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Abstract
In 1991, Frostell and colleagues reported that breathing low concentrations of nitric oxide (NO)
decreased pulmonary artery pressure (PAP) in awake lambs with experimental pulmonary arterial
hypertension (PAH) [1]. Subsequently, efforts of multiple research groups studying animals and
patients led to approval of inhaled NO by the US Food and Drug Administration in 1999 and the
European Medicine Evaluation Agency and European Commission in 2001. Inhaled NO is currently
indicated for the treatment of term and near-term neonates with hypoxemia and PAH. Since
regulatory approval, several studies have suggested that NO inhalation can prevent chronic lung
disease in premature infants. In addition, unanticipated systemic effects of inhaled NO may lead to
treatments for a variety of disorders including ischemia-reperfusion injury.

This review summarizes the pharmacology and physiological effects of breathing NO. The
application of inhaled NO to hypoxemic neonates with PAH is discussed including recent studies
exploring the use of inhaled NO to prevent bronchopulmonary dysplasia in premature infants. This
review also highlights the application of inhaled NO to treat adults with cardiopulmonary disease,
strategies to augment the efficacy of inhaled NO, and potential applications of the systemic effects
of the gas.

Inhaled NO: mechanisms of action, methods of administration, and safety
issues
Nitric oxide/cGMP signal transduction system

NO is a free radical with a short half-life in biological fluids. NO produced endogenously or
provided by exogenous sources reacts with a variety of cellular targets in the lung leading to
a plethora of responses including vasorelaxation and bronchodilation, as well as inhibition of
mitochondrial respiration, inhibition of platelet and leukocyte activation, and modulation of
vascular smooth muscle cell proliferation [reviewed in reference 2]. NO is synthesized from
L-arginine and oxygen by a family of three NO synthases (NOSs), all of which are expressed
in the lung. Endothelial NOS (eNOS or NOS3) appears to play an important role in maintaining
low pulmonary vascular tone [3].
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NO stimulates soluble guanylate cyclase (sGC) to synthesize cGMP that, in turn, activates
cGMP-dependent protein kinase (PKG) leading to vascular relaxation. The actions of cGMP
are limited via its catabolism by phosphodiesterases (PDEs). NO can elicit effects via cGMP-
independent mechanisms including interactions with heme-containing molecules (in addition
to sGC) and proteins containing reactive thiol groups [reviewed in reference 4]. NO also
interacts with superoxide radical (O2

−), thereby limiting NO bioavailability and resulting in
the formation of the potent oxidant peroxynitrite (ONOO−). In the presence of oxygenated
hemoglobin (Hb), NO is rapidly metabolized to nitrate with formation of met-Hb. Met-Hb in
erythrocytes is rapidly reduced to ferrous-Hb by met-Hb reductase.

Inhaled NO is a selective pulmonary vasodilator
Drugs that generate NO, such as nitroglycerin and sodium nitroprusside, have long been used
to reduce blood pressure and treat angina pectoris. Systemically-administered NO-donor
compounds can dilate the pulmonary vasculature, but their efficacy is limited by systemic
hypotension. In lung injury, these drugs can impair matching of ventilation with perfusion
leading to systemic arterial hypoxemia. Frostell and colleagues reasoned that NO administered
via inhalation would relax the pulmonary vasculature but, upon reaching the bloodstream,
would be scavenged by Hb thereby preventing systemic vasodilation [1]. These investigators
studied awake lambs with pulmonary vasoconstriction induced by intravenous administration
of U46619, a thromboxane mimetic, or induced by breathing low oxygen concentrations.
Inhalation of NO gas dose-dependently decreased PAP and pulmonary vascular resistance
(PVR) in sheep with PAH but not in sheep with normal pulmonary vascular tone. The
pulmonary vasodilator effects of breathing NO were readily reversible upon discontinuation
of the gas. Breathing NO up to 80 parts per million (ppm) did not alter systemic blood pressure,
a finding which has been consistently observed over a wide range of species, including man.

Methods of administration and safety issues
NO is a colorless and odorless gas that readily reacts with oxygen to form the pulmonary irritant
NO2. As a result, NO gas must be stored in nitrogen or another inert gas and administered to
the patient in a manner designed to minimize the duration of exposure to oxygen. Because the
pulmonary vasodilator effects of NO are transient when the gas is discontinued, it must be
administered continuously with careful monitoring of NO and NO2 concentrations.
Commercially-available equipment permits the safe delivery of NO gas in intubated and
spontaneously-breathing patients. Met-Hb levels should be followed, particularly in patients
breathing 80 ppm or more NO. Methemoglobinemia typically responds to a reduction of the
inhaled concentration or to discontinuation of NO therapy. Abrupt discontinuation of NO
inhalation can result in “rebound” pulmonary hypertension leading to a decreased cardiac
output and systemic hypotension. The risk of rebound pulmonary hypertension can be
minimized by gradually weaning the concentration of inhaled NO gas delivered to the patient.
In the presence of severe left ventricular (LV) failure, administration of NO to relieve
pulmonary vasoconstriction may augment LV filling and raise the pulmonary capillary wedge
pressure (PCWP). Thus, caution should be advised when patients with severe LV failure are
treated with inhaled NO.

Perinatal and pediatric uses of inhaled NO
NO is an important regulatory molecule in the perinatal lung

NO plays a significant role in the normal reduction of PVR at birth during the transition from
a fetal to a newborn circulatory system [5]. Many forms of newborn lung disease are associated
with endothelial cell injury and decreased NO/cGMP signaling. Studies in newborns suggest
that premature constriction of the ductus arteriosus, septic mediators, and meconium aspiration
cause pulmonary endothelial cell injury. For example, in utero ductus arteriosus ligation in the
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fetal lamb causes flow-induced endothelial cell dysfunction and reduced NOS3 expression
[6], as well as decreased NO-dependent vasorelaxation [7]. Moreover, several congenital
cardiac lesions, such as atrial and ventricular septal defects, atrioventricular canals, persistent
ductus arteriosus, and transposition of the great vessels without a ventricular septal defect, can
produce endothelial cell injury and decrease NO-mediated pulmonary vasorelaxation in the
infant lung [8].

Inhaled NO is a selective pulmonary vasodilator in newborn animals
Multiple studies have demonstrated that inhaled NO decreases PVR in newborn animals with
PAH. For example, in fetal and newborn lambs with normal pulmonary arteries and acute
pulmonary vasoconstriction, inhaled NO rapidly and selectively decreased PVR [reviewed in
reference 9]. In newborn lambs with pulmonary vascular disease and PAH induced by
premature ligation of the ductus arteriosus, inhaled NO caused dose-dependent vasodilatation
and improved systemic oxygenation levels and survival rates [10,11].

Inhaled NO can attenuate pulmonary disease in newborn animals
In newborn rats, sustained hypoxia or exposure to endothelial toxins causes pulmonary artery
muscularization and hypertension that is similar to what is observed in congenital heart disease
patients with PAH. In these models, prolonged NO inhalation has been observed to attenuate
pulmonary vascular remodeling and RV hypertrophy [12]. Moreover, in newborn rats with
monocrotaline-induced endothelial injury, Roberts and colleagues reported that inhaled NO
prevented abnormal pulmonary vascular remodeling even in the absence of pulmonary
vasoconstriction [13].

Accumulating evidence suggests that inhaled NO can also enhance the development of the
injured premature and newborn lung. Lung injury disrupts normal alveolar and pulmonary
microvascular development in premature lambs and baboons, as well as newborn mice and rats
[14]. In recent studies, prolonged NO inhalation has been reported to increase alveologenesis
in chronically-ventilated premature baboons [15] and lambs [16]. Moreover, breathing NO
augmented alveolar development in hypoxemic newborn NOS3-deficient mice [17,18]. Taken
together, these findings suggest that inhaled NO may play an important role in improving
pulmonary alveolar and vascular maturation in the injured premature and newborn lung.

Inhaled NO increases systemic oxygenation in hypoxemic newborns with persistent
pulmonary hypertension of the newborn

Pilot studies revealed that inhalation of NO increases systemic oxygenation in severely
hypoxemic newborns with persistent pulmonary hypertension of the newborn (PPHN) [19,
20]. The ability of inhaled NO to increase systemic oxygen levels was confirmed in several
multicenter randomized controlled studies of term and near-term babies with hypoxemia and
PAH [21–23]. In one study, systemic oxygenation was observed to increase in nearly half of
patients with severe PPHN who received inhaled NO [21]. Importantly, the magnitude of the
increase in oxygen levels in babies treated with inhaled NO was directly proportional to the
degree of hypoxia before NO inhalation, and, in 75% of the infants breathing NO, the increased
systemic oxygenation was maintained over time. In another study of newborns with PPHN,
the optimal concentration of inhaled NO level was investigated [24]: although the maximum
increase in systemic oxygenation was observed in babies breathing 80 ppm NO, as little as 5
to 20 ppm NO increased the arterial oxygen levels above those measured in babies not breathing
NO. Several studies reported that, although inhaled NO did not reduce mortality in these
patients, it did decrease the need for extracorporeal membrane oxygenation (ECMO), an
invasive procedure that requires systemic heparinization and is not available in all intensive
care nurseries [21–23].
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Inhaled NO in bronchopulmonary dysplasia
Bronchopulmonary dysplasia (BPD) is a chronic lung disease of prematurely born infants that
results from the inhibition or disruption of normal pulmonary alveolar and microvascular
development, in part, as a result of oxygen- and ventilator-induced lung injury [25]. A number
of prospective randomized controlled masked trials have now evaluated the efficacy of inhaled
NO in preventing BPD and/or death in premature infants [for a comprehensive review see
reference 26]. Although an early study observed that inhaled NO did not decrease the incidence
of BPD [27], a subsequent single center trial involving 207 premature infants conducted by
Schrieber and colleagues suggested that inhaled NO decreases the incidence of BPD and death
in prematurely born infants [28]. These latter observations were supported by data from a
subsequent multicenter trial in which inhaled NO was noted to decrease the rate of BPD and
death in premature infants with a birth weight > 1,000 g [29]. In a more recent study of 793
newborns who were 34 weeks of gestational age or less, Kinsella and colleagues reported that
inhaled NO decreased the incidence of BPD in the subset of 129 infants with a birth weight of
at least 1,000 g [30]. Moreover, in a multicenter study of 582 premature infants with a birth
weight 1,250 g, in which inhaled NO was commenced 7 to 21 days after birth, Ballard and
coworkers reported that NO inhalation improved survival without BPD [31]. Although these
results are encouraging when considered together, additional studies need to be performed
before the precise role of inhaled NO in preventing BPD can be defined.

Safety of inhaled NO in the newborn
Although studies in newborns and infants suggest that inhaled NO is safe [32,33], the long-
term pulmonary and extrapulmonary effects of inhaled NO are unknown. In particular, the
effects of chronic NO inhalation on normal pulmonary cell proliferation and differentiation,
as well as on alveolar and microvascular development, are unknown.

NO can increase cGMP levels in platelets and inhibit their function [reviewed in reference
34]. The potential of inhaled NO to alter platelet function [35] is of particular concern for
immature infants since abnormal hemostatic activity increases the incidence or evolution of
intraventricular hemorrhage (IVH) and associated neurologic injury. In one study, breathing
NO was associated with increased mortality and rates of IVH in infants weighing 1000 g or
less [29]. Nevertheless, data from several other studies suggest that inhaled NO exposure does
not increase the incidence or severity of IVH in premature babies [27,28,31,36,37]. In fact, in
one study of premature infants, inhaled NO was reported to decrease the frequency of IVH and
its sequelae [30].

It is uncertain whether or not an improvement in pulmonary disease in some premature babies
who have breathed NO is associated with better neurologic development. In a European
multicenter trial of nearly 100 premature babies, inhaled NO was not observed to affect the
incidence of death or severe disability at one year, when corrected for postnatal age [38]. On
the other hand, a more rigorous evaluation of older premature babies treated in another trial
suggests that inhaled NO improves neurologic outcomes [39].

Uses of inhaled NO in adults with cardiopulmonary diseases
Inhaled NO and pulmonary vasoreactivity testing in the cardiac catheterization laboratory

In patients with pulmonary arterial hypertension (PAH), demonstration of a positive response
to vasodilator agents correlates with a favorable long-term clinical outcome [40]. While a
number of vasodilators, including intravenous prostacyclin and calcium channel blockers, have
been utilized for diagnostic testing in PAH patients, systemic administration of these agents
can produce severe hypotension, increased intrapulmonary right-to-left shunting, and death.
In contrast, a number of studies have indicated that inhaled NO can be safely and effectively
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used to assess the capacity for pulmonary vasodilation in pediatric [41] and adult patients
[42] with PAH, without causing systemic hypotension. The ability of inhaled NO to decrease
PAP or PVR can be used to predict the subsequent response to therapy with oral vasodilators,
such as nifedipine [42], and a better mid-term survival in adult patients with PAH due to
congenital heart disease [43].

Treatment of pulmonary hypertension in patients undergoing cardiac surgery
Pulmonary hypertension leading to acute right heart failure can complicate the management
of patients during and after cardiac surgery employing cardiopulmonary bypass (CPB). A
number of uncontrolled studies have demonstrated that inhalation of NO (20–40 ppm)
effectively decreases PAP when coronary artery bypass grafting (CABG) or surgery for
valvular heart disease is complicated by perioperative pulmonary hypertension [44].

Pulmonary hypertension in cardiac transplant recipients is a major cause of right heart failure
and early death. Inhaled NO has been reported to selectively reduce RV afterload and enhance
RV stroke work after cardiac transplantation [45]. A positive pulmonary vasodilator response
to NO inhalation has been used as a criterion to select patients for cardiac transplantation
[46].

Although there is physiologic data and clinical experience suggesting that NO inhalation may
be beneficial in patients during or after cardiac surgery complicated by PAH and RV
dysfunction, whether or not inhaled NO can improve clinically-important outcomes remains
to be determined by randomized controlled trials.

Treatment of right heart failure after insertion of left ventricular assist device
RV dysfunction occurs in 20–50% of patients after insertion of a LV assist device (LVAD)
[47]. The ability of the RV to pump sufficient blood to the LVAD is critically dependent on
RV contractility and afterload, both of which may be adversely effected by the primary disease
process and/or cardiopulmonary bypass. RV failure after LVAD placement is associated with
increased morbidity and mortality and often requires placement of a RV assist device (RVAD)
[48]. In a randomized, double-blind trial, Argenziano and coworkers demonstrated that inhaled
NO decreased PAP and increased LVAD flow in LVAD recipients with PAH [49]. Many
clinicians employ a therapeutic trial of inhaled NO to improve RV function prior to the
consideration of RVAD implantation, but a formal clinical trial demonstrating that NO
inhalation can obviate the need for RVAD placement remains to be completed.

Treatment of cardiogenic shock due to RV myocardial infarction
RV injury and dysfunction may complicate inferior myocardial infarction (MI) due to right
coronary artery occlusion. If coronary revascularization is delayed, cardiogenic shock may
develop despite preserved LV function and is associated with a high mortality rate. In a small
series of patients with cardiogenic shock due to RVMI, Inglessis and colleagues reported that
breathing NO (80 ppm) acutely decreased PAP and improved cardiac index by 24%, likely by
unloading the RV [50]. In RVMI patients with a patent foramen ovale, treatment with inhaled
NO markedly reduced the right-to-left shunt and improved systemic oxygenation. Further
studies are required to learn if NO inhalation will decrease the morbidity and mortality
associated with cardiogenic shock due to RVMI.

Treatment of pulmonary ischemia-reperfusion injury
Ischemia-reperfusion (I-R) injury is one of the major causes of early graft failure after lung
transplantation. Adhesion and sequestration of leukocytes by activated pulmonary endothelium
is believed to be an important contributor to I-R injury. NO possesses anti-inflammatory
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properties, and inhaled NO has been shown to attenuate pulmonary I-R injury in preclinical
studies [51]. While two uncontrolled clinical studies suggested that inhaled NO may be
beneficial in patients who develop lung I-R injury [52,53], a small randomized, placebo-
controlled study demonstrated that inhaling NO (20 ppm) commencing 10 minutes after
reperfusion did not affect the physiological or clinical outcome of patients after lung
transplantation [54]. Additional studies will be required to define the therapeutic role of inhaled
NO in patients who have developed I-R injury after lung transplantation.

Acute respiratory distress syndrome in adults
In clinical studies of patients with severe acute respiratory distress syndrome (ARDS), inhaled
NO has been shown to produce selective pulmonary vasodilation and improve systemic
oxygenation [55]. Although follow-up clinical studies, as well as a number of studies in animal
models of acute lung injury, have confirmed a physiological benefit of inhaled NO therapy,
subsequent randomized clinical trials reported disappointing outcome results. Inhaled NO
therapy did not affect mortality rate, duration of mechanical ventilation, or the number of days
alive and off mechanical ventilation in the two single-center pilot trials with small sample sizes
(n=40 [56] and 30 [57]) and two larger multi-center randomized trials (n=177 [58] and 286
[59]). Whether or not inhaled NO can improve clinical outcome in a subgroup of severely
hypoxemic ARDS patients has not yet been conclusively resolved.

Chronic obstructive pulmonary disease (COPD)
Severe COPD is frequently complicated by pulmonary hypertension and hypoxemia. Systemic
hypoxemia in COPD is typically caused by mismatching of ventilation and perfusion rather
than the intra- and extra-pulmonary right-to-left shunting seen in ARDS and PPHN. While
inhaled NO is a more potent pulmonary vasodilator than oxygen in COPD patients, breathing
inhaled NO admixed with air can vasodilate the poorly ventilated lung regions reducing
systemic oxygenation [60]. However, when NO gas is breathed in combination with modest
oxygen enrichment (e.g. 1 L/min), PaO2 is increased to a greater extent than when breathing
supplemental oxygen alone [61]. Along these lines, a randomized controlled trial of COPD
patients demonstrated that the combined use of supplemental oxygen and inhaled NO for a
period of 3 months via a portable inspiratory pulsing device decreased PAP and PVR and
increased cardiac output without decreasing systemic oxygenation, whereas pulmonary
hemodynamics did not change in patients on supplemental oxygen alone [62]. Further studies
are needed to determine the effect of long-term ambulatory breathing of pulsed NO and oxygen
on the quality of life and mortality rate of patients with severe COPD.

Experimental methods to improve upon the efficacy of inhaled NO
In an important fraction of adult and pediatric patients, NO inhalation fails to reduce the PVR
and/or improve oxygenation. Moreover, because the pulmonary vasodilator effects of inhaled
NO are transient after NO is discontinued, continuous therapy is required. In addition, the
utilization of the lowest effective concentration may decrease the risk of met-Hb, augment the
matching of ventilation and perfusion, and, minimize any theoretical risk of lung toxicity.
Based upon an understanding of the NO/cGMP signal transduction system, several research
groups have developed strategies to augment and/or prolong the efficacy of inhaled NO. For
example, inhibition of the cGMP-specific PDE, PDE5, with zaprinast prolonged the pulmonary
vasodilator effects of NO inhalation in awake adult lambs with U46619-induced PAH [63] and
augmented the effects of inhaled NO in newborn lambs with PAH induced by prenatal ligation
of the ductus arteriosus [64]. Steinhorn and colleagues reported that administration of
superoxide dismutase can augment the efficacy of inhaled NO in newborn lambs with PAH
likely by decreasing superoxide-mediated scavenging of NO [65]. In studies of awake adult
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lambs with U46619-induced PAH, Evgenov and colleagues reported that agents that sensitize
sGC to NO can augment and prolong the pulmonary vasodilator effects of inhaled NO [66].

These observations in animal models have been extended to patients with pulmonary
hypertension. For example, sildenafil augmented and prolonged the pulmonary vasodilator
effects of inhaled NO in patients with pulmonary hypertension due to pulmonary vascular
disease [67] or congestive heart failure [68]. Importantly, sildenafil was also found to attenuate
the pulmonary vascular rebound associated with discontinuing NO inhalation [69] and may
facilitate weaning from NO inhalation in patients with cardiovascular instability.

“Unexpected” extrapulmonary effects of breathing NO
Because breathing NO can decrease PVR without altering systemic blood pressure, it was
initially proposed that the actions of inhaled NO were limited to the lungs. It was hypothesized
that any NO reaching the bloodstream would be rapidly scavenged by oxy-Hb leading to the
production of nitrate and met-Hb [1]. However, as early as 1993, there was a report that NO
inhalation could inhibit platelet function [35]. Subsequently, studies describing a wide range
of systemic effects of breathing NO were published, as summarized recently by McMahon and
Doctor [70] and highlighted in the Table. In this section, the ability of NO inhalation to decrease
I-R injury will be reviewed, and circumstances where breathing NO can modulate systemic
vascular tone will be discussed. In addition, potential mechanisms by which inhaled NO may
exert its systemic effects will be outlined.

Inhaled NO and ischemia-reperfusion injury
Observations that NO can form stable, biologically-active adducts with protein thiol groups
led Fox-Robichaud and colleagues to examine whether or not inhaled NO could be used to
deliver NO to peripheral tissues [71]. Studying post-capillary venules of cats subjected to
intestinal ischemia and reperfusion, these investigators observed that breathing 80 ppm NO,
but not 20 ppm, prevented the reduction of blood flow, the increase in leukocyte activation
(rolling, adherence, and emigration), and vascular leakage. The investigators also observed
that breathing NO prevented the arteriolar constriction and neutrophil activation induced by
the administration of L-NAME, a NOS inhibitor. However, in contrast to NO-donor
compounds, inhaled NO did not prevent the increase in mucosal permeability induced by
intestinal I-R suggesting that the systemic effects of breathing NO may be limited to the
vascular compartment [72].

Based upon these observations, Geury and colleagues evaluated the ability of breathing NO to
preserve cardiac function after myocardial I-R injury [73]. Hearts from rats that had breathed
air with or without NO (10 ppm) for 4 hours were isolated and perfused. Coronary perfusion
was stopped for 30 minutes followed by reperfusion for 40 minutes. The investigators observed
that pretreatment with inhaled NO led to improved systolic and diastolic function after I-R.
These findings were extended by Hataishi and colleagues, who examined the ability of
breathing NO to decrease MI size in mice subjected to 30, 60, and 120 minutes of cardiac
ischemia followed by reperfusion [74]. They observed that breathing NO for 20 minutes before
and 24 hours after reperfusion decreased MI size and improved systolic and diastolic function.
Breathing 40 and 80 ppm NO decreased myocardial I-R injury equally, but 20 ppm was
ineffective. Breathing NO decreased cardiac neutrophil accumulation, and leukocyte depletion
prevented the beneficial effects of NO on MI size. Studying a porcine model of cardiac I-R
injury, Janssens and colleagues recently reported that breathing NO (80 ppm) decreased MI
size, as well as microvascular obstruction [75]. Taken together with the observations of Fox-
Robichaud et al. [71], these results suggest that when inhaled concentrations of NO required
to elicit systemic effects (in vivo) are greater than those required to elicit pulmonary vascular
effects. Based upon these considerations, a randomized clinical trial has been initiated to test
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whether or not breathing NO can decrease MI size in patients who undergo percutaneous
coronary revascularization for an acute coronary artery occlusion.

Inhaled NO and systemic vascular tone
Whether or not breathing NO can modulate systemic vascular tone remains controversial.
Clinically significant systemic hypotension has not been observed in adults and babies with a
wide variety of disorders breathing NO concentrations up to 80 ppm. However, inhalation of
80 ppm NO has been reported to attenuate the ability of L-NAME to increase blood pressure
in cats [72]. Cannon and colleagues reported that breathing 80 ppm NO increased forearm
blood flow in healthy subjects treated with an intrabrachial artery infusion of L-NMMA
(another NOS inhibitor) to block endogenous NO synthesis [76]. In contrast, Hataishi and
colleagues observed that breathing NO did not decrease systemic vascular resistance (SVR) in
L-NAME-treated mice or in NOS3-deficient mice [77].

Inhaled NO has also been reported to decrease SVR in a canine model of endothelial
dysfunction associated with hemolysis [78]: Minneci et al. induced hemolysis by intravenous
administration of free water and observed that the presence of Hb in the plasma induced
hypertension and renal insufficiency, likely via the scavenging of endothelium-derived NO.
Breathing 80 ppm NO attenuated the hemolysis-induced hypertension and renal dysfunction
by oxidizing nearly all of the plasma Hb to met-Hb (85–90%) and preventing the scavenging
of endogenous NO. The authors proposed that NO inhalation may attenuate the hypertension,
vascular disease, and prothrombotic state characteristic of diseases associated with hemolysis,
such as sickle cell anemia.

How does inhaled NO exerts its systemic effects?
With the exception of the case of hemolysis, the mechanisms by which NO, once inhaled, is
able to induce responses in the periphery remain incompletely understood. One hypothesis is
that during NO inhalation, blood cells are exposed to high concentrations of NO in the lung
prior to scavenging of the gas by red blood cells, and NO-exposed blood cells are responsible
for the systemic effects of inhaled NO (Figure). For example, exposure of neutrophils to NO
in the pulmonary circulation may inhibit their activation at the site of intestinal or cardiac I-R
injury. However, this hypothesis does not fully account for the dilator effects of breathing NO
seen in some vascular beds. Moreover, Fox-Robichaud et al. [71] reported that the ability of
blood leukocytes to bind to immobilized platelet monomers ex vivo was not altered when the
blood was obtained from cats breathing NO.

An alternate hypothesis is that some of the inhaled NO escapes scavenging by Hb and is carried
in a stable, bioavailable form to the periphery (Figure). Loscalzo and colleagues proposed that
endogenously-synthesized NO reacts with low and high molecular weight thiols in blood,
including serum albumin [79,80]. These S-nitrosothiols can deliver NO to tissues distant from
the site of their synthesis. Stamler and colleagues observed that NO reacts with the thiol group
on Cys93 of the Hb β chain: the S-nitrosylation of Hb (SNO-Hb) is dependent on the tissue
oxygen tension, enabling erythrocytes to load NO on Hb in the high oxygen environment of
the lungs and release low molecular weight S-nitrosothiols in the relatively hypoxic periphery
[reviewed in reference 70]. NO can also be oxidized in the blood to nitrite, which regenerates
NO in the presence of nitrite reductases including deoxy-Hb [reviewed in reference 81].
Erythrocyte SNO-Hb and nitrite have both been implicated as potential mediators of the
systemic vasodilation induced by tissue hypoxia. NO may also react with other plasma species
including which are capable of regenerating NO including N-nitrosamines, iron-nitrosyls, and
nitrated lipids.
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Even before it was appreciated that breathing NO could selectively dilate the pulmonary
vasculature, several research groups examined the metabolic fate of inhaled NO. In 1975, Oda
and colleagues reported NO inhalation led to the formation of nitrosyl-Hb in the blood of mice,
rats, and rabbits [82]. In 1987, Yoshida and Kasama reported that breathing 15NO (145 ppm
for 123 minutes) led to the formation of nitrosyl-Hb, nitrite, and nitrate [83]. More recently,
Cannon et al. found that, in healthy adults breathing 80 ppm NO for 1 hour, blood nitrosyl-Hb
concentrations increased markedly, whereas plasma nitrite increased only modestly [76].
Arterial concentrations of both products were greater than venous levels suggesting that both
were consumed in peripheral tissues. Cannon and colleagues did not detect an increase in
plasma S-nitrosothiols or SNO-Hb after breathing NO for 1 hour. In contrast, Ng and colleagues
reported that, in cats, breathing 80 ppm NO increased plasma levels of S-nitrosoalbumin and
nitrite, both of which were further increased in the setting of intestinal ischemia and reperfusion
[84]. Arterial levels of S-nitrosoalbumin were higher than venous levels whereas the converse
was true for nitrite levels suggesting that S-nitrosoalbumin was consumed in the periphery and
nitrite was generated.

The potential importance of nitrite as a mediator of inhaled NO’s impact on I-R injury was
highlighted in recent studies of Duranski and colleagues [85]: they observed that small
increases in blood nitrite levels (such as might be attained during NO inhalation) were sufficient
to decrease I-R injury in the liver and heart.

Controversy as to the identity of the circulating NO-derived products whose levels increase
during NO inhalation may be attributable to differences in the methods used to detect these
products. Nonetheless, there appears to be a consensus developing that bioavailable NO-
derivatives contribute to the effects of breathing NO on the periphery. However, many
questions remain including: Do NO-derived products accumulate in tissues during NO
inhalation? Are cGMP-dependent or cGMP-independent mechanisms responsible for the
systemic effects of inhaled NO?

Summary
In the past fifteen years, extensive basic science and clinical research has enabled the safe and
rapid translation of inhaled NO’s selective pulmonary vasodilator effects to the treatment of
critically-ill newborns and adults. Randomized clinical trials have demonstrated the utility of
inhaled NO in term and near-term babies with PAH and hypoxia and have suggested that
breathing NO may prevent chronic lung disease (BPD) in premature infants. Future advances
in gas delivery technology and strategies to augment the efficacy of inhaled NO may enable
application of this therapy to chronic disease such as PAH or COPD. Additional research and,
in particular, randomized clinical trials are required to translate preclinical studies indicating
that inhaled NO may have beneficial effects in the systemic circulation including treatment of
ischemia-reperfusion injury and the vascular sequelae of hemolytic anemia.
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Figure.
Inhaled NO is a selective pulmonary vasodilator with actions on the systemic vasculature. A
schematic of an alveolar-capillary unit is presented highlighting the ability of inhaled NO to
dilate pulmonary arterioles and reduce pulmonary artery pressure (PAP). Although inhaled NO
does not dilate systemic arterioles or alter systemic arterial pressure (SAP) under normal
conditions, inhaled NO does have systemic effects which are described in the text and may be
mediated by circulating cells exposed to NO in the lungs and blood-borne NO derivatives:
SNO-proteins—S-nitroso proteins including SNO-albumin; SNO-Hb—S-nitroso-hemoglobin
(nitrosylated on Cys93 of the β chain); NO-Fe-Hb—nytrosyl-hemoglobin; and nitrite.
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Table
Biological effects of breathing NO with selected physiological impacts and potential therapeutic applications.
Representative references are included.

[[Biological Effect|]] [[Impact|]] [[Therapeutic Application|]] [[References|]]

[[pulmonary
vasodilation|]]

reduction in pulmonary artery
pressure

[[pulmonary arterial hypertension|]] [1]

[[|]] decrease in extrapulmonary right
to left shunting and improved
systemic oxygenation

pulmonary hypertension of the newborn and
congenital heart disease

[19,86,87]

[[|]] decrease in right ventricular
afterload

RV failure after LVAD placement [49]

[[|]] [[|]] RVMI complicated by cardiogenic shock [50]
[[|]] [[|]] RV failure after cardiac surgery [44]
improved matching of
lung ventilation and
perfusion

[[increased systemic
oxygenation|]]

[[acute lung injury/pneumonia|]] [55,58,59]

[[|]] [[|]] [[chronic pulmonary disease|]] [62]
pulmonary vascular and
alveolar development

decreased vascular SMC
hyperplasia and increased
alveolarization in the injured
developing lung

prevent or ameliorate pulmonary
hypertension in infants with congenital heart
disease and chronic lung disease in premature
infants

[12,15,16,18]

systemic effects of
breathing NO

[[platelet inhibition|]] decreased thrombosis after coronary
thrombolysis (dogs)

[35,88]

[[|]] [[leukocyte inhibition|]] improved mesenteric blood flow after
ischemia and reperfusion (cats)

[71]

[[|]] [[|]] decreased infarct size in cardiac ischemia-
reperfusion injury

[74,75]

[[|]] oxidization of extra-erythrocytic
hemoglobin

decreased hemolysis-induced
vasoconstriction and renal dysfunction (dogs)

[78]
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