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Abstract

Pulmonary arterial hypertension is a serious disease with significant morbidity and mortality.
While it can occur idiopathically, it is more commonly associated with other cardiac or lung
diseases. While most of the available therapies were tested in adult populations, and most
therapies in children remain off-label, new reports and randomized trials are emerging that inform
the treatment of pediatric populations. This review discusses currently available therapies for
pediatric pulmonary hypertension, their biologic rationales, and evidence for their clinical
effectiveness.
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NORMAL PULMONARY VASCULAR TRANSITION

During fetal life, the placenta serves as the organ of gas exchange, and the fetal circulation
uses a series of adaptive mechanisms to maximize delivery of oxygen to metabolically
active organs such as the brain, gut and kidney. The most highly oxygenated blood enters
the fetus via the umbilical vein. To efficiently direct oxygenated blood to the systemic
circulation and minimize oxygen loss, almost 90% of fetal blood flow is diverted past the
lungs through anatomic shunts through the foramen ovale and the ductus arteriosus. While
the lung rapidly grows its network of small pulmonary arteries during the second half of
gestation [1], blood flow in the pulmonary circulation remains highly restricted by hypoxic
pulmonary vasoconstriction of small pulmonary arteries, which is reversed at birth by the
sudden increase in lung oxygenation when the newborn takes his or her first breath. After
birth, the first few breaths induce a rapid decrease in pulmonary vascular resistance and
increase in pulmonary vascular flow in response to lung expansion, increased oxygen
tension, and increased pH. Pulmonary artery pressure and vascular resistance decrease more
slowly, with pulmonary arterial pressure reaching its nadir ~2—-3 weeks after birth. However,
the responsiveness to hypoxia is retained into adulthood, and pulmonary hypertension can be
easily triggered in the newborn period by hypoxic lung disease, apnea, or other causes.
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DEFINITION AND CLASSIFICATION OF PEDIATRIC PULMONARY
HYPERTENSION

Pulmonary hypertension is necessary to support gas exchange in the fetus, but if pulmonary
arterial pressure is elevated after birth or during infancy or childhood, then pulmonary
hypertension becomes a serious medical problem with substantial mortality and morbidity.
Pulmonary hypertension is classically defined as a mean pulmonary artery pressure of >25
mmHg at rest, with a pulmonary capillary wedge pressure of < 15 mmHg. Numerous disease
processes can produce pulmonary hypertension in both adults and children, but these two
populations are quite different when considering classification, genetic causes, and in some
cases, treatment. This is largely because the exposure of the developing lung to pathological
and/or environmental insults affects lung adaptation, development, and growth, leading to
far greater complexity of phenotypes [2]. The classifications of pulmonary hypertension
introduced at the WHO Symposium in 1998 [3] and subsequently modified at the Venice
and Dana Point Symposia [4, 5] were primarily designed for use in adult diseases, and have
been difficult to apply to pediatric populations. A new pediatric classification scheme was
developed by an expert panel in Panama City in 2011 to better address the developmental
underpinnings of pulmonary vascular disease in children [2, 6]. For instance, while
idiopathic pulmonary arterial hypertension occurs in children, pulmonary hypertension very
commonly occurs in association with congenital heart disease, or other lung diseases such as
lung hypoplasia or bronchopulmonary dysplasia (BPD). The latter group appears to be
growing, and represents a significant proportion of patients followed by pediatric pulmonary
hypertension programs. Pulmonary hypertension affects roughly one-third of infants with
moderate to severe BPD [7, 8], and results in greater morbidity and mortality, poor growth
and neurodevelopmental outcome, long term mechanical ventilation support, and death due
to right heart dysfunction and multi-organ failure [9, 10]. Pulmonary vascular disease also
contributes to the morbidity and mortality of other pediatric diseases such as sickle cell
disease, interstitial lung diseases, and cystic fibrosis [11]. Relatively little is known about
the epidemiology of pediatric pulmonary hypertension, and comprehensive registries to
support phenotyping and clinical research are needed [12].

Persistent pulmonary hypertension of the newborn (PPHN) is a unique and specific type of
pulmonary hypertension that occurs in the neonatal period as a failure to achieve the normal
drop in pulmonary vascular resistance in the early neonatal period. PPHN is a syndrome that
complicates a wide range of neonatal cardiopulmonary diseases, and affects up to 10% of all
preterm and term neonates that require NICU support for respiratory failure. Moderate or
severe PPHN affects up to 2—6 per 1,000 live births, and complicates the course of 10% of
all infants admitted to neonatal intensive care [13]. These circulatory abnormalities are also
responsible for an 8-10% risk of death and a 25% risk of long-term neurodevelopmental
morbidity. The long-term impact of PPHN on pediatric and adult pulmonary vascular
function is another important area for future research.

PHARMACOTHERAPY OF PULMONARY HYPERTENSION

The aims of therapy for pulmonary arterial hypertension are selective pulmonary
vasodilation, restoration of normal endothelial function, and reversal of remodeling of the
pulmonary vasculature. All of these serve to reduce right ventricular afterload and prevent
right ventricular failure. The choice of agents will often depend on the severity and acuity of
illness — for instance, acute pulmonary vasodilation is needed for PPHN and acute
pulmonary hypertensive crises after cardiopulmonary bypass, but long-term therapy may
focus more on vascular remodeling. The main therapeutic avenues involve the nitric oxide
(NO), prostacyclin, and endothelin pathways, which are summarized in excellent recent
comprehensive reviews [11, 14, 15]. It is also important to note that the scientific
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understanding and therapeutic management of pulmonary hypertension are changing
rapidly.

Nitric oxide (NO) is synthesized from the terminal nitrogen of L-arginine by the enzyme
nitric oxide synthase (NOS). Three isoforms of NOS are present in the lung, although
endothelial NOS is regarded as the most important regulator of NO production in the lung
vasculature. NO is a gas molecule that diffuses freely from the endothelium to the vascular
smooth muscle cell. The biologic effects of NO in vascular smooth muscle are mediated
primarily through activation of soluble guanylate cyclase, which converts GTP to cGMP
(Figure 1). cGMP serves as a second messenger that relaxes vascular smooth muscle
through activation of cGMP-gated ion channels and activation of cGMP-dependent protein
kinase. However, recent studies indicate that alternative NO signaling pathways may also
exist through reaction of NO with protein thiols to form S-nitrosothiols (SNO), which may
induce vasodilation or protein modification [16].

Lung eNOS mRNA and protein are present in the early fetus, but both increase toward the
end of gestation, readying the lung to adapt to the postnatal need for pulmonary
vasodilation. This increase in lung endothelial NOS content explains the emergence of
responsiveness to endothelium-dependent vasodilators, such as oxygen and acetylcholine, in
late gestation [17]. Many factors associated with pulmonary hypertension have the capacity
to perturb eNOS function, even if protein levels are sufficient. Presumably, this is because
the normal catalytic function of eNOS depends on numerous post-translational
modifications, including association with the chaperone protein Hsp90 and availability of
essential substrates and cofactors including L-arginine, tetrahydrobiopterin (BH4), NADPH
and calcium/calmodulin. Depletion of Hsp90 or biopterin will reduce production or
bioavailability of NO, and will also “uncouple” eNOS, resulting in incomplete reduction of
molecular oxygen with subsequent formation of superoxide, essentially turning the enzyme
into a source of oxidant stress [18, 19].

Nitric oxide is currently FDA approved only for treatment of PPHN in the neonatal period.
Since eNOS is decreased or dysfunctional in PPHN, iNO is thought to provide specific
replacement therapy that is inhaled directly to airspaces approximating the pulmonary
vascular bed. While it is most commonly administered with mechanical ventilation, iNO can
also be provided via CPAP or nasal cannula devices, although the concentration may need to
be increased to account for the entrainment of room air [20].

The safety and efficacy of iNO for PPHN have been particularly well studied through large
placebo-controlled trials. iNO significantly decreases the need for ECMO support in
newborns with PPHN, although mortality or length of hospitalization was not affected in
any study. Data from the large registry maintained by the Extracorporeal Life Support
Organization also indicate a 40% reduction in the number of neonates cannulated for
ECMO, coincident with the FDA approval of iNO. By encompassing a range of disease
severity, these studies also highlight that starting iNO for respiratory failure that is in earlier
stages of evolution (for an oxygenation index of 15 to 25) does not decrease the incidence of
ECMO and/or death or improve other patient outcomes [21, 22]. On the other hand, delaying
iNO initiation until respiratory failure is advanced (oxygenation index of >40) may increase
length of time on oxygen [23]. In longer term follow-up, iNO did not significantly alter the
incidence of chronic lung disease or neurodevelopmental impairment relative to placebo.

Based on the available data, iNO should be initiated at a dose of 20 ppm after confirming
PPHN and ruling out congenital heart disease and left ventricular dysfunction. A failure to
respond to 20 ppm is only rarely followed by improvement at higher doses [24]. The
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greatest improvement in oxygenation occurs in infants with extra-pulmonary right-to-left
shunting but without significant pulmonary parenchymal disease. Even if the total PVVR does
not decrease, iNO can improve oxygenation through a “microselective” effect that reduces
intrapulmonary shunting. When iNO is stopped abruptly, “rebound” pulmonary
hypertension can develop [25]. This potentially life-threatening phenomenon can occur even
if no improvement in oxygenation was observed, and has raised questions about whether
vascular cells respond to NO by upregulating vasoconstrictor pathways [26, 27]. However,
from a practical standpoint, the clinical problem can usually be overcome by weaning iNO
to 1 ppm prior to discontinuation.

iNO is used to treat many other forms of pediatric and neonatal pulmonary hypertension,
although its role in those settings is less well defined. For instance, randomized studies have
not demonstrated a consistent improvement in oxygenation in infants with congenital
diaphragmatic hernia [28], although there appear to be benefits of stabilizing infants and
preventing cardiac arrest before ECMO [29]. Up to one third of premature infants with
bronchopulmonary dysplasia (BPD) will develop some degree of pulmonary hypertension or
cor pulmonale [7, 8], and alterations in NO signaling appear to play a role in the vascular
and lung injury [30]. A recent case series indicates that iNO may reduce established BPD-
associated pulmonary hypertension to a greater degree than oxygen alone [31]. On the other
hand, large clinical trials have shown inconsistent benefit when iNO is used to prevent BPD
[32-35].

Outside of the NICU setting, the most common clinical use of iNO is for the infant or child
with congenital heart disease with associated pulmonary hypertension. Postoperatively, iINO
is frequently used to prevent or treat pulmonary hypertensive crises, improve oxygenation,
and increase cardiac output. Pulmonary hypertension commonly develops in infants with
congenital heart lesions associated with pulmonary overcirculation, such as truncus
arteriosus or atrioventricular canal. If the heart lesion is not corrected, medial and intimal
thickening occur in the pulmonary vasculature over time, which eventually leads to luminal
obliteration. Acute life-threatening exacerbation of pulmonary hypertension following
cardiopulmonary bypass is a serious clinical problem even in very young infants. In
addition, children undergoing cavopulmonary connections for single ventricle lesions
require low pulmonary vascular resistance for surgical success. A number of small single-
center studies indicate that iNO can attenuate pulmonary hypertension in at-risk
postoperative patients, reduce the number of pulmonary hypertension crises, and shorten
time on mechanical ventilation [36]. In one larger randomized trial of pediatric patients, INO
(20 ppm) significantly decreased PVR and pulmonary hypertensive crises, and shortened the
time to extubation readiness [37]. Responsivity to iNO has also been proposed as predictive
of successful operability in patients with pulmonary hypertension associated with congenital
heart disease [38].

In clinical studies of pediatric patients with severe acute respiratory distress syndrome
(ARDS), inhaled NO produced selective pulmonary vasodilation and improved systemic
oxygenation [39]. However, subsequent randomized controlled trials did not demonstrate a
beneficial effect on mortality or duration of mechanical ventilation in pediatric or adult
patients [40, 41]. While a transient improvement in oxygenation was observed in most of
these studies, it has been speculated that since most patients dying from acute respiratory
distress syndrome suffer from multiple organ systems failure, lung-selective therapy such as
inhaled NO may not improve the overall survival rate [42]. These results likely indicate that
the problem of pediatric respiratory failure involves much more than vascular dysfunction,
and that there is still much to be learned about the role of NO in primary lung injury.
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As our understanding of nitric oxide signaling evolves, strategies will emerge that enhance
function of the native NOS enzyme. For instance, sufficient synthesis of L-arginine is
necessary for optimal NOS function [43], and exogenous L-arginine supplementation
enhances NOS activity /n vitro. While arginine supplementation has been less successful
when attempted /7 vivo, L-arginine can be endogenously synthesized from L-citrulline by a
recycling pathway consisting of two enzymes, argininosuccinate synthase (AS) and
argininosuccinate lyase (AL). Recent studies indicate that providing exogenous L-citrulline
may reverse NOS dysfunction in animal models of neonatal pulmonary hypertension [44]. In
clinical studies, oral L-citrulline increased both plasma citrulline and arginine levels in high-
risk children undergoing cardiopulmonary bypass [45]. Intravenous L-citrulline has been
shown to be safe and well tolerated in children undergoing cardiopulmonary bypass [46],
and clinical trials are underway.

Cyclic GMP is the second messenger that regulates contractility of smooth muscle through
activation of cGMP-dependent kinases, phosphodiesterases and ion channels. In vascular
smooth muscle cells, NO-mediated activation of soluble guanylate cyclase is a major source
of cGMP production. Because cGMP is such a central mediator of vascular contractility, it is
not surprising that its concentrations are regulated within a relatively narrow range to allow
fine-tuning of vascular responses to oxygen, nitric oxide, and other stimuli.

Phosphodiesterases are a large family of enzymes that hydrolyze and inactivate cGMP and
cAMP, thus regulating their concentrations and effects, as well as facilitating “cross-talk”
between the two cyclic nucleotides. The type 5 phosphodiesterase (PDES) is especially
highly expressed in the lung, and not only uses cGMP as a substrate but also contains a
specific cGMP binding domain that serves to activate its catabolic activity. As the primary
enzyme responsible for regulating cGMP, PDE5 may well represent the most important
regulator of NO-mediated vascular relaxation in the normal pulmonary vascular transition
after birth [47].

Fetal and neonatal lung development, along with commonly used therapies, appears to
regulate PDE expression and activity. In developing lambs and rats, PDE5 is expressed
according to specific developmental trajectories that result in a peak of expression during
late fetal life, followed by an acute fall around the time of birth [48, 49]. This drop in PDE5
activity would be expected to amplify the effects of nitric oxide produced by birth-related
stimuli such as oxygen and shear stress . In contrast, when pulmonary vessels of fetal lambs
undergo remodeling by chronic intrauterine pulmonary hypertension, PDES5 activity
increases relative to controls [50, 51]. Even more striking is that after birth, PDE5 activity
does not fall in this lamb model of PPHN, but rather increases dramatically to levels well
over those observed in spontaneously breathing or ventilated control lambs [48, 51]. This
abnormal increase in activity would be expected to diminish responses to both endogenous
and exogenous NO, and could explain the incomplete clinical efficacy of iNO in some
patients. It is also interesting to note that recent reports indicate that PDES is highly
expressed in the remodeled human right ventricle, raising the possibility that sildenafil
therapy may improve right ventricular function [52].

While sildenafil is presently only approved by the FDA for treatment of pulmonary
hypertension in adult patients, it is frequently used in children. The first clinical report of
sildenafil use in children was to facilitate weaning from iNO following corrective surgery
for congenital heart disease [53]. In this initial case series, enteral sildenafil increased
circulating cGMP and allowed two of three infants to wean from iNO without rebound
pulmonary hypertension. Subsequent case series expanded these initial observations to show
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that enteral sildenafil may facilitate iNO discontinuation in infants with critical illness [54],
and may also reduce duration of mechanical ventilation and ICU length of stay [55].

A recent large trial randomized children (approximately 2/3 of which had pulmonary
hypertension associated with cardiac disease) to low, medium, or high dose sildenafil vs.
placebo for 16 weeks [56]. The investigators concluded that sildenafil monotherapy for 16
weeks is well tolerated for pediatric pulmonary hypertension. The primary endpoint of
improvement in peak oxygen consumption during exercise testing was only marginally
different between sildenafil and placebo (p=0.056), but greater effects were noted in the
medium and high-dose groups. Adverse events included pyrexia, upper respiratory
infections, increased erections, and nausea. Patients who completed the 16-week trial were
eligible to receive sildenafil for extended treatment (STARTS-2). While there was not a
placebo arm, the authors noted that survival rates compared favorably with historical rates.
They also suggest that the overall profile favors the medium dose (roughly 0.5 — 1 mg/kg
given three times daily), and there should be consideration for adjusting sildenafil to a
medium dose for long-term use. The clinical use of enteral sildenafil has also been reported
in infants with PPHN, including one small, randomized controlled trial with oral sildenafil
that showed a dramatic improvement in oxygenation and survival [57].

Enteral administration of sildenafil could raise concerns about gastrointestinal absorption,
particularly in critically ill patients that may have compromised intestinal perfusion. An
intravenous preparation of sildenafil was approved for clinical use in 2010. Two studies
have been reported using intravenous sildenafil in critically ill children. One enrolled
pediatric patients with postoperative pulmonary hypertension after cardiac surgery to one of
three intravenous doses of sildenafil or placebo for a minimum of 24 hours [58]. While the
study was underpowered, median time to extubation and length of time in intensive care was
reduced in the sildenafil arm of the study. An open-Ilabel pilot trial in infants with PPHN
demonstrated that intravenous sildenafil, delivered as a continuous infusion, improved
oxygenation [59]. Furthermore, seven infants received sildenafil without prior use of iNO,
and all experienced a significant improvement in oxygenation within four hours after
sildenafil administration. Only one of these seven infants required iNO, and the other six
infants improved and survived to hospital discharge without requiring either iNO or ECMO
[59]. A randomized controlled trial is currently underway to evaluate the efficacy of
intravenous sildenafil in infants with moderate PPHN (NCT01409031).

Sildenafil is also an attractive therapeutic option for infants with chronic pulmonary
hypertension due to congenital diaphragmatic hernia or bronchopulmonary dysplasia
because it can be given orally, and over longer periods of time with apparent low toxicity. In
a rat model of hyperoxia-induced BPD, chronic use of sildenafil decreased medial wall
thickness and RVH and improved lung alveolarization [60]. A clinical case series examined
the effect of oral sildenafil in 25 infants and children (<2 years of age) with pulmonary
hypertension due to chronic lung disease (mostly BPD). Most patients showed some
improvement after a median treatment interval of 40 days, and the majority of infants were
able to wean off iNO [61]. Five patients died after initiation of sildenafil treatment, but none
died from refractory pulmonary hypertension or right heart failure. A similar approach might
benefit some infants with chronic pulmonary hypertension associated with lung hypoplasia
[62]. These important pilot studies suggest that sildenafil is well tolerated in infants with
pulmonary hypertension due to chronic lung disease, and paves the way to further studies in
this especially challenging population.

An interesting recent study showed that in a rat model of congenital diaphragmatic hernia,
antenatal administration of sildenafil to the dam reduced PDES activity and increased
cGMP, and produced striking reductions in the vascular findings of persistent pulmonary
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hypertension [63]. This is the first indication that pulmonary hypertension can be treated
before birth, and will likely open up a productive line of investigation in antenatal diagnosis
and treatment.

Tadalafil is a longer-acting selective phosphodiesterase type 5 inhibitor recently approved
by the FDA for treatment of adult pulmonary hypertension. A recent retrospective report
examined pediatric patients with pulmonary hypertension that were converted from
sildenafil to tadalafil to achieve once-daily dosing at 1 mg/kg/day [64]. Interestingly, in
addition to the ease of administration, about half of the patients exhibited significant
improvements in mean pulmonary arterial pressure and pulmonary vascular resistance index
measured at heart catheterization. Side effect profiles were similar for the two agents. These
results indicate that tadalafil may be safe for pediatric patients with PAH and has the
advantages of only once-daily dosing.

A complementary vasodilatory pathway in the fetal lung is mediated by prostacyclin (PGl5)
and cAMP (Figure 1). Prostacyclin is a metabolite of arachidonic acid that is endogenously
produced by the vascular endothelium. The vascular effects of PGI2 are mediated through
its binding to a membrane IP receptor which activates adenylate cyclase and increases
cAMP, which triggers smooth muscle cell relaxation through reducing intracellular calcium
concentrations. Prostacyclin production appears to increase in late gestation and early
postnatal life [65, 66], indicating its importance in promoting the neonatal pulmonary
vascular transition. Pulmonary hypertension in both neonates and older children is
characterized by an decrease in the biosynthesis of prostacyclin accompanied by increased
synthesis of the vasoconstrictor thromboxane A, [67]. Furthermore, the PGI5 receptor (IP) is
decreased in adult and pediatric patients with pulmonary hypertension, and animal studies
point to its contribution to altered vasodilation in PPHN [68]. Prostacyclin is a potent
vasodilator in both the systemic and pulmonary circulations and also has anti-platelet effects
[69]. Prostacyclin was one of the earliest pulmonary vasodilators used for clinical treatment
of pulmonary hypertension, and was approved by the FDA in 1995 for the treatment of
severe chronic pulmonary arterial hypertension.

Currently, several prostanoid drug preparations are available for clinical use. Epoprostenol,
delivered as a continuous intravenous infusion, remains a mainstay of therapy, and has been
shown to improve pulmonary hemodynamics, quality of life, exercise capacity, and survival
in adults and children with idiopathic and secondary pulmonary hypertension [70-75].
These significant long-term effects may occur even if short-term vasodilation is not
observed, suggesting that a role for beneficial effects on platelet aggregation, inhibition of
smooth muscle cell growth, and/or protection of right ventricular function [76]. The optimal
dose of intravenous epoprostenol is not well defined, although children usually need higher
doses than adults. In some children, rapid dosage escalation of infusions of PGI, may be
necessary to promote acute pulmonary vasodilation, and tolerance can develop that requires
periodic dose escalation. Adverse effects include inhibition of platelet aggregation, systemic
vasodilation and alterations in hepatic enzymes, and common side effects include diarrhea
and jaw pain. Epoprostenol requires dedicated venous access, typically through a central
venous line. The drug is chemically unstable at neutral pH and room temperature and its
short half-life 0 requires continuous intravenous infusion with cold packs to maintain drug
stability. Sudden interruption of the medication can lead to severe rebound pulmonary
hypertension [77].

While used commonly for chronic management, intravenous epoprostenol is less frequently
used for acute pulmonary hypertension due to risks of ventilation-perfusion mismatch and
systemic hypotension. For this reason, inhaled, oral and subcutaneous routes of delivery
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have been pursued. When given as an inhaled aerosol, the vasodilator effects of PGl tend to
be limited to the pulmonary circulation, making this strategy appealing when acute
pulmonary vasodilation is needed [78]. Reports in children have been generally positive,
although to date, there are few studies reporting the use of inhaled PGI, in neonates with
PPHN [79-81]. Our experience suggests that inhaled PGl is well tolerated and may assist
in recovery without ECMO in infants with severe pulmonary hypertension and inadequate
response to iNO [82]. Although the optimal dosing of inhaled PGI5 in critically ill
mechanically ventilated infants is not known, short-term studies in newborn lambs with
pulmonary hypertension suggest that doses up to 500 ng/kg/min produce progressive
improvements in PA pressure, PVR and pulmonary blood flow [83]. In our clinical
experience, doses of 50-100 ng/kg/min produce rapid improvement in oxygenation in
infants that are refractory to iNO [84]. Concerns regarding the use of inhaled PGl, include
airway irritation from the alkaline solution needed to maintain drug stability, rebound
pulmonary hypertension if the drug is abruptly discontinued, loss of medication into the
circuit due to condensation, and alteration of characteristics of mechanical ventilation from
the added gas flow needed for the nebulization. Prolonged use of continuous inhaled PG,
could also lead to damage of mechanical ventilator valves. Further investigations will likely
focus on preparations specifically designed for inhalation, such as iloprost or treprostinil, as
discussed below. An oral agent, Beraprost, is a prostacyclin analogue that is less potent than
epoprostenol, but chemically stable with a longer half-life of approximately one hour.
Beraprost is currently only approved for the treatment of pulmonary hypertension in Japan
and South Korea, although new oral prostanoids are currently under investigation in adult
populations.

lloprost is a chemically stable prostacyclin analogue with a half-life to 20-30 minutes that
has been studied as an inhaled compound [85]. The advantages of an inhaled agent include
improved selectivity for the pulmonary vascular bed, which is superior for patients with
acute pulmonary hypertensive crisis with hemodynamic compromise and low cardiac output.
This approach may improve ventilation/perfusion mismatch and oxygenation, and successful
use has been reported in pediatric populations, including those with persistent pulmonary
hypertension of the newborn and post cardiopulmonary bypass [85-92], and those refractory
to inhaled nitric oxide or sildenafil [93, 94]. Acute bronchoconstriction is a potential adverse
event and compliance can be poor due to the need for frequent aerosol administrations, up to
8-12 times daily [11].

Treprostinil is a prostacyclin analogue that is stable at room temperature and neutral pH, and
with a longer half-life of about 3 hours. Treprostinil is approved by the FDA for the
treatment of chronic pulmonary hypertension in adults, and can be delivered via continuous
subcutaneous or intravenous infusion as well as by inhalation. Subcutaneous treprostinil
produces short-term improvements in exercise tolerance and hemodynamics in some adults
with PAH, but severe local site discomfort and induration can limit its tolerance.
Subcutaneous treprostinil has been used to transition some children who were chronically
stable on intravenous epoprostenol [95], and may improve clinical course in children as an
add-on therapy [96]. Placebo-controlled trials have demonstrated improved exercise
tolerance, clinical symptoms, and hemodynamics in patients with pulmonary hypertension,
including children [97].

PDE3 Inhibition - Milrinone

Similar to the NO-cGMP pathway, prostacyclin~-cAMP signaling is regulated by cAMP-
hydrolyzing PDE isoforms such as PDE3 and PDE4. We recently reported that PDE3A
expression and activity in the resistance pulmonary arteries increase dramatically by 24 h
after birth [98]. These results were unexpected, as we would have predicted that PDE3
activity would decrease after birth to facilitate cAMP accumulation, similar to the patterns
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reported for PDES5 [47, 84]. We also observed that addition of inhaled nitric oxide
dramatically increased PDE3 levels, which suggests that inhibition of PDE3 activity might
enhance the vasodilatory effects of iNO/cGMP signaling in addition to its expected effects
on the cAMP pathways [68].

Milrinone is an inhibitor of PDE3 activity that is frequently used in pediatric patients to
improve myocardial contractility after cardiac surgery [99, 100]. Milrinone may also bypass
abnormalities in endogenous PGl, production and/or enhance availability of cAMP, which
could be useful for acute treatment of pulmonary hypertension. Recent studies have shown a
potential effect on the pulmonary vascular bed as well as synergistic effects with inhaled
prostanoids [68, 100, 101]. In animal studies, milrinone decreases pulmonary artery pressure
and resistance and acts additively with iNO [83, 102]. Clinical reports indicate that
milrinone may decrease rebound pulmonary hypertension after iNO is stopped [27], and
may enhance pulmonary vasodilation of infants with PPHN refractory to iNO [103]. A study
to better define the pharmacokinetic profile of milrinone in infants with PPHN is ongoing
(NCT01088997), and should lead to clinical trials designed to test its efficacy.

Endothelin Receptor Antagonists - Bosentan

Endothelin-1 (ET-1) is a 21 amino acid protein formed by serial enzymatic cleavage of a
larger prepropeptide to the vasoactive form, and is one of the most potent vasoconstrictors
described in the pulmonary vasculature (Figure 2). ET-1 is principally produced in
endothelial cells in response to hypoxia, and is known to promote endothelial cell
dysfunction, smooth muscle cell proliferation and remodeling, as well as inflammation and
fibrosis [104]. ET-1 binds to two receptor subtypes, ET receptors A and B, and the binding
of ET-1 to the ETA receptor on smooth muscle cells produces vasoconstriction. Increased
ET-1 production and altered ET receptor activity have been consistently reported in neonatal
and adult animal models of pulmonary hypertension, and lung ET-1 expression and plasma
ET levels were elevated in severe PAH in adults [105]. In several animal and human studies,
plasma endothelin-1 concentrations are consistently increased during and following
cardiopulmonary bypass, suggesting a role for endothelin-1 in the pathophysiology of
cardiopulmonary bypass-induced pulmonary hypertension [106-109]. Endothelin-1 is
believed to play a role in the pathogenesis of neonatal pulmonary hypertension, and
endothelin blockade augments pulmonary vasodilation [104]. A recent prospective
examination of 40 newborns with congenital diaphragmatic hernia and poor outcome also
indicated that plasma ET-1 levels were highly correlated with the severity of pulmonary
hypertension [110].

Bosentan is an oral endothelin receptor antagonist (ERA) that improves exercise capacity,
pulmonary vascular resistance, and quality of life in adults [111, 112] and children with
pulmonary hypertension [113, 114]. Bosentan lowers pulmonary artery pressure and
pulmonary vascular resistance in children with diverse causes of pulmonary hypertension
[113, 115]. Recent case reports also suggest that bosentan may improve oxygenation in
neonates with PPHN [116, 117], and a clinical trial is currently underway in that population
(NCT01389856). Bosentan is generally well-tolerated in children, and has also been
successfully used as adjunctive treatment for children receiving long-term epoprostenol
therapy [118]. Bosentan may improve functional status and survival estimates for up to two
years [113], although these long-term improvements may not be observed in patients with
cardiac disease and systemic to pulmonary shunts [119]. Risks include hepatotoxicity (dose-
dependent), teratogenicity and possibly male infertility [120]. Liver function should be
monitored monthly, although elevated aminotransferases and drug discontinuation rates are
less common in young children compared to patients =12 years of age [120]. A specific
pediatric formulation of bosentan was recently approved for use in children by the European
authorities.
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Ambrisentan is a selective ETA receptor antagonist with high oral bioavailability and a long
half-life [121]. This agent blocks the vasoconstrictor effect of ETA receptors while
maintaining the vasodilator and clearance effects of ETB receptors. Ambrisentan has been
shown to improve exercise capacity and delay clinical worsening in PAH patients [122,
123], and is thought to produce less liver toxicity than bosentan, but further study is needed
in children. Of note, another selective ETA receptor antagonist, Sitaxentan, was recently
withdrawn from the market due to concerns about severe liver toxicity.

Pediatric pulmonary hypertension remains a devastating illness that requires much more
study if we are to adapt therapies for the unique features of the pediatric lung and its
vasculature. Still, much progress has been made over the last decade, and prognosis appears
to be improving with the new therapies now available. Future study will likely focus on a
better understanding of the signaling pathways and how they interact. For example, the
combination of strategies that increase cGMP and cAMP together may be more effective
than either treatment alone. In addition, earlier identification combined with the
development of novel, and more specific therapies, will hopefully improve the lifespan and
quality of life for these children.
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Figure 1. Nitric oxide (NO) and prostacyclin (PGI2) signaling pathwaysin the regulation of
pulmonary vascular tone

NO is synthesized by nitric oxide synthase (NOS) from the terminal nitrogen of L-arginine.
NO stimulates soluble guanylate cyclase (SGC) to increase intracellular cGMP. PGI2 is an
arachidonic acid (AA) metabolite formed by cyclooxygenase (COX-1) and prostacyclin
synthase (PGIS) in the vascular endothelium. PGI2 stimulates adenylate cyclase in vascular
smooth muscle cells, which increases intracellular cAMP. Both cGMP and cAMP indirectly
decrease free cytosolic calcium, resulting in smooth muscle relaxation. Specific
phosphodiesterases hydrolyze cGMP and cAMP, thus regulating the intensity and duration
of their vascular effects. Inhibition of these phosphodiesterases with agents such as sildenafil
and milrinone may enhance pulmonary vasodilation. Reproduced from [84], with
permission.
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Figure 2. Endothelin-1 (ET-1) signaling pathway in the regulation of pulmonary vascular tone
Big ET-1 is cleaved to ET-1 by endothelin converting enzyme (ECE) in endothelial cells.
ET-1 binds its specific receptors ET 5 and ETg with differential effects. Binding of ET-1 to
ET or ETg on smooth muscle cells leads to vasoconstrictive and proliferative effects. ETg
are transiently expressed on endothelial cells after birth; binding of ET-1 to ETg on
endothelial cells leads to down regulation of ECE activity and increased production of nitric
oxide (NO) and prostacyclin (PGl,) which lead to vasodilation and anti-proliferation.
Reproduced from [84], with permission.
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