the pulmonary circulation (39,40). Conceivably,
inhaled nitric oxide therapy might be used to limit the chronic pulmonary
vascular changes which accompany neonatal acute respiratory failure.
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