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Abstract

Persistent pulmonary hypertension of the newborn (PPHN)
is a clinical syndrome characterized by failure of the lung cir-
culation to achieve or sustain the normal drop in pulmonary
vascular resistance (PVR) at birth. Past laboratory studies
identified the important role of nitric oxide (NO)-cGMP sig-
naling in the regulation of the perinatal lung circulation,
leading to the development and application of inhaled NO
therapy for PPHN. Although inhaled NO therapy has im-
proved the clinical course and outcomes of many infants,
pulmonary hypertension can be refractory to inhaled NO,
suggesting the need for additional approaches to severe
PPHN. To develop novel therapeutic strategies for PPHN, on-
going studies continue to explore basic mechanisms under-
lying the pathobiology of PPHN in experimental models, in-
cluding strategies to enhance NO-cGMP signaling. Recent
studies have demonstrated that impaired vascular endothe-
lial growth factor (VEGF) signaling may contribute to the
pathogenesis of PPHN. Lung VEGF expression is markedly
decreased in an experimental model of PPHN in sheep; inhi-

bition of VEGF mimics the structural and functional abnor-
malities of PPHN, and VEGF treatment improves pulmonary
hypertension through upregulation of NO production. Oth-
er studies have shown that enhanced NO-cGMP activity
through the use of cGMP-specific phosphodiesterase inhib-
itors (sildenafil), soluble guanylate cyclase activators (BAY
41-2272), superoxide scavengers (superoxide dismutase),
and rho-kinase inhibitors (fasudil) can lead to potent and
sustained pulmonary vasodilation in experimental PPHN.
Overall, these laboratory studies suggest novel pharmaco-
logic strategies for the treatment of refractory PPHN.
Copyright © 2007 S. Karger AG, Basel

Introduction

At birth the pulmonary circulation must undergo a
marked fall from its high resistance state in utero to a low
resistance circuit within minutes after delivery to ensure
survival of the newborn. This postnatal fall in pulmonary
vascular resistance (PVR) allows for the 8-fold increase in
pulmonary blood flow, and allows the lung to become an
organ for gas exchange. Several mechanisms contribute to
the normal fall in PVR at birth, including increased oxy-
gen tension, ventilation, and shear stress [1-5]. These
physiologic stimuli lower PVR directly and through
changes in the production of several vasoactive products,
including increased release of potent endogenous dilators,
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Fig. 1. Abnormalities in the NO-cGMP signaling pathway in PPHN. Experimental models have shown
that downregulation of eNOS, sGC and PDES5 contribute to the inability to sustain pulmonary vaso-
dilation. In addition, high superoxide (O,") generation impairs NO bioavailability, further limiting

vascular responsiveness.

including nitric oxide (NO) and prostacyclin (Pgl,), and
decreased activity of vasoconstrictors, such as endothelin-
1 (ET-1) [6-8]. Within minutes of delivery, high pulmo-
nary blood flow abruptly increases shear stress and dis-
tends the vasculature causing a structural reorganization
of the vascular wall that includes flattening of the endo-
thelium and thinning of smooth muscle cells and matrix
[9, 10]. Thus, the ability to accommodate this marked rise
in blood flow requires rapid functional and structural ad-
aptations to ensure the normal postnatal fall in PVR.
Some infants fail to achieve or sustain the normal de-
crease in PVR at birth, leading to severe respiratory dis-
tress and hypoxemia, which is referred to as persistent
pulmonary hypertension of the newborn (PPHN). PPHN
is a major clinical problem contributing significantly to
high morbidity and mortality in both full-term and pre-
mature neonates [11, 12]. Newborns with PPHN are at
risk of severe asphyxia and its complications including
death, neurologic injury and other problems. Studies over
the past two decades have clearly shown the critical role
of NO-cGMP signaling in the regulation of the fetal and
neonatal pulmonary circulation, and that disruption of
the NO-cGMP cascade during the perinatal period leads
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to PPHN [13, 14] (fig. 1). The ability of the newborn lung
to produce NO is dependent upon adequate endothelial
NO synthase (eNOS) expression, its ability to sustain NO
production, NO bioavailability and related factors. Of
several enzymes that govern NO production and its ac-
tivities in the developing lung circulation, soluble guanyl-
ate cyclase (sGC) and the cGMP-specific (type 5) phos-
phodiesterase (PDES5) play especially important roles.

This review briefly discusses the normal developmen-
tal physiology of NO-cGMP in the pulmonary circula-
tion, evidence suggesting that impaired NO-cGMP activ-
ity and related signaling pathways contribute to the
pathobiology of PPHN, and potential implications for
novel approaches to refractory PPHN.

NO-cGMP Signaling in the Fetal Pulmonary
Circulation

PVR is high throughout fetal life and as a result the
fetal lung receives less than 3-8% of combined ventricu-
lar output, with most of the right ventricular output
crossing the ductus arteriosus to the aorta. Pulmonary
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artery pressure and blood flow increase with advancing
gestational age along with increasing lung vascular
growth [15-17]. Despite this increase in vascular surface
area, PVR increases with gestational age when corrected
for lung or body weight, suggesting that vascular tone ac-
tually increases during late gestation and is high prior to
birth. Studies of the human fetus support physiologic ob-
servations from fetal lambs [17].

Several mechanisms contribute to high basal PVR in
the fetus including low oxygen tension, relatively low bas-
al production of vasodilator products (such as Pgl, and
NO), increased production of vasoconstrictors (includ-
ing ET-1) and altered smooth muscle cell reactivity (such
as enhanced myogenic tone). In addition to high PVR the
fetal pulmonary circulation is also characterized by pro-
gressive changes in responsiveness to vasoconstrictor
and vasodilator stimuli (or ‘vasoreactivity’). In the ovine
fetus, the pulmonary circulation is initially poorly re-
sponsive to vasoactive stimuli during the early canalicu-
lar period and responsiveness to several stimuli increases
during late gestation [13]. As observed in the sheep fetus,
human studies also demonstrate maturational changes in
the fetal pulmonary vascular response to increased PaO,
[17]. Maternal hyperoxia increases pulmonary blood flow
in fetuses >31 weeks’ gestation but does not cause pulmo-
nary vasodilation from 20 to 26 weeks’ gestation. Thus,
the developing lung circulation undergoes functional
maturation which parallels maturational changes in NO-
c¢GMP signaling.

Mechanisms that contribute to progressive changes in
pulmonary vasoreactivity during development are un-
certain but include maturational changes in endothelial
cell function, especially with regard to NO production
[18-22]. Lung eNOS (type III) mRNA and protein are
present in the early fetus and increase with advancing
gestation in utero and during the early postnatal period
[19-21]. A burst of lung eNOS content immediately pre-
cedes and parallels changes in the capacity to respond to
endothelium-dependent vasodilators as assessed by in
vivo and in vitro studies as well as marked capillary pro-
liferation. The ability of the endothelium to produce or
sustain production of NO in response to specific stimuli
during maturation lags behind the capacity of fetal pul-
monary smooth muscle to relax to NO [22]. This may ac-
count for clinical observations that extremely premature
newborns are highly responsive to inhaled NO [23-25].

eNOS expression and activity are affected by multiple
factors including oxygen tension, hemodynamic forces,
hormonal stimuli (e.g., estradiol), paracrine factors (in-
cluding vascular endothelial growth factor (VEGF)), sub-
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strate and cofactor availability, superoxide production
(which inactivates NO) and others [26-37]. Recent stud-
ies suggest that impaired VEGF signaling may contribute
to the pathogenesis of PPHN and that this may in part be
related to decreased NO-cGMP activity. Experimentally
VEGF acutely releases NO and causes pulmonary vaso-
dilation in vivo [29]. Lung VEGF is dramatically de-
creased in experimental PPHN, and chronic inhibition of
VEGEF receptors downregulates eNOS and induces pul-
monary hypertension in the late gestation fetus [30]. In
addition, treatment with recombinant human VEGF pro-
teinincreases eNOS expression and activity and improves
pulmonary hypertensive remodeling in experimental
PPHN [31]. Clinical studies of VEGF in blood and tra-
cheal fluid aspirates of ventilated infants further suggest
that VEGF may be decreased in human PPHN ([38], fur-
ther supporting the concept that VEGF is a key modula-
tor of pulmonary vascular function in PPHN.

In addition to transcriptional and translational regu-
lation, NO production is modulated through altered NOS
activity. NOS is a heterodimer with both reductase and
oxygenase domains. When there is an abundance of
availability of substrates such as L-arginine and the pter-
idine cofactor tetrahydrobiopterin, NADPH oxidation
and NO synthesis remain coupled and NO production is
favored. When concentrations of one or more factors are
decreased eNOS is uncoupled and generates superoxide.
Under certain conditions, NOS may generate reactive ox-
ygen species (e.g., superoxide) rather than NO. The bal-
ance of NO versus superoxide production depends on nu-
merous factors, and eNOS uncoupling may account for
impaired vasodilation in PPHN [32-34] (fig. 2). Stein-
horn et al. [35] have demonstrated that increased super-
oxide may impair pulmonary vasodilation in experimen-
tal PPHN and that this may be partly related to decreased
NO activity [36]. Heat shock protein 90 (Hsp90), a mo-
lecular chaperone molecule, has been recently been de-
scribed as a factor that associates with NOS facilitating
NO release. Konduri et al. [37] have shown that associa-
tion of Hsp90 with NOS is required for NO production
in response to ATP in pulmonary arteries isolated from
late-gestation fetal lambs, and may be decreased in ex-
perimental PPHN.

Vascular responsiveness to endogenous or exogenous
NO is also dependent upon several smooth muscle cell
enzymes including sGC, cGMP-specific phosphodiester-
ase (PDE5) and ¢cGMP kinase [39-44]. NO stimulates
sGC by binding to the prosthetic heme of the enzyme,
causing up to a 400-fold activation of the purified en-
zyme. Several studies have shown that sGC, which pro-
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duces cGMP in response to NO activation, is active before
0.7 of term gestation in the ovine fetal lung, and direct
pharmacologic stimulation of sGC with BAY 41-2272
causes dramatic pulmonary vasodilation [41]. Similar to
the pattern of expression for eNOS, sGC levels are high
late in gestation and are greater than those observed in
the adult lung [43, 44].

Cyclic nucleotide phosphodiesterases (PDEs) consti-
tute the only known pathway for the hydrolysis of cGMP
and control the intensity and duration of its signal trans-
duction. At least 13 families of PDE isoenzymes have
been identified and several PDE isoenzymes have been
identified in human pulmonary artery. PDE5, a cGMP-
binding and cGMP-specific isoform, is found in especial-
ly high concentrations in the fetal lung and actively main-
tains high PVR [39, 41]. In the fetal lung, PDE5 expres-
sion has been localized to vascular smooth muscle and,
similar to NOS and sGC, PDES5 activity is high in com-
parison with the postnatal lung [39]. Biochemical studies
have shown that lung PDE5 activity is markedly elevated
during fetal life and then rapidly falls at birth. Infusions
of selective PDE5 antagonists including zaprinast, dipyr-
idamole, E4021, DMPPO and sildenafil cause potent and
sustained fetal pulmonary vasodilation [45, 46]. Thus,
PDES5 activity appears to play a critical role in pulmonary
vasoregulation during the perinatal period and must be
accounted for in assessing responsiveness to endogenous
NO and related vasodilator stimuli. In addition, the post-
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natal fall in PDE5 activity suggests a major role in sus-
taining low PVR during postnatal life. While most stud-
ies have focused on PDES5, there are many PDE families
and isoforms that vary in their specificity for binding or
metabolizing cGMP, cAMP or both. PDEs are likely im-
portant mediators of ‘cross-talk’ between cGMP and
cAMP signaling pathways and other PDE isoforms may
be important in the response to NO.

Functionally the NO-cGMP cascade plays several im-
portant physiologic roles in vasoregulation of the fetal
pulmonary circulation [13]. These include: (1) modula-
tion of basal PVR in the fetus [3]; (2) mediating the vaso-
dilator response to specific physiologic and pharmaco-
logic stimuli [3, 5], and (3) opposing the strong myogen-
ic tone in the normal fetal lung [47]. Since eNOS protein
is present at a stage of lung development when blood flow
is absent or minimal, it has been hypothesized that NO
may potentially contribute to angiogenesis during early
lung development [20]. Recent laboratory studies have
provided ample evidence that impaired NO-cGMP activ-
ity impairs lung vascular growth and subsequent alveo-
larization during development, especially in response to
neonatal lung injury [48-51]. These studies suggest that
therapeutic administration of inhaled NO or sildenafil
can enhance lung growth in neonatal models, suggesting
a potential role for the treatment of premature newborns
at risk of chronic lung disease and pulmonary hyperten-
sion [52-54].
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Endothelin-1 and PPHN

In addition to impaired vasodilator mechanisms, the
potential role of several vasoconstrictor products has
been implicated in perinatal pulmonary vasoregulation,
especially ET-1. ET-1, a potent vasoconstrictor and co-mi-
togen that is produced by vascular endothelium, has been
demonstrated to play a key role in fetal pulmonary vaso-
regulation [8, 55]. PreproET-1 mRNA (the precursor to
ET-1) was identified in fetal lungs early during gestation,
and high circulating ET-1 levels are present in umbilical
cord blood. Although ET-1 causes an intense vasocon-
strictor response in vitro, its effects in the intact pulmo-
nary circulation are complex. Brief infusions of ET-1
cause transient vasodilation but PVR progressively in-
creases during prolonged treatment [56]. The biphasic
pulmonary vascular effects during pharmacologic infu-
sions of ET-1 are explained by the presence of at least two
different ET receptors. The ET B receptor, localized to the
endothelium in the sheep fetus, mediates the ET-1 vaso-
dilator response through the release of NO [57]. A second
receptor, the ET A receptor, is located on vascular smooth
muscle, and when activated causes marked constriction.
Although capable of both vasodilator and constrictor re-
sponses, ET-1 is more likely to play an important role as
a pulmonary vasoconstrictor in the normal fetus.

Upregulation of ET-1 contributes to the pathophysiol-
ogy of PPHN. Circulating levels of ET-1, a potent vasocon-
strictor and co-mitogen for vascular smooth muscle cell
hyperplasia, are increased in human newborns with se-
vere PPHN [58]. In a sheep model of PPHN, lung ET-1
mRNA and protein content are markedly increased and
the balance of ET receptors are altered favoring vasocon-
strictionand smooth muscle cell proliferation [59]. Chron-
ic inhibition of the ET A receptor attenuates the severity
of pulmonary hypertension, decreases pulmonary artery
wall thickening and improves the fall in PVR at birth in
this model [60]. Thus, strong experimental data support
the potential role for ET antagonists in the treatment of
PPHN as currently used as a major therapy for older pa-
tients with chronic pulmonary hypertension.

Several studies have shown that NO and ET-1 regulate
each other through autocrine feedback loops. NO de-
creases ET-1 production via a cGMP-dependent mecha-
nism in cultured endothelial cells [61]. In addition, ET-1
can increase superoxide production which may further
impair NO-mediated vasodilation [62]. Complex interac-
tions between the NO-cGMP and ET systems have been
described in experimental studies and insights into these
pathways may lead to novel strategies to treat PPHN.

Recent Advances in the Pathogenesis and
Treatment of PPHN

Rho-Kinase Activity and PPHN

Recent advances in vascular biology have identified
the small GTPase RhoA and its effector protein, rho-ki-
nase, as key regulators of vascular tone and structure [63].
In vascular smooth muscle cells, rho-kinase phosphory-
lates and inactivates myosin light chain phosphatase
thereby promoting vasoconstriction. Previous studies
have shown that prolonged treatment with rho-kinase in-
hibitors prevents the development of pulmonary hyper-
tension caused by monocrotaline and hypoxia in adult
rats [64, 65]. Recently, Parker etal. [66] demonstrated that
rho-kinase inhibitors, fasudil and Y-27632, cause potent
and sustained pulmonary vasodilation in fetal sheep, sug-
gesting that high rho-kinase activity maintains elevated
PVRin utero. These agents also prevented pulmonary va-
soconstriction caused by inhibition of NO production,
suggesting close interactions between NO and rho-kinase
signaling pathways in the perinatal lung. Additional stud-
ies have further demonstrated similar findings in experi-
mental PPHN, suggesting that rho-kinase inhibitors may
provide a future therapy for severe PPHN.

Therapeutic Strategies

Management of the newborn with PPHN initially in-
cludes aggressive management of systemic hemodynam-
ics with volume and cardiotonic therapy (dobutamine,
dopamine and milrinone) in order to enhance cardiac
output and systemic O, transport. Increasing systemic
arterial pressure itself often improves oxygenation by re-
ducing right-to-left extrapulmonary shunting, the hall-
mark of PPHN physiology [67]. Pulmonary vasodilator
therapy with inhaled nitric oxide (iNO) has been clearly
shown to improve oxygenation and decrease the need for
ECMO therapy in patients with diverse causes of PPHN
[68-72]. Multicenter clinical trials support the use of iNO
in near-term (>34 weeks’ gestation) and term newborns,
whereas the use of iNO in infants <34 weeks’ gestation
remains less certain. Although iNO may be an effective
treatment for PPHN, it should be considered only as part
of an overall clinical strategy that cautiously manages pa-
renchymal lung disease, cardiac performance and sys-
temic hemodynamics.

Although clinical improvement during iNO therapy
occurs with many disorders associated with PPHN, not
all neonates with acute hypoxemic respiratory failure and
pulmonary hypertension respond to iNO. Several mech-
anisms may explain the clinical variability in responsive-
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Table 1. New mechanisms and potential

therapies for PPHN Mechanism

Specific therapy

Increased superoxide generation

High PDES5 activity

Impaired/oxidized sGC

Impaired VEGF signaling

Increased ET-1

Altered Pgl, production
High rho-kinase activity

rhSOD

PDES5 inhibitors (sildenafil)

sGC activators/stimulators (BAY 58-2667;
BAY 41-2272)

rhVEGF

ET receptor antagonists (Bosentan)
Prostacyclin analogs

Rho-kinase inhibitors (fasudil)

ness to iNO therapy. An inability to deliver NO to the
pulmonary circulation due to poor lung inflation is the
major cause of poor responsiveness. In addition, poor NO
responsiveness may be related to myocardial dysfunction
or systemic hypotension, severe pulmonary vascular
structural disease and unsuspected or missed anatomic
cardiovascular lesions (such as total anomalous pulmo-
nary venous return, coarctation of the aorta, alveolar cap-
illary dysplasia and others). Prolonged need for iNO ther-
apy without resolution of disease should lead to a more
extensive evaluation to determine whether previously
unsuspected anatomic lung or cardiovascular disease is
present (e.g., pulmonary venous stenosis, alveolar capil-
lary dysplasia, severe lung hypoplasia or others) [73, 74].

As described extensively in experimental models of
PPHN, other mechanisms of poor responsiveness to ther-
apy may be related to abnormalities in endothelial and
smooth muscle cell function. Currently, sildenafil, a se-
lective PDE5 inhibitor, has been shown to improve oxy-
genation in infants with PPHN, especially at centers lack-
inginhaled NO [75,76], and has been used extensively for
the treatment of pulmonary hypertension in other set-
tings. Despite extensive use of ET receptor antagonists in
older patients with severe chronic pulmonary hyperten-
sion, there is limited experience with its use in infants,
and whether it is effective in the acute setting is less clear.
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