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Overview
In 1999 the initial approved clinical indication for inhaled nitric oxide (iNO) issued by the
Food and Drug Administration was limited to: …treatment of term and near-term (>34
weeks) neonates with hypoxic respiratory failure associated with clinical or
echocardiographic evidence of pulmonary hypertension. At the time, anticipation was high
that iNO would receive subsequent clearance as a therapeutic intervention for a variety of
pediatric and adult respiratory conditions. Thirteen years, multiple clinical trials, and
millions of dollars later the FDA-approved indication for iNO is the same as it was last
century. This has been a particularly disappointing outcome with respect to
bronchopulmonary dysplasia (BPD). It was predicted that iNO mediated improvements in
neonatal oxygenation would hasten resolution of acute respiratory distress and thus lead to a
significant decline in BPD incidence rates. Instead a series of well-designed multi-center
clinical trials have at best demonstrated inconsistent equivocal benefits of iNO therapy to
prevent or treat BPD.

Inhaled NO is not a panacea for pulmonary pathologies. But this is not to say future
respiratory therapies directed towards NO bioactivity will not confer therapeutic benefit in
the prevention or treatment of BPD; it is just that the agents may be in a different form than
a free radical gas. A growing understanding of endogenous NO biology is helping to explain
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how and when exogenous NO may confer benefit or harm; this knowledge is also helping to
identify new better-targeted NO-based therapies. In this review we will attempt to place in
context results of the BPD clinical trials that employed iNO in the preterm population,
consider the biologic basis for novel NO therapeutics, and identify possible future directions
for NO-focused clinical and basic research in developmental lung disease.

The Clinical Problem
Concomitant in the 1960s with the development of ventilatory strategies to oxygenate
newborns in respiratory distress was the recognition that these interventions could produce
lung pathology.1 The original characterization of BPD was based on chest radiographic
findings (cysts and pulmonary fibrosis) and a need for prolonged oxygen support resulting
from oxygen toxicity and mechanical trauma; it typically applied to neonates >30 weeks’
post-menstrual age, the lower age threshold for survival at the time. In the ensuing decades,
as additional interventions were developed to survive distressed neonates (most notably
surfactant and antenatal steroid therapy), the etiology of BPD has evolved such that it is
currently viewed as a disease of prematurity.

The concept of BPD resulting from lung injury (old definition) has been replaced with the
view that it arises from aberrant development of immature lungs exposed to the ex uterine
milieu (new definition). This is borne-out by epidemiological data. In today’s neonatal
intensive care environment rarely would the average patient in Northway’s cohort (1,900 g
at 33 weeks’ gestation) develop BPD. Instead the disease is concentrated amongst what are
now considered low and very-low birth weight but viable populations. From an overall
incidence of 20% for infants weighing less than 1,500 g, the BPD rate climbs to 30% when
the birth weight is between 750 and 1,000 g and to 50% for infants born weighing less than
750 g.2 The sickest infants are now surviving but with lung dysfunction keeping the overall
incidence rate essentially constant.

BPD has a multi-factorial etiology through a combination of hyperoxia and baro- or
volutrauma superimposed upon a structurally and biochemically immature lung. The acute
lung injury in the vulnerable infant results in airway remodeling, decreased alveolarization,
alveolar simplification, and lung fibrosis.3,4 Many other factors are contributory, notably
antenatal and postnatal infection and inflammation, along with nutritional deficiencies. In
addition, BPD may well have a genetic component.5 One of the major therapeutic challenges
is to identify which specific pathophysiologic process or processes to target. An even greater
challenge is to determine the appropriate timing of any therapy to optimize potential benefit
and minimize both unnecessary treatment and untoward side effects [Fig. 1].

BPD continues to be the major pulmonary morbidity of prematurity6,7 with annual care costs
in the United States estimated to be upwards of $26 billion.8 Equally important is the
emerging concept that BPD may be a chronic condition. Following their initial care, 50% of
low and very low birth weight patients will be re-hospitalized for respiratory distress during
early childhood. And while some lung parameters can normalize in later childhood,
exacerbated regression in function may well occur as these individuals age. When Northway
et al. re-assessed their original (pre-surfactant era) patients most had some degree of airway
obstruction, airway hyper-reactivity, and/or hyperinflation.9 This finding was replicated in a
different cohort of BPD survivors who have undergone serial pulmonary testing into mid-
adulthood;10 at their most recent testing (mean age of 38) these individuals exhibited
“increasing static pulmonary hyperinflation with age indicative of bronchiolar dysfunction
or early emphysematous changes.”

Unfortunately, longitudinal assessments of BPD survivors who received surfactant are scant
so it remains unclear the full scope of adult respiratory disease that can be traced to aberrant
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neonatal lung development and/or overly aggressive therapeutic intervention. Nonetheless,
the possibility of chronic pulmonary pathology adds impetus to finding effective therapies to
prevent and treat BPD.

Pre-Clinical Support for Nitric Oxide Gas in Neonatal Lung Disease
The development of iNO for persistent pulmonary hypertension of the newborn followed a
course of positive pre-clinical11 and case series12,13 results that led to multi-center clinical
trials.14-16 Pre-clinical results from animal models of BPD have also demonstrated benefits
with iNO therapy.

In a premature baboon preparation, inhalation of 5 ppm of NO during the first 14 days of life
was compared to a standard ventilatory arm;17 animals in both cohorts were administered
surfactant. At the end of the study, animals in the iNO group had improved pulmonary
function (increased compliance and decreased expiratory resistance) compared to baboons in
the control arm. Continuous iNO therapy was also associated with preservation of lung
growth, normalization of elastin deposition, and stimulation of secondary crest development.
The authors proposed that iNO corrected dysfunctions in NO-mediated biosynthetic
pathways and suggested that this dysfunction contributes to the pathogenesis of BPD.
Dysregulation of NO activities in the lungs have also been observed in rodents18 and were
again found to be responsive to iNO.19

Positive results were also seen in sheep. Chronically ventilated preterm lambs received 5-15
ppm iNO for 21 days; comparisons were again made to animals who received standard
ventilatory support.20 Lung development was measured by radial alveolar counts and lung
capillary surface density – parameters that were significantly better in the iNO treatment
group. In addition, the treated lambs had markedly lower expiratory resistance with a
significant decrease in airway smooth muscle mass. Inhaled NO also produced decreases in
pulmonary vascular resistance and pulmonary arterial smooth muscle but these benefits were
modest compared to the other end-points.

The pre-clinical data point to an impairment of endogenous NO signaling in neonatal lung
injury, an impairment that can be addressed with iNO [Fig. 2]. Unfortunately, as detailed in
the next section, these positive animal findings have not translated into clear clinical benefits
of iNO therapy for human preterm neonates.

Clinical Trial Results For Use of Inhaled Nitric Oxide In Preterm Infants
Fourteen randomized controlled clinical trials21-34 have been conducted to test the ability of
iNO to reduce mortality and/or the incidence of BPD in preterm infants (a total study
population of 3,430). The methodology, dosage, and duration of iNO treatment, as well as
timing of the intervention have varied amongst these trials [as demonstrated in Fig. 3]
leading to conflicting and equivocal results [Table 1; the reader is referred to the individual
reports or the manuscripts describing the group analyses for detailed descriptions of the
methodological differences]. In addition to the conclusions reached by the individual clinical
research teams, the current study population of over 3,400 has allowed for post-hoc testing
of pooled results.

In a 2010 Cochrane review,35 Barrington and Finer determined that the wide variations in
patient age, illness severity, and control group mortalities precluded pooling and analyzing
the results as a single data set. Instead they organized the fourteen clinical trials into cohorts
based upon the entry criteria and the timing of iNO administration. Three distinct groups
were identified:
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1. Nine of the trials21,23-25,27,30,31,33,34 were defined as early rescue treatment (<3
days of life) based on oxygenation criteria

2. Three of the trials26,28,29 were given the designation of routine early use for
intubated infants (<3 days of life)

3. Two of the trials22,32 were defined as later use (>3 days of life) for infants at
elevated risk for BPD

There were trends towards improved outcomes with iNO treatment most notably in Group 2
where the effect size (typical relative risk of 0.93 with 95% confidence interval of 0.86 to
1.01) approached significance – but they remained only trends. Analyses found no
statistically significant effect of iNO on rates of BPD or mortality, however, it is interesting
to note that one large multicenter trial employing later use, longer duration, and higher
initial dose did document benefit.22 In addition, the authors found no effect of iNO on the
incidence of neurological impairment and there were no clear effects on the frequency or
severity of intra-ventricular hemorrhage. Barrington and Finer summarized their findings
this way: “iNO as rescue therapy for the very ill preterm infant does not appear to be
effective. Early routine use of iNO in preterm infants with respiratory disease does not affect
serious brain injury or improve survival without BPD. Later use of iNO to prevent BPD
might be effective, but requires further study.”

Using different methodology, Askie et al. performed a meta-analysis on twelve23-30,32-34,36

of the fourteen trials for which individual patient data (IPD) was available.37 The authors
tested multiple sub-groups, which can be linked under three categories:

Therapeutic
starting dose and duration of iNO treatment, antenatal or postnatal steroid use,
administration of surfactant, and ventilation mode at randomization.

Demographic
gestational age at birth, postnatal age at time of randomization, birth weight,
multiplicity, and ethnicity.

Pathology
severity of hypoxemia (in terms of oxygen index), presence of a patent ductus
arteriosus, and pulmonary hypertension.

In patients of multiple births, the researchers also analyzed for correlations between siblings.

Out of a study population of 3,298 infants, the incidence of mortality or chronic lung disease
was 59% in the iNO treatment group and 61% in the control cohort for a relative risk of 0.96
with a 95% confidence interval of 0.92 to 1.01 (p = 0.11). The incidence of neurologic
injury was also similar at 25% and 23% for iNO treated infants and controls, respectively
(relative risk of 1.12 and 95% confidence interval of 0.98 to 1.28; p = 0.9). In addition, iNO
was found to have no statistically significant benefit when tested with respect to the
demographic variables.

In trials that started with an iNO dose >5 ppm there was a 9% absolute risk reduction in the
composite outcome of death or BPD (relative risk of 0.83 and 95% confidence interval of
0.74-0.95). However, translating this positive finding into a therapeutic recommendation is
not straight forward for two reasons:
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1. The relevant low dose trials, while starting at <5 ppm, subsequently exceeded this
concentration during the course of therapy because iNO dosing was based on (and
titrated to) the patient’s response

2. The relevant higher dose trials used protocols that reduced the iNO dose over the
course of therapy

The authors’ conclusions: “…[R]esults of this IPD meta-analysis of all available worldwide
data indicate that routine use of iNO for treatment of respiratory failure in preterm infants
cannot be recommended. The use of a higher starting dose might be associated with
improved outcome, but because there were differences in the designs of the trials included in
the analyses, it requires further examination.”

A third group analysis of the available iNO data was conducted by Donohue et al.38 These
authors combined the results of the fourteen randomized trials with those from seven follow-
up assessments39-46 and one observational study.47 Their meta-analyses were broken down
into short-term and long-term outcomes:

Short-Term Outcomes
Survival/Death in the NICU

BPD at 36 weeks’ post-menstruation age

Death or BPD Composite at 36 weeks’ post-menstruation age

Brain Injury

Patent Ductus Arteriosus

Sepsis

Necrotizing Enterocolitis

Retinopathy of Prematurity

Pulmonary Hemorrhage

Air Leak

Long-Term Outcomes
Survival/Death after NICU Discharge

Cerebral Palsy

Mental Development Index

Neurodevelopmental Impairment

The authors reported one positive finding in that there was no evidence treatment of preterm
infants with iNO influences the incidence rates for other complications of prematurity.
Unfortunately the same lack of influence was found to be true for the beneficial parameters.
Inhaled NO therapy did not alter the incidence of:

NICU mortality rate (risk ratio of 0.97 with 95% confidence interval at 0.82 - 1.15);

BPD in survivors at 36 weeks (risk ratio of 0.93 with 95% confidence interval at 0.86
-1.003);

Cerebral Palsy (risk ratio of 1.36 with 95% confidence interval at 0.88 - 2.10)
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Neurodevelopmental Impairment (risk ratio of 0.91 with 95% confidence interval at 0.77 -
1.12); nor

Cognitive Impairment (risk ratio of 0.72 with 95% confidence interval at 0.35 - 1.45).

A small difference was identified in the composite outcome of death or BPD at 36 weeks
post-menstrual age that favored iNO therapy over the control group (risk ratio of 0.93 with
95% confidence interval at 0.87 - 0.99). However, this 7% reduction in death or BPD was
not enough for the authors to accept iNO as a viable therapy for preterm infants: “There is
currently no evidence to support the use of iNO in preterm infants with respiratory failure
outside the context of rigorously conducted randomized clinical trials.” And while some
have criticized this conclusion,48 Donohue et al.’s findings38 are certainly consistent with
the results of the other two analyses.

The National Institutes of Health Weighs-In
National Institutes of Health (NIH) Consensus and State-of-the-Science Statements are
prepared by independent panels of health professionals and public representatives. The goal
of such efforts is to provide health care workers, patients, and the general public with a
responsible (presumably free of bias) assessment of currently available data regarding a
particular medical condition, practice, or therapy. Such statements are an independent report
of the panel; they are not considered policy statements of the NIH or the Federal
Government.

To assess the risks and benefits of treating premature infants with iNO, the Eunice Kennedy
Shriver National Institute of Child Health and Human Development, the National Heart,
Lung, and Blood Institute, and the NIH Office of Medical Applications of Research
convened a Consensus Development Panel that met between the 27th and 29th of October
2010.8 The 16-member Consensus Development Panel was comprised of physicians and
caregivers active in the areas of Neonatology, Pediatric Pulmonology and Neurology, and
Perinatal Epidemiology. An additional 18 experts from relevant medical fields (many of
whom had been involved in one or more of the iNO preterm infant clinical trials)
participated by presenting data to the panel and the conference attendees.

To develop the consensus statement the panel was charged with answering six questions:

1. Does iNO therapy increase survival and/or reduce the occurrence or severity of
BPD among premature infants who receive respiratory support?

2. Are there short-term risks of iNO therapy among premature infants who receive
respiratory support?

3. Are there effects of iNO therapy on long-term pulmonary and/or
neurodevelopmental outcomes among premature infants who receive respiratory
support?

4. Does the effect of iNO therapy on BDP and/or death or neurodevelopmental
impairment vary across subpopulations of premature infants?

5. Does the effect of iNO therapy on BPD and/or death or neurodevelopmental
impairment vary by timing of initiation, mode of delivery, dose and duration, or
concurrent therapies?

6. What are the future research directions needed to better understand the risks,
benefits, and alternatives to iNO therapy for premature infants who receive
respiratory support?

Raffay et al. Page 6

Clin Perinatol. Author manuscript; available in PMC 2013 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In attempting to answer these questions the panel generated a 5-part consensus statement:

1. The available evidence does not support use of iNO in early-routine, early-rescue,
or later-rescue regimens in the care of premature infants of <34 weeks’ gestation
who require respiratory support.

2. There are rare clinical situations, including pulmonary hypertension or hypoplasia,
that have been inadequately studied in which iNO may have benefit in infants of
<34 weeks’ gestation. In such situations, clinicians should communicate with
families regarding the current evidence on its risks and benefits as well as
remaining uncertainties.

3. Future research should seek to understand the gap between benefits on lung
development and function in infants at high risk of BPD suggested by basic
research and animal studies and the results of clinical trials to date.

4. Predefined subgroup and post-hoc analyses of previous trials showing potential
benefit of iNO have generated hypotheses for future research for clinical trials.
Previous strategies shown to be ineffective are discouraged unless new evidence
emerges. Future trials should attempt to quantify the individual effects of each of
these treatment-related variables (timing, dose, and duration), ideally by randomly
assigning them separately.

5. On the basis of assessment of currently available data, hospitals, clinicians, and the
pharmaceutical industry should avoid marketing iNO for premature infants of <34
weeks’ gestation.

Taken together, it is obvious iNO is not a panacea for preterm infants. At the same time,
given the vital roles NO plays in lung development and oxygen delivery, it is hard to
rationalize why it has been so difficult to demonstrate therapeutic benefit in these patients.
In this regard, the answer may lie not so much in how or when to start iNO therapy as in
how administration of NO as a nitrogen monoxide radical differs from how the body
generates and deploys endogenous NO bioactivity.

Biology of Nitric Oxide and S-Nitrosylation
Over the last two decades there has been great interest in and delineation of the multiple
roles NO has in cellular signaling, inflammation, growth and differentiation, and
metabolism. Nitric oxide-based signaling classically involves the binding of NO to hemes in
soluble guanylate cyclase (sGC) to increase cyclic guanosine monophosphate (cGMP). This
pathway explains how NO bioactivity derived from the endothelium produces vascular
relaxation (and how iNO may chiefly act). However it is now recognized that a majority of
the effects of NO on cellular signaling are elicited by S-nitrosylation49 – the ubiquitous
modification of cysteine thiol side chains to produce S-nitrosothiols (SNOs) [Fig. 4]. Rather
than mediate cellular signaling that involves post-translational modifications, protein hemes
appear to promote the requisite redox chemistry of NO. Thousands of proteins have been
identified as targets of S-nitrosylation where activity can increase or decrease in response to
the addition (or removal) of the NO group.50

The breadth of cellular activities regulated by S-nitrosylation is reminiscent of
phosphorylation. This includes the developing lung and encompasses maturational changes
in lung parenchymal, vascular, and airway structures.51 It is important to recognize that in
vivo SNO homeostasis is a balance between S-nitrosylation and denitrosylation, and that
both the addition and removal of NO are key components in the transduction of SNO-based
signaling. It is also important to appreciate NO/SNO regulation is tied to oxygenation.
“Nitroso-redox balance” refers to the interplay between reactive oxygen species (ROS) and
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NO at critical regulatory cysteine thiols. Irreversible thiol oxidation of cysteine residues by
ROS can lead to losses in S-nitrosylation control of protein function. The balance between
NO bioactivity and ROS production plays a pivotal role in cellular and organ function.52-55

By direct analogy to dysregulated phosphorylation, aberrant S-nitrosylation is increasingly
acknowledged as a causal factor in disease.56,57 Typically these states are associated with
hypo- or hyper-nitrosylation of key proteins that play essential roles in disease
(patho)physiology. In a number of acute and chronic conditions where SNO levels are
altered administration of an S-nitrosylating agent or an exogenous SNO was determined to
be beneficial.58-63 A few aspects of protein S-nitrosylation are highlighted in the following
section. For more in-depth coverage, the reader is referred to several excellent reviews that
have been published in the last few years.56,64-68

S-Nitrosothiols in the Pulmonary System
The major sources/producers of endogenous NO are the three NO synthases: neuronal NOS
(nNOS, NOS1), inducible NOS (iNOS, NOS2), and endothelial NOS (eNOS, NOS3). All
three isoforms are expressed and active throughout the lungs. In many areas, NOS is co-
localized with its target protein(s), providing for tight control of activity under normal
physiologic conditions. SNOs have integral roles in respiratory biology from regulating
pulmonary vascular tone to ventilation perfusion matching to central control of breathing.64

Dysregulation of SNO homeostasis is a common theme in a number of lung diseases
including cystic fibrosis,69,70 asthma,71,72 and pulmonary arterial hypertension (PAH)73

among others.

SNOs and Oxygenation
Hemoglobin (Hb) is the prototypical S-nitrosylated protein in that it can deploy NO
bioactivity as the red blood cells (RBCs) transit the circulatory system.74,75 In this setting,
NO binds to heme iron of deoxy, T-state Hb mainly in the venous circulation to generate
HbFeNO.76,77 In reponse to oxygenation within the lungs and the transition of Hb from T-
state to R-state, the NO group can transfer to the cysteine residue at position 93 on the Hb β
chain to form SNO-Hb. The transition from high to low oxygen tension in the arterial
periphery promotes the release of SNO-based vasodilatory activity from the RBCs.78,79

Under normal physiological conditions, tissue pO2 is low and falls further with local
increases in metabolism. Thus, the release of vasodilatory NO bioactivity by RBCs sub-
serves the graded increases in blood flow that are coupled to progressive decreases in Hb
oxygen saturation.80

The uptake of oxygen by RBCs within the lungs is similarly controlled to match flow to
ventilation, with SNO-Hb entering the lung positioned to influence ventilation-perfusion
matching.80 Local hypoxic pulmonary vasoconstriction occurs to divert blood to better
oxygenated areas within the lungs; NO trapping by Hb is an important contributor to this
vasoconstriction.81,82 In essence, the binding and release of NO bioactivity in the form of
SNOs is a central component of the physiologic response to local hypoxia.81

The re-conceptualization of the respiratory cycle as a three-gas system75 (NO, oxygen, and
carbon dioxide), provides the explanation for why increasing blood oxygen content can fail
to improve tissue oxygenation.83 Tissue blood flow not blood oxygenation is the primary
determinant of oxygen delivery.74,81

Tissue perfusion is primarily regulated by hypoxic vasodilation, which couples metabolic
demand to local blood flow.84-86 Work by Guyton, Saltin, and Stamler have identified the
RBC as the principal transducer of hypoxic vasodilation.87-89 Both acute and chronic
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reductions in oxygenation produce profound declines in circulating NO bioactivity. In
healthy human volunteers a 60 min exposure to hypobaric hypoxia (0.56 atmospheres)
reduced circulating RBC SNO-Hb levels by ~ 80%.90 This response helps to rationalize the
reductions in systemic vascular resistance that occur with acute hypoxia (i.e., SNO
unloading in the hypoxic periphery), as well as the exaggerated increases in pulmonary
vascular resistance and pulmonary arterial pressure that are produced by SNO-depleted
RBCs.

SNOs and Inflammation
SNOs have broad-based anti-inflammatory actions, from inhibition of toll-like receptor
(TLR) signaling, to regulating expression of various cytokines91-93 and anti-inflammatory
mediators94,95 to modulating a myriad of signal transduction pathways including the
mitogen-activated protein (MAP) kinases. Diverse mechanisms have been proposed to
account for these actions56 including attenuation of nuclear factor κB (NF-κB) p50-p65
activity.96,97 Under basal conditions, upstream S-nitrosylation acts to reduce the amount of
inflammatory interleukins (IL-1β, IL-6, etc) and chemokines while enhancing the anti-
inflammatory interleukins such as IL-10. Protein S-nitrosylation by NO generated from
NOS2 (iNOS) can be pro-inflammatory but it occurs downstream of TLR activation, i.e. it
first requires a loss of SNO regulatory inhibition of TLR-mediated signaling and/or NOS2
expression.56 In addition, S-nitrosylation has been found to regulate the activities of other
mediators of lung inflammation including surfactant protein D,98 c-Jun NH2-terminal kinase
1,99 and cyclooxygenase 2.100

SNOs and Cell Signalling
A broad range of membrane receptors and ion channels have their activity and/or expression
regulated by S-nitrosylation. These include but are not limited to G-protein coupled
receptors, voltage gated potassium and sodium channels, L-type calcium channels, intra-
cellular second messengers such as G-protein and tyrosine kinases, and intra-cellular
regulators of receptor function such as β-arrestin and dynamin. Again, co-localization is
important. For instance NOS isoforms associate directly with the ion channels or with
neighboring scaffolding proteins that places the NO source in close proximity to the
channel. NOSs can thereby selectively S-nitrosylate critical thiols to influence channel
activity. In addition to effecting post-translational protein modification within cells, S-
nitrosylation also has major regulator roles and control over the other methods of post-
translational modification (phosphorylation, acetylation, ubiquitylation, sumoylation, etc). 67

Endogenous NO production both acts upon and is acted upon by factors that regulate the
growth and development of the lung, notably vascular endothelial growth factor (VEGF) and
hypoxia inducible factor-1 alpha (HIF-1α). Other factors regulated by S-nitrosylation (either
directly or through upstream effectors) include angiopoietins, metalloproteinases, intra-
cellular adhesion molecules, transforming growth factor-β1, tumor necrosis factor-α,
caspases, lactoferrin, and endothelin-1. While S-nitrosylation control has not been
demonstrated to occur within the lungs for all of this disparate group it is noteworthy that a
large number of these factors (along with the inflammatory mediators identified earlier)
have been proposed as potential bio-markers for diagnosing and assessing the severity of
BPD.101

Relevance for Lung Development
Human lung development can be viewed as progressing through five stages; each stage is
identified by the appearance, growth, and differentiation of various structures in the airway
and pulmonary vasculature.102
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Stage 1
Embryonic (between weeks 3 and 7 of gestation) – budding of the foregut
endodermal epithelium into the adjacent primitive mesoderm.

Stage 2
Pseudoglandular (weeks 7 through 17 of gestation) – repeated dichotomous
branching of epithelial-lined airways.

Stage 3
Canalicular (weeks 17 through 27) – differentiation of the alveolar cells in concert
with proliferation of the vasculature and epithelial thinning to start forming
functional gas-exchange units.

Stage 4
Saccular (weeks 28 through 36 of gestation) – additional branching and lengthening
of the acinar tubules and buds into thin-walled alveolar saccules and ducts.

Stage 5
Alveolar (from week 36 into the postnatal period) – extensive proliferation of the
alveolar ducts and alveoli.

Pre-term infants at high risk for BPD are bridging Stages 3 and 4, with viability dictated by
the presence of functional gas exchange units. Surfactant therapy (along with antenatal
steroids) has increased survival by acting to accelerate mesenchyme thinning thus improving
gas diffusion and exchange as well as initiating endogenous surfactant production. However,
while this intervention improves survival it may not impact the development of BPD. Lungs
obtained at autopsy from preterm infants with severe BPD showed the same pattern of
alveolar simplification and interstitial fibrosis immaterial of whether or not the subjects had
received surfactant before death.103

It is important to appreciate that except for the latter parts of Stage 5 (i.e., postnatal)
pulmonary development occurs under conditions of low oxygen tension104 and high
pulmonary vascular resistance with reduced blood flow (<20% of ventricular output).105 It is
under these conditions that the growth factors linked to low oxygen are optimized to direct
lung development and vascularization – and from this perspective even room air (FiO2 of
21%) can be considered hyperoxic. As a result, when the immature lung is exposed to air
following preterm delivery hypoxic growth factors (VEGF, HIF-1α, platelet derived growth
factor) decline and factors that limit cell growth and alveolarization (transforming growth
factors α and β, connective tissue growth factor, etc) are subsequently over-expressed and
thus act to arrest pulmonary development early in Stage 4.106

Aberrant Protein S-Nitrosylation in The Immature Lung
The three NOS isoforms are present in fetal pulmonary tissues by the time of ex uterine
viability (>24 weeks’ gestation).107,108 In the healthy developing lung, NOS1 (nNOS) is
mostly associated with large blood vessels and with the lining of the airway. NOS1 can also
be found in smaller blood vessels but not generally in the lung parenchyma. NOS3 (eNOS)
is mostly localized to the pulmonary epithelium. There is only a modest amount of inducible
NOS2 (iNOS) found in healthy lung and it is mostly limited to the epithelium in large
airways.
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As noted earlier, dysregulation of NO bioactivity in the mature lung is a common theme for
a number of pulmonary diseases.69-73 There is also clear evidence that pulmonary SNO
homeostasis and protein S-nitrosylation are disrupted in the immature lung with BPD.
Within autopsied lungs of infants who died of severe BPD there is a significant increase in
protein nitrosylation109 as well as significant increases in the levels of NOS2;108 both
consistent with a loss of upstream SNO control of inflammation. Others have reported
significant amounts of nitrotyrosine (a stable marker of nitrosative stress) distributed
throughout the lungs of infants with chronic lung disease of prematurity with the amount
directly correlating with disease severity107 (however these authors did not identify
differences in NOS levels).

Consistent with dysregulation of SNO homeostasis levels of pro-angiogenic factors
activated by S-nitrosylation (notably VEGF) are reduced110-112 while levels of anti-
angiogenic agents repressed by S-nitrosylation (e.g. TGF-β, endoglin) are elevated113,114 in
lung tissues and tracheal aspirates of infants with BPD. A similar effect is seen with
endothelial colony-forming cells (ECFC) where hyperoxia significantly disrupts VEGF-NO
signaling leading to impaired growth – a disruption that can be corrected by addition of
exogenous VEGF and NO115. Of note, ECFCs from the cord blood of premature infants are
significantly more sensitive to hyperoxic disruption of VEGF-NO activity than cells from
term infants.

Other medical manipulations conducted on preterm infants (independent of ventilator
strategies) may also impact SNO-homeostasis and contribute to BPD; chief among these is
blood transfusion. Upwards of 80% of extremely preterm infants will receive RBCs during
their stay in the NICU116 typically to correct anemia resulting from multiple
phlebotomies.117 Administration of RBCs has been identified as a risk factor for developing
BPD,118,119 with relative risk coincident with the number of transfusions.120 The processing
and storage of blood leads to significant depletion of SNO-Hb such that banked RBCs have
reduced ability to effect hypoxic vasodilation121 – this defect is directly linked to the
impaired ability of banked blood to increase tissue oxygenation. As a result, infused SNO-
Hb depleted RBCs can act as overall sinks for NO bioactivity leading to disruptions in
oxygen uptake within the lungs and reduced oxygen delivery in the periphery.122 In this
setting, transfusion can be additive to (rather than corrective of) the other disrupters of
pulmonary SNO homeostasis.

Based on the preceding information resolution of aberrant S-nitrosylation provides an
attractive therapeutic target for BPD prevention and/or amelioration. There is significant
support for the postulate that S-nitrosylating therapy could ameliorate a number of the
inflammatory and other injurious cellular processes that adversely effect ex uterine
development of the premature lung. What is not so clear is whether or not restoration/
supplementation of S-nitrosylation is best accomplished with iNO.

Why lno Should Work for bpd (And Why It Might Not)
Nitric oxide dilates pulmonary resistance vessels by primarily acting on sGC to increase
cGMP levels.123 Inhaled NO was originally viewed as a selective pulmonary vasodilator
because of its rapid metabolism by Hb as RBCs transit the lung. This view is now changing
as various studies indicate iNO can exert peripheral effects on blood flow in addition to the
oxygenation benefit gained by improved ventilation-perfusion matching.124-130 This list
includes a study involving 8 infants (0-38 months) in acute respiratory distress who
exhibited increases in microcirculatory blood flow 60 min after starting iNO therapy at 20
ppm.129 These blood flow effects of iNO appear to occur via SNO-based mechanisms as
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reflected by increases in the concentrations of circulating SNO-Hb and other SNO
moieties.126,130,131

This triple combination of reducing pulmonary resistance, increasing blood oxygenation,
and peripheral improvements in end-organ blood flow should, on the surface, make iNO an
ideal agent to improve the physiologic status of preterm infants. However, there are a
number of factors that alone or in combination can reduce the therapeutic efficacy of NO
gas:

• There are several pathways by which iNO can generate SNO-Hb (and other SNOs)
but these reactions are not efficient. This entails higher dosages and/or longer
exposure periods to iNO (although this could account for the dose-related trend for
improvement noted by Askie et al.37). Note that in the pediatric study by Top et al.
microcirculatory blood flow increased with an iNO dose of 20 ppm.129

• Nitric oxide gas has a predilection to react with oxygen to generate higher-order
tissue damaging nitrogen oxides (NOx), including peroxy-nitrite. The generation of
NOx by iNO is enhanced in the presence of supplemental oxygen and at higher
iNO doses.

• RBC Hb interacts with iNO to form met-Hb. Fetal Hb is much more sensitive to
oxidation than adult Hb and preterm infants have significantly less met-Hb
reductase.132

• To effect relaxation in pulmonary vessels iNO needs to interact with sGC.
Currently it is not clear how much functional sGC is present in the immature lung
nor is it certain that there is sufficient reserve activity for iNO to increase formation
of cGMP.

• Hyperoxia and/or inflammation can lead to increases in phosphodiesterase activity,
which in turn will result in faster breakdown of cGMP.133 Hyperoxia has also been
shown to increase arginase expression and activity which diverts the substrate
arginine from nitric oxide synthase134 [Fig. 5].

• Discontinuation of iNO therapy can induce rebound pulmonary hypertension.

The impact of these limitations probably varies based on the patient’s physiologic status and
developmental state. Collectively though they point to the need for alternatives to iNO. One
obvious alternative is to identify S-nitrosylating agents that are more efficient than NO gas
in correcting dysregulations in SNO homeostasis.

Potential Sources of Exogenous no/sno Bioactivity
Organic nitrates and organic nitrites can S-nitrosylate proteins.135 However, the intravenous
use of such NO-donor compounds to treat preterm infants is limited by non-specific
vasodilation and significant systemic hypotension can impair oxygenation by reducing flow
to the right heart. In addition, most of these agents also impair hypoxic vasoconstriction that
can further disrupt ventilation-perfusion matching resulting in enhanced blood flow to
poorly-ventilated lung areas. Drug efficacy is also limited by tolerance development and
accumulation of toxic metabolites (e.g., cyaongen/cyanide radical from sodium
nitroprusside).

Inhalation of aerosolized formulations of various organic nitrates and nitrites can relax the
pulmonary vasculature136 but they have seen little use in Neonatology; this despite some
agents’ long history in adult therapy (e.g., inhaled amyl nitrite has been used to treat angina
since the 1860s137). Administration of sodium nitroprusside through the ventilation circuit
was reported to improve oxygenation status of 10 critically ill neonates (between 28 and 40
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weeks’ gestational age).138 At the same time, the report suggests the infants desaturated
when drug administration ceased (the manuscript does not provide outcome information). In
addition, only two infants were less than 33 weeks, which makes predicting effects in a
preterm cohort impracticable. In a study involving older children (9 to 53 months) with
congenital heart disease and pulmonary arterial hypertension inhaled nitroglycerin acutely
decreased pulmonary arterial pressure.139 Extrapolating this finding to preterm care in the
NICU is difficult. The exposure time was brief as the drug was administered during a
diagnostic right heart catheterization precluding the collection of data on effect duration or
appearance of tachyphylaxis.

Outside of potential financial savings it is unclear if inhalation of an organic nitrate/nitrite
currently in clinical use would offer appreciable benefit over iNO, especially since the
aerosolized forms that have been tested (nitroglycerin and sodium nitroprusside) can still
lower systemic blood pressure after inhalation.140 The consummate nitrosylating agent
would work via S-nitrosylation mechanisms to improve oxygenation, stimulate alveolar
growth and differentiation, and reduce inflammation. It would preferentially react with
thiols, be biocompatible (both drug and metabolites), resist decomposition in a gaseous
medium, be unreactive with oxygen, and yet be highly volatile so that it can be inhaled to act
in the lungs. One agent that meets these criteria is ethyl nitrite

Ethyl Nitrite as an Exogenous S-Nitrosylating Agent
Ethyl nitrite (ENO) is a low-molecular-weight (75.07), colorless organic nitrite with a
density of 0.9. It can be stored as a liquid, but with a low boiling point (16.5 to 17° C) it is
volatile at room temperature, which allows for inhalation or other gaseous routes of delivery.
Upon exposure to biologic media (including blood) ENO preferentially react with thiols to
form stable adducts with endocrine activity. Further, it does not form toxic NOx when
mixed with oxygen.141 ENO – like SNO-Hb itself142 – has potent systemic (blood flow-
increasing) as well as pulmonary vascular effects. A series of pre-clinical translational
studies with this agent demonstrated that ENO:

• are highly selective for thiols

• can rapidly restore RBC SNO-Hb levels141

• lowers pulmonary pressures in animal models73,141

• produces SNOs, which are known to increase circulating stem cells143

• effectively attenuates pneumoperitoneum-induced reductions in splanchnic blood
flow and insufflation-induced markers of tissue injury144,145

• improves outcome in a mouse model of subarachnoid hemorrhage146

• reduces both hyperoxic60 and immunologic61 pulmonary inflammatory responses
and associated pulmonary cell damage in rodent models of lung injury

ENO has been tested clinically in two high risk patient populations. In the first trial, ENO
was administered by ventilator to infants with persistent pulmonary hypertension of the
newborn (the 7 patients ranged between 38 and 40 weeks gestational age).147 The drug
produced sustained dose-dependent improvements in postductal arterial oxygen saturation
and in systemic hemodynamics. There was no evidence of rebound pulmonary hypertension
when drug administration was abruptly terminated after 4 hours of exposure.

The second trial was conducted on adults with pulmonary hypertension.73 These patients
were found to have low amounts of circulating SNO-Hb, which negatively impacted their
RBCs’ ability to elicit hypoxic vasodilation. In addition, RBC-SNO levels were inversely
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correlated with pulmonary artery pressure. Inhaled ENO produced immediate salutary
effects: pulmonary arterial pressure and pulmonary vascular resistance declined, and arterial
pO2 increased. These effects were accompanied by increases in SNO-Hb. Moreover, ENO
corrected the impairments in RBC hypoxic vasodilatory activity. This is notable because
studies in large animals have demonstrated that effects of ENO are mediated primarily via
RBCs (and not through direct effects of ENO in the lungs).

As of this writing no preterm infant has been administered ENO but the results compiled to
date are supportive for conducting a clinical trial for preventing or ameliorating BPD in this
patient population. In addition, it is reasonable to predict that ENO therapy could confer
multiple benefits by addressing other organ injuries of prematurity that are believed to result
from impaired blood flow and oxygen delivery (e.g., acute kidney injury, necrotizing
enterocolitis, periventricular leukomalacia; administration of ENO can correct flow
deficiencies to multiple internal organs) 145 [Fig. 6]. We note again that ENO’s mechanism
of action differs fundamentally from the major action of iNO (or phophodiesterase
inhibitors). These latter agents act mainly on the sGC pathway within the pulmonary
vasculature and as such have limited ability to increase SNO-Hb (i.e., improve peripheral
oxygen delivery) or to correct other aspects of SNO-based signaling that are disrupted in the
immature lung.

Conclusion
Over the last decade there has been remarkable interest in the potential ability of inhaled NO
to decrease the incidence or severity of BPD. As we have detailed, this has been driven by a
solid body of experimental data primarily in animal models, documenting a diversity of
biologically based beneficial effects on lung development. Fortunately, these encouraging
experimental data were followed up by a considerable number of well designed,
randomized, clinical trials, blinded for experimental versus control groups. As a result of
these clinical trials, initial enthusiasm has been greatly diminished by a series of negative
results. Systematic meta-analysis of the available data is complicated by the variable study
designs. Furthermore, there is no currently available biomarker to indicate potential for
selective benefit.

Further studies addressing the combination of patient population, dose, duration, and timing
of inhaled NO exposure are needed. These studies need to be appropriately powered to
detect an effect on BPD and/or mortality as well as monitor for adverse outcomes of
treatment. At the time of this writing, there are four active clinical trials148-151 underway
that will add to the field’s growing fund of knowledge and hopefully identify a dosing
regimen most beneficial in this at risk population of preterm infants. Nonetheless, based on
available data, it was possible to convene a consensus conference in late 2010 to provide
therapeutic guidelines from leading clinical and basic investigators in the field.8 Their
primary conclusion is that apart from occasional instances of pulmonary hypertension or
hypoplasia, routine or rescue use of inhaled NO cannot be recommended at this time in
preterm infants with respiratory failure. As for preterm infants with BPD, while promising
results derived from basic studies have not been realized, future investigation of the role of
NO in lung development should proceed.
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KEY POINTS

• Nitric oxide plays a role in cellular signaling, inflammation, growth and
differentiation, and metabolism and has specifically shown an ability to decrease
pulmonary vascular resistance.

• Animal models of the major pulmonary morbidity of prematurity,
bronchopulmonary dysplasia (BPD), have shown that inhaled nitric oxide (iNO)
improved pulmonary function, promoted lung development, and prevented
much of the pathology associated with BPD.

• Multiple clinical trials have examined the use of iNO in preterm infants to
prevent BPD; despite differing protocols, iNO has not proved to be of clear,
unequivocal benefit in this at-risk population.

• In 2010, the NIH Consensus Development Conference provided therapeutic
guidelines for the use of iNO; their primary conclusion is that apart from
occasional instances of pulmonary hypertension or hypoplasia, routine or rescue
use of iNO cannot be recommended at this time in preterm infants with
respiratory failure.

• Much of the bioactivity of NO is mitigated through S-nitrosylation of proteins,
and this may infact be a better therapeutic target.

• Inhaled ethyl nitrite could be a superior therapeutic agent than iNO because it
more efficiently S-nitrosylates proteins, does not create potentially harmful by-
products like peroxy-nitrite, and improves tissue blood flow and oxygen
delivery.

• Future investigations of the role NO plays in lung development and pulmonary
function are needed.

Raffay et al. Page 23

Clin Perinatol. Author manuscript; available in PMC 2013 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
The pros and cons of early versus late therapeutic intervention in the course of BPD.
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Figure 2.
Neonatal lung injury may trigger a diversity of cellular pathways with adverse effects on
lung development. Based on available animal data nitric oxide appeared to have the
potential to block these pathways and downstream consequences.
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Figure 3.
Graphic representation of the temporal relationship in the median initiation, dose, and
duration of inhaled NO treatment among 6 major trials. Graphic is an adaptation of original
by Truog WE. Inhaled nitric oxide for the prevention of bronchopulmonary dysplasia.
Expert opinion on pharmacotherapy 2007;8:1505-13.
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Figure 4.
The multiple roles of endogenous NO bioactivity in affecting respiratory and gas exchange
via S-Nitrosothiol mediated signaling.
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Figure 5.
Arginine serves as a common substrate for the enzymes NOS and arginase. Upregulation of
arginase may divert arginine away from NOS, resulting in deficient NO/cGMP signaling and
potential detrimental lung effects.
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Figure 6.
Potential mechanisms whereby ethyl nitrite might enhance lung maturation and improve
ventilation/perfusion matching..
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