
Phosphodiesterases: Emerging Therapeutic Targets for
Neonatal Pulmonary Hypertension

Kathryn N. Farrow and
Department of Pediatrics, Division of Neonatology, Northwestern University Feinberg School of
Medicine, 310 E. Superior St., Morton 4-685D, Chicago, IL 60611, USA, k-
farrow@northwestern.edu

Robin H. Steinhorn
Division of Neonatology, Children’s Memorial Hospital and Northwestern University, 2300
Children’s Plaza #45, Chicago, IL 60611, USA, r-steinhorn@northwestern.edu

Abstract
Pulmonary hypertension in the neonate is associated with multiple underlying problems such as
respiratory distress syndrome, meconium aspiration syndrome, congenital diaphragmatic hernia,
bronchopulmonary dysplasia, sepsis, or congenital heart disease. Because of the heterogeneous
group of disorders, the therapeutic approach and response often depends on the underlying
disease. In many of these conditions, there is evidence that cyclic nucleotide signaling and
specifically phosphodiesterases (PDEs) are disrupted. PDE inhibitors represent an emerging class
of pulmonary vasodilators in adults. Studies are now under way to evaluate the utility, efficacy,
and safety of such therapies in infants with pulmonary hypertension.
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1 Phosphodiesterases in the Pathophysiology of Neonatal Pulmonary
Hypertension
1.1 Normal Pulmonary Vascular Transition

Pulmonary hypertension is normal during fetal life. Because the placenta, not the lung,
serves as the organ of gas exchange, only 10% of the cardiac output is circulated through the
pulmonary vascular bed. In utero, pulmonary pressures are equivalent to systemic pressures
due to elevated pulmonary vascular resistance. As gestation and fetal lung growth progress,
rapid vascular growth increases the number of small pulmonary arteries within the lung by
tenfold, preparing the lungs to accept the dramatic increase in blood flow that occurs at birth
(Levin et al. 1976). Despite this increase in vascular surface area, pulmonary vascular
resistance actually increases with gestational age when corrected for lung or body weight.
These findings indicate that vascular constriction must play a key role in maintaining high
pulmonary vascular tone during fetal life. There are multiple pathways involved in
maintaining high pulmonary vascular tone in utero. Some of the known pulmonary
vasoconstrictors include hypoxia (a defining feature of fetal development), as well as
endothelin-1 (ET-1), thromboxane, acidosis, and various mediators of inflammation
(Lakshminrusimha and Steinhorn 1999).
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As gestation progresses, the mediators of pulmonary vasodilation become more dominant. In
particular, pulmonary expression of endothelial nitric oxide (NO) synthase (eNOS),
inducible NO synthase (iNOS), and NO production increase near the time of birth (Abman
et al. 1990; Shaul et al. 2002). Coincident increases in soluble guanylate cyclase (sGC)
activity promote increased vascular cGMP, which then leads to vasorelaxation via
decreasing intracellular calcium (Bloch et al. 1997). Another potentially important
vasodilatory pathway in the fetal lung is the prostacyclin pathway. Cyclooxygenase (COX)
is the rate-limiting enzyme that generates prostacyclin from arachadonic acid. COX-1 in
particular is upregulated in late gestation (Brannon et al. 1994, 1998), leading to an increase
in prostacyclin production in late gestation and early postnatal life (Brannon et al. 1994;
Leffler et al. 1984). Prostacyclin upregulates adenylyl cyclase to increase intracellular
cAMP levels, which then lead to vasorelaxation.

Phosphodiesterases (PDEs) counteract these cAMP and cGMP vasodilatory pathways, and
as described extensively within this text, they comprise a super-family of enzymes that
includes 11 different PDE families with specific tissue and cellular distributions (Conti and
Beavo 2007; Lugnier 2006). The prevalent PDE within the lung is PDE5, although there are
significant amounts of PDE1, PDE3, and PDE4 as well (Maclean et al. 1997). PDE5, a
cGMP-specific PDE, was initially characterized in bovine lung and has since been found in
multiple other tissues (Loughney et al. 1998). In rats, PDE5 expression and activity steadily
increase through the end of gestation, peak on day of life one, and then drop dramatically
into adulthood, strongly suggesting developmental regulation (Sanchez et al. 1998). In
contrast, in neonatal lambs, PDE5 activity and expression appear to acutely decrease within
1 h after birth and then rise again at 4–7 days of life (Farrow et al. 2008a; Hanson et al.
1998a; Okogbule-Wonodi et al. 1998; Sanchez et al. 1998). Furthermore, PDE5 activity is
higher in pulmonary arteries than pulmonary veins in lambs, suggesting location-dependent
as well as developmental regulation (Okogbule-Wonodi et al. 1998). As the primary enzyme
responsible for regulating cGMP, PDE5 potentially represents the most important regulator
of NO-mediated vascular relaxation in the normal pulmonary vascular transition after birth
(Abman et al. 1990; Lakshminrusimha and Steinhorn 1999).

Unlike PDE5, less is known about the developmental regulation of other cGMP PDEs in the
fetal and neonatal lung. PDE1, a dual specificity PDE, consists of three isoforms in
mammals; PDE1A and PDE1B have higher affinity for cGMP but hydrolyze both cyclic
nucleotides with similar efficacy. In contrast, PDE1C hydrolyzes cGMP and cAMP with
equal affinity and rate. All three isoforms of PDE1 have been described in the pulmonary
vasculature of various animals and in human pulmonary artery smooth muscle cells
(Evgenov et al. 2006). While their presence has been documented in older animals and adult
humans, there has been little study of PDE1 expression or activity in the perinatal period. A
recent study in neonatal mice indicates that PDE1A mRNA decreased postnatally in
normoxia, but was increased by exposure to hyperoxia for 21 days, although PDE1A protein
expression remained unchanged (Woyda et al. 2009). Thus, regulation of PDE1 in the
neonatal pulmonary vasculature is unclear, and further investigation is needed.

As described above, prostacyclin–cAMP signaling operates in parallel to the NO–cGMP
pathway for perinatal pulmonary vasodilation and is regulated in part by cAMP-hydrolyzing
PDEs such as PDE3 and PDE4. Our group recently published that PDE3A expression and
activity in the resistance pulmonary arteries increase dramatically by 24 h after birth. These
results were surprising and unexpected, as we would have predicted that similar to PDE5,
PDE3 activity would decrease after birth to facilitate increased cAMP levels (Chen et al.
2009). This increase may be acting to establish cAMP-containing regulatory regions within
the pulmonary vascular smooth muscle cell after birth, although it is unclear what role PDE3
has in normal pulmonary vascular transition after birth.
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Even less is known about the perinatal regulation of PDE4, which has strong specificity for
cAMP hydrolysis. PDE4 in the lung has been most extensively studied in the airway smooth
muscle (Fan Chung 2006). However, more recent studies have demonstrated the presence of
PDE4 in adult human pulmonary artery smooth muscle cells and that exposure to hypoxia
increases expression of several PDE4 isoforms without impacting total PDE4 activity
(Millen et al. 2006). Thus, while no one has specifically examined PDE4 around the time of
birth, it is plausible to hypothesize that PDE4 might be differentially regulated between the
relatively hypoxic in utero environment and the normoxic extrauterine environment.

At birth, a rapid and dramatic decrease in pulmonary vascular resistance allows half of the
combined ventricular output to be redirected from the placenta to the lung, leading to an
eight- to tenfold increase in pulmonary blood flow. The stimuli that seem to be most
important are lung inflation with a gas, a decrease in carbon dioxide tension, and an increase
in oxygen tension. Each of these stimuli will independently decrease PVR and increase
pulmonary blood flow, with the largest effects seen when the two events occur
simultaneously. For instance, oxygen directly and indirectly stimulates the activity of both
eNOS and COX-1 immediately after birth, leading to increased levels of the vasodilators,
NO and prostacyclin (Shaul et al. 1992; Shaul and Wells 1994; Steinhorn et al. 1994). Shear
stress is also known to regulate the synthesis of NO in the fetal circulation. During
transition, the initial increase in pulmonary blood flow in response to ventilation or
oxygenation likely leads to increased shear stress in the vasculature, which further
potentiates NO production (Uematsu et al. 1995). In contrast, PDE5 expression and activity
fall after birth in the pulmonary vasculature, further accentuating upstream effects leading to
increased cGMP and vasodilation (Farrow et al. 2008a; Sanchez et al. 1998). It is unclear
which specific signals cause PDE5 to fall as part of the normal transition. However, if events
in utero and at the time of birth impair these critical transition steps, they may lead to
elevated pulmonary pressures and the symptomatic infant with persistent pulmonary
hypertension of the newborn (PPHN).

1.2 Pathophysiology of Persistent Pulmonary Hypertension of the Newborn
When the normal cardiopulmonary transition fails to occur, the result is PPHN. PPHN
describes a syndrome characterized by common pathophysiologic features including
sustained elevation of pulmonary vascular resistance and hypoxemia due to right-to-left
extrapulmonary shunting of blood flow across the ductus arteriosus or foramen ovale. PPHN
affects 2–6 per 1,000 live births or approximately 10% of all infants admitted to neonatal
intensive care and is accompanied by an 8–10% risk of death and significant short-term and
long-term morbidity (Walsh-Sukys et al. 2000). The physiologic findings of PPHN may be
found in association with a wide range of cardiopulmonary disorders such as meconium
aspiration, sepsis, pneumonia, asphyxia, congenital diaphragmatic hernia (CDH), respiratory
distress syndrome, and others. Pathological findings include pulmonary vascular remodeling
and smooth muscle hyperplasia, often in the absence of significant lung parenchyma
pathology (Haworth 1988; Murphy et al. 1981). PPHN can largely be thought of as one of
three types: (1) the abnormally constricted pulmonary vasculature, which is the most
common type and includes diagnoses such as meconium aspiration syndrome (MAS),
respiratory distress syndrome, and sepsis; (2) the structurally abnormal vasculature, which is
often termed idiopathic PPHN; or (3) the hypoplastic vasculature such as is seen in CDH or
alveolar capillary dysplasia, a rare malformation of lung development. The pathophysiology
of each type is dependent on the point in gestation when the normal transition to extrauterine
life fails. Thus, since the underlying pathophysiology differs, different pulmonary
vasodilators may be more or less successful for treatment and a thorough understanding of
the pathways that are disrupted in each condition will be key to determine the most
appropriate therapy.

Farrow and Steinhorn Page 3

Handb Exp Pharmacol. Author manuscript; available in PMC 2011 November 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



1.2.1 Meconium Aspiration Syndrome—The most common cause of PPHN is
meconium aspiration syndrome (MAS), which affects 25,000–30,000 infants with 1,000
deaths annually in the United States (Gelfand et al. 2004). In these cases, the infant passes
meconium while still in utero, usually in response to stressful stimuli. Affected infants
aspirate the meconium into their airways, where it can impede ventilation, cause severe
pneumonitis, and induce lung inflammatory changes. While a fair bit is known about the
parenchymal disease associated with MAS, there is much less known about the utility of
specific pulmonary vasodilators. In the NINOS trial, 51% of the infants had MAS as the
underlying cause of their PPHN. In that study, treatment with inhaled nitric oxide (iNO)
decreased the combined outcome of death or cardiopulmonary bypass support (known as
ECMO), suggesting that modulation of the NO–cGMP pathway may be a useful treatment
modality for infants with MAS (Group 1997). However, little data exist to address whether
the PDEs are specifically dysregulated in MAS. Interestingly, a recent study demonstrated
that sildenafil is a potent pulmonary vasodilator in a neonatal piglet model of MAS
(Shekerdemian et al. 2002, 2004).

1.2.2 Idiopathic PPHN—Idiopathic PPHN is the second most common etiology of PPHN
and is classically described in near-term (>34 weeks gestation) and term newborns (Konduri
2004; Walsh-Sukys et al. 2000). Autopsy studies of fatal PPHN demonstrate severe
hypertensive structural remodeling with vessel wall thickening and smooth muscle
hyperplasia even in newborns who die shortly after birth, suggesting that many cases of
severe disease are associated with chronic intrauterine stress. In these patients, the vascular
smooth muscle extends to the level of the intra-acinar arteries, which does not normally
occur until much later in the postnatal period (Haworth 1988; Murphy et al. 1981). The
severity of vascular remodeling does not allow the pulmonary vasculature in these infants to
appropriately vasodilate in response to birth-related stimuli, and they will present with
profound hypoxemia and clear lung fields on X-ray, leading many to refer to this as “black-
lung” PPHN (Farrow et al. 2005; Konduri 2004; Lakshminrusimha and Steinhorn 1999).

Because idiopathic PPHN is characterized by “pure” vascular disease, it is probably the best
studied of the various causes of neonatal pulmonary hypertension, and many groups have
worked to characterize the underlying fetal and neonatal pathophysiology that might lead to
abnormal remodeling of the fetal and early neonatal pulmonary vasculature. For instance, a
well-known cause of idiopathic PPHN is constriction of the fetal ductus arteriosus in utero
from exposure to nonsteroidal anti-inflammatory drugs (NSAIDs) during the third trimester
(Manchester et al. 1976). A fetal lamb model was developed by surgically closing the ductus
in utero, which induces rapid increases in fetal pulmonary artery pressure, pulmonary
vascular remodeling, and a subsequent failure to transition to extrauterine life (Morin 1989;
Wild et al. 1989).

Decreased expression and activity of eNOS have been documented in infants with PPHN, as
well as in the ductal-ligation lamb model (Shaul et al. 1997; Villanueva et al. 1998).
Increased production of reactive oxygen species (ROS) by multiple sources leads to
vasoconstriction, smooth muscle hypertrophy, and NOS dysfunction (Brennan et al. 2003;
Konduri et al. 2003). Further, activity of vascular sGC is diminished in PPHN lambs
(Steinhorn et al. 1995), and activity of PDE5 is increased (Hanson et al. 1998b), both of
which lead to decreased cGMP concentrations (Tzao et al. 2001).

While prostacyclin appears to be important in the normal pulmonary vascular transition,
much less is known about potential dysregulation of the prostacyclin pathway in PPHN
(Konduri 2004; Lakshminrusimha et al. 2009a). Our group has recently demonstrated
decreased expression of the prostacyclin synthase (PGIS) and the prostacyclin IP receptor in
PPHN lambs, leading to reduced vasodilation to prostacyclin analogues. Pretreatment with
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milrinone, a PDE3 inhibitor, restores relaxations to prostanoids to levels similar to that seen
in control fetuses. While fetal levels of PDE3 are not altered by PPHN, PPHN suppresses
the normal rise in PDE3 expression and activity following delivery and mechanical
ventilation (Chen et al. 2009; Lakshminrusimha et al. 2009a). Interestingly, nitric oxide
increases PDE3 expression and activity in these lambs, demonstrating the interrelated nature
of cGMP and cAMP pathways in PPHN.

Because neonatal PPHN is associated with severe hypoxemia, the use of high oxygen
concentrations, up to 100% oxygen, is typically considered as a first-line therapy in infants
with PPHN (Farrow et al. 2005; Tiktinsky and Morin 1993). However, the use of oxygen
may greatly exaggerate oxidative stress in multiple cellular compartments of the diseased
vasculature. Recent data suggest that hyperoxia may diminish vascular responses to
endogenous and exogenous nitric oxide in both the normal and remodeled pulmonary
vasculature, indicating that ROS may inactivate NO or other enzymes responsible for
mediating its vascular effects (Lakshminrusimha et al. 2007a, 2009b). The mechanisms by
which ROS lead to pulmonary vasoconstriction and diminished NO responsiveness is
certainly complicated, but emerging data indicate multiple targets in the pulmonary vascular
regulatory pathways, including the PDEs. We recently published that exposing normal fetal
pulmonary artery smooth muscle cells (FPASMC) to hyperoxia for 24 h leads to decreased
cGMP response to exogenous NO. We further demonstrated that exposure to hyperoxia for
24 h increases PDE5 mRNA and protein expression as well as increased level of PDE5
phosphorylation and activity. We also noted a dose–response effect of hyperoxia on PDE5
activity, with a stepwise increase noted in PDE5 activity as the cells were treated with 21,
50, and 95% O2 (Fig. 1). Inhibition of the hyperoxia-induced PDE5 activity with sildenafil
was sufficient to partially rescue the cGMP response to exogenous NO, further indicating
that PDE5 is a critical regulator of cGMP in the context of hyperoxia (Farrow et al. 2008a).

As might be expected, exposure to hyperoxia for 24 h led to increased oxidative stress
within the FPASMC. As such, we hypothesized that ROS may serve as critical mediators in
the crosstalk between oxygen and PDE5. In support of that, a single dose of an exogenous
oxidant, hydrogen peroxide (H2O2), was sufficient to induce long-lasting changes in PDE5
expression, phosphorylation, and activity, which mirrored those seen after exposure to
hyperoxia. Similarly, the changes in PDE5 expression and activity as well as the decreased
cGMP responsiveness in hyperoxia were all reversed with pretreatment with a chemical
antioxidant, N-acetyl-cysteine (NAC). This confirms that ROS, in general, and H2O2, in
particular, are sufficient to induce significant increases in PDE5 expression and activity in
the pulmonary artery smooth muscle cell, which may promote vasoconstriction, poor NO
response, and vascular remodeling (Farrow et al. 2008a).

In order to better understand the impact of ROS on the intact neonatal pulmonary
vasculature, we recently ventilated both healthy control and PPHN lambs immediately after
birth with 100% oxygen, in order to simulate the clinical scenario seen with a human infant
with severe PPHN. Resuscitation of healthy lambs with 100% oxygen significantly
exaggerated pulmonary arterial contractile responses to norepinephrine compared to vessels
from animals resuscitated with 21% oxygen (Lakshminrusimha et al. 2006). Use of 100%
oxygen ventilation significantly increased pulmonary vascular PDE5 expression and activity
(Fig. 2) (Farrow et al. 2008a), indicating that PDE5 activity is an important mediator in the
vascular response to oxygen and hyperoxia. More recently, we reported that ventilation of
PPHN lambs with 100% oxygen results in pulmonary vasoconstriction and diminished
pulmonary vascular relaxation to inhaled NO (Lakshminrusimha et al. 2009b). Very recent
studies indicate that these abnormal responses are mediated in part by a greatly exaggerated
increase in PDE5 activity (Farrow et al. 2010a, b).
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Ventilation of healthy control lambs with either 21 or 100% oxygen blunts the increase in
PDE3 expression and activity normally seen in the healthy spontaneously breathing 1-day
lambs, suggesting that PDE3 may be dysregulated by mechanical forces associated with
ventilation rather than by hyperoxia (Chen et al. 2009). This dysregulation of PDE3
expression and activity may lead to a disruption of the normal cAMP signaling within the
pulmonary vascular smooth muscle during this critical transition time. Recent studies have
shown that the PDE3 inhibitor milrinone, when used in conjunction with either iNO or
iloprost, can help to restore normal vascular responses (Chen et al. 2009; Lakshminrusimha
et al. 2009a).

Thus, idiopathic PPHN is a complex pathological process induced by disruption of multiple
signaling pathways, including the NO–cGMP–PDE5 and prostacyclin–cAMP–PDE3
pathways, leading to vasoconstriction and structural remodeling of the vasculature. Postnatal
treatment with high levels of oxygen exacerbates these abnormalities, leading to decreases in
cGMP and cAMP and impaired vasodilation. Inhibitors of PDE5 and PDE3, such as
sildenafil and milrinone, represent novel and particularly attractive new therapies for these
infants (Fig. 3) (Lakshminrusimha and Steinhorn 2009).

1.2.3 Congenital Diaphragmatic Hernia—CDH is a serious birth defect that includes
disordered development of the diaphragm and a variable degree of pulmonary hypoplasia. It
occurs in 1 of every 2,000–4,000 live births and accounts for 8% of all major congenital
anomalies. Severe CDH develops early in the course of lung development, and as a result
airway divisions and alveolarization may be significantly impaired. Because development of
the pulmonary arterial system parallels development of the bronchial tree, fewer arterial
branches are observed in CDH. Further, abnormal medial muscular hypertrophy is observed
as far distally as the acinar arterioles. Pulmonary capillary blood flow is decreased because
of the small cross-sectional area of the pulmonary vascular bed, and flow may be further
decreased by abnormal pulmonary vasoconstriction (de Buys Roessingh and Dinh-Xuan
2009; Farrow et al. 2005).

There is no ideal animal model in which the disruption in the diaphragm occurs at the same
stage of lung development as is seen in human fetuses. The most widely utilized is the
nitrofen-induced rat model of CDH. In this model, reduced lung eNOS activity and
expression has been described, thereby pinpointing the eNOS–cGMP pathway as important
in the pathogenesis of CDH and its accompanying pulmonary hypertension (Karamanoukian
et al. 1996). Another group has shown that response to exogenous nitric oxide and a cGMP
analogue, 8-Br-cGMP, is impaired in resistance pulmonary arterioles of the CDH animals.
Of note, pretreatment of CDH resistance pulmonary arterioles with the PDE5 inhibitor
zaprinast completely restored their vasodilatory response to 8-Br-cGMP (Vukcevic et al.
2005), suggesting that PDE5 may also be involved with the pathogenesis of pulmonary
hypertension in the infant with CDH.

1.3 Pathophysiology of Pulmonary Hypertension in the Older Infant
There are two other major classes of infants who develop pulmonary hypertension – former
preterm infants who develop pulmonary hypertension as a result of their underlying lung
disease and infants, both term and preterm, who develop pulmonary hypertension as a result
of their congenital heart disease. In both cases, the disease process begins during the
neonatal period, but symptoms may not become manifest until the infant is several months
old. Further, the resulting pulmonary hypertension is not only a disease of altered
vasoreactivity, but it also involves significant vascular remodeling. The role of PDEs in the
pathophysiology of these infants is just beginning to be elucidated.
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1.3.1 Bronchopulmonary Dysplasia and Cor Pulmonale—Bronchopulmonary
dysplasia (BPD) is a common complication of preterm birth that affects approximately 30%
of infants (or roughly 10,000 babies per year) with extreme prematurity (typically defined as
a birthweight <1,000 g). BPD results in significant long-term morbidity in childhood,
including poor lung function, diminished growth, and impaired neurodevelopment (Jobe and
Bancalari 2001; Walsh et al. 2006). A recently recognized complication of moderate or
severe BPD is pulmonary hypertension and right-sided heart failure, or cor pulmonale.
While the overall risk of BPD clearly correlates with gestational age and birthweight, it
remains unclear why some infants develop mild or severe disease. Even less is known about
why some infants develop pulmonary hypertension and how to appropriately treat these
infants. Poor outcomes, including mortality, are distressingly common (Jobe and Bancalari
2001; Khemani et al. 2007; Mourani et al. 2008).

Recent clinical trials have laid the foundation for the use of iNO for prevention of BPD
(Ballard et al. 2006; Kinsella et al. 2006). Smaller case series also suggest that the use of
iNO may also improve oxygenation in those BPD infants with established pulmonary
hypertension (Mourani et al. 2008). Additionally, premature babies are forced to live in an
environment with higher oxygen concentrations than would be encountered during fetal
development. Not surprisingly, emerging evidence indicates that oxidative stress may
produce significant lung parenchymal and vascular injury (Farrow et al. 2008a, b, 2010a, b;
Lakshminrusimha et al. 2006, 2007a, b; Thebaud et al. 2005; Vento et al. 2001). As
discussed above, PDE5 expression and function may be adversely affected by ROS-
mediated events (Farrow et al. 2008a, 2010a, b).

Consistent with this hypothesis, three studies address the role of cGMP and PDE5 in models
of preterm lung disease – one study in preterm lambs and two studies in neonatal rats. In the
preterm lamb model of BPD, treatment with a cGMP analogue that is not hydrolyzable by
PDE5 decreased pulmonary vascular resistance, which would indirectly suggest that PDE5
plays a role in the elevated pulmonary vascular resistance seen with BPD (Bland et al.
2003). Perhaps more intriguing are the results seen in the rat model of BPD, induced by
hyperoxia. In that model, treatment of the neonatal rats with sildenafil resulted in decreased
pulmonary vascular resistance, decreased right ventricular hypertrophy (RVH), and
decreased medial wall thickness of pulmonary arteries. This study also showed that
sildenafil improved lung alveolarization, suggesting that PDE5 may play a critical role in
both alveolar and vascular development (Fig. 4) (Ladha et al. 2005). A more recent study in
the rat model extends these studies and demonstrated that treatment with sildenafil prior to
hyperoxia exposure increased lung cGMP levels and improved survival as well as lung
alveolarization and angiogenesis. In another arm of that study, rescue treatment with
sildenafil (administration of drug 6 days after initiation of hyperoxia) significantly decreased
pulmonary vessel medial wall thickness and reduced RVH (de Visser et al. 2009).

Interesting new data have recently emerged implicating a role for PDE4 in the pathogenesis
of BPD. In one study (de Visser et al. 2008), preterm rats were exposed to room air,
hyperoxia, or hyperoxia with either of the PDE4 inhibitors, rolipram or piclamilast (Houslay
et al. 2005). PDE4 inhibition prolonged median survival and decreased lung inflammation
and vascular leakage as well as decreased markers of inflammation (de Visser et al. 2008).
Another model of BPD, produced by prolonged exposure of mice to hyperoxia, results in
decreased alveolarization and increased septal wall thickness (Woyda et al. 2009).
Pretreatment with a PDE4 inhibitor decreased septal wall thickness and increased total
airspace area, suggesting that PDE4 may be of critical importance in neonatal lung
development (Woyda et al. 2009).
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1.3.2 Congenital Heart Disease—Congenital heart disease, particularly that associated
with increased pulmonary arterial blood flow from left-to-right shunts, increased right-sided
pressures from nonrestrictive septal defects and aorto-pulmonary shunts, and increased
pulmonary venous congestion, can lead to remodeling of the pulmonary vascular bed with
associated pulmonary hypertension (Hoffman et al. 1981). The risk of developing
pulmonary hypertension in these patients is dependent on many factors including the age of
the patient, the type of congenital heart disease, and the degree of pulmonary
overcirculation. Endothelial dysfunction has been hypothesized to play a major role in this
vascular dysfunction and remodeling. Adult patients with pulmonary hypertension have
impaired endothelium-dependent pulmonary vasodilation and decreased eNOS expression
(Giaid and Saleh 1995). Children with pulmonary hypertension due to congenital heart
disease are also thought to have endothelial dysfunction, and they have also been described
to have extension of smooth muscle cells to peripheral pulmonary arteries, neointimal
formation due to smooth muscle cell migration, medial hypertrophy, and plexigenic lesion
formation (Rabinovitch et al. 1978, 1984, 1986).

A number of studies in a juvenile lamb model of pulmonary hypertension due to chronic
pulmonary overcirculation have indicated its pathophysiology includes abnormal NO–
cGMP–PDE5 signaling and excess production of ROS and endothelin (Black et al. 1998,
2000, 2001, 2003; Lakshminrusimha et al. 2007b; Steinhorn et al. 2001). In this model
(Reddy et al. 1996), an aortopulmonary shunt is placed in fetal lambs during the last week of
gestation, followed by spontaneous delivery. The lambs have impaired endothelium-
dependent vasorelaxation by 4 weeks of age (Reddy et al. 1996), associated with complex
vascular changes including increased pulmonary vascular eNOS expression and downstream
derangements such as increased pulmonary sGC protein expression and increased PDE5
protein expression and activity (Black et al. 1998, 2001). Further studies demonstrate that
antioxidants such as superoxide dismutase normalized vascular reactivity in the shunt
vessels and that the ROS in these lambs likely are the result of uncoupled NOS
(Lakshminrusimha et al. 2007b; Steinhorn et al. 2001).

Other studies have explored the impact of various treatment strategies on the NO–cGMP–
PDE5 pathway in lambs with congenital heart disease. Inhaled NO treatment of shunted
lambs decreases lung eNOS expression without changing NOS activity, decreases sGC
protein expression, and has no effect on PDE5 protein expression (Ross et al. 2005).
However, acute withdrawal of the iNO rapidly and dramatically increases pulmonary
vascular resistance by 45% and decreases in cGMP levels (Ross et al. 2005). These findings
would suggest that the PDE5 in these lambs becomes the dominant determinant of cGMP
concentration after withdrawal of iNO (Ross et al. 2005). An additional study attempted to
address the role of cAMP in rebound pulmonary hypertension upon iNO withdrawal (Thelitz
et al. 2004). Treatment of shunt lambs with iNO for 24 h decreased lung cAMP
concentrations, both during iNO treatment and upon acute withdrawal of iNO. Concomitant
treatment with milrinone, a PDE3 inhibitor, normalized cAMP concentrations during iNO
treatment and upon acute withdrawal. Milrinone also prevented the increase in pulmonary
vascular resistance seen upon acute iNO withdrawal (Thelitz et al. 2004).

The increased pulmonary vascular resistance seen in these shunted lambs upon withdrawal
of iNO is consistent with the well-known phenomenon of rebound pulmonary hypertension
seen in human infants upon acute withdrawal of iNO (Atz et al. 1996). Taken together, these
studies suggest that iNO may alter expression and activity of PDEs, such as PDE3 and
PDE5, and that inhibitors of PDE3 and PDE5 may be of clinical utility to treat rebound
pulmonary hypertension upon iNO withdrawal (Ross et al. 2005; Thelitz et al. 2004).
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2 PDE Inhibitors in Neonatal Pulmonary Hypertension
The initial treatment of the neonate with pulmonary hypertension depends in part on the
underlying disorder. Therapy often includes aggressive support of cardiac function and
perfusion with volume and inotropic agents to enhance cardiac output and systemic O2
transport. While most infants require mechanical ventilation to allow for lung recruitment,
an important goal is to avoid postnatal lung injury, which worsens the degree of pulmonary
hypertension (Farrow et al. 2005).

When supportive treatment is insufficient, the only FDA-approved pulmonary vasodilator in
neonates is iNO. Multicenter randomized, placebo-controlled, blinded trials of iNO in term
and near-term infants with PPHN demonstrated that iNO significantly decreased the need
for ECMO in newborns with PPHN (Clark et al. 2000; Group 1997). However, up to 40% of
infants do not respond or sustain their response to iNO, and it does not reduce mortality,
duration of mechanical ventilation, or length of hospitalization. Follow-up studies to 12–24
months also show that iNO does not significantly decrease the incidence of chronic lung
disease or adverse neurodevelopmental sequelae (Clark et al. 2003; Group 2000).

In addition to the problem of inadequate response to iNO, many infants will acutely develop
“rebound” pulmonary hypertension upon its discontinuation (Atz et al. 1996; Farrow et al.
2005). As noted above, this finding was first described in young infants receiving inhaled
NO after surgery for congenital heart disease, although the phenomenon frequently occurs in
infants with PPHN as well. Rebound pulmonary hypertension tends to be most severe if
discontinuation occurs when infants are breathing higher concentrations of iNO, but may
also occur even after more gradual iNO weaning. It is important for clinicians to understand
that rebound pulmonary hypertension can occur even in infants who were apparent
nonresponders to iNO therapy, particularly after treatment has been delivered for more than
an hour. While rebound pulmonary hypertension typically responds to reinstitution of iNO,
it represents a significant limitation of this therapy (Atz et al. 1996; Farrow et al. 2005).

Additional pulmonary vasodilators are urgently needed for infants with pulmonary
hypertension. Inhibition of PDEs represents a potentially powerful and novel way to achieve
safe, sustained, and even selective pulmonary vasodilation in these infants.

2.1 PDE5 Inhibitors
PDE5 is by far the best studied of the PDEs for involvement in the pathophysiology of
neonatal pulmonary hypertension. Its dysregulation has been implicated in most of the major
causes of neonatal pulmonary hypertension including PPHN, CDH, BPD, and congenital
heart disease. The PDE5 inhibitor sildenafil has been shown to be an effective treatment in
adult pulmonary arterial hypertension (Galie et al. 2005) and is now marketed as Revatio for
this purpose. Not surprisingly, PDE5 inhibitors have been among the first PDE inhibitors
used in neonates. While many have proposed their use to augment iNO therapy, there is
some evidence to suggest that PDE5 inhibitors may serve as effective vasodilators in their
own right.

2.1.1 Dipyridamole—One of the earliest drugs used to manipulate the pulmonary
circulation was the nonspecific PDE5 inhibitor dipyridamole (Persantin) (al-Alaiyan et al.
1996; Dukarm et al. 1998; Ivy et al. 1998). In neonatal lambs with PPHN, dipyridamole
significantly decreased pulmonary vascular resistance and pulmonary blood pressure, and
increased pulmonary blood flow. Unfortunately, it was not selective for the pulmonary
vasculature, and it decreased systemic blood pressure to a similar degree (Dukarm et al.
1998). In human neonates, there are a handful of case reports reporting the use of
dipyridamole to facilitate iNO weaning in infants with PPHN, congenital heart disease, and
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CDH. In two case reports, treatment with dipyridamole facilitated iNO weaning in infants
with PPHN, and in both cases, the infants survived (al-Alaiyan et al. 1996; Worwag et al.
2000). In infants with CDH, successful treatment with dipyridamole has been reported, but
improvement was transient in at least two cases (Buysse et al. 2001; Thebaud et al. 1999).
The largest report of dipyridamole use was in infants who required postoperative iNO
therapy for pulmonary hypertension after repair of congenital heart disease. In a series of 23
consecutive children receiving iNO postoperatively, seven developed rebound pulmonary
hypertension when iNO was acutely stopped. In those seven, dipyridamole attenuated the
rise in pulmonary pressure after acute withdrawal of iNO (Ivy et al. 1998). None of these
case reports described a significant decrease in systemic blood pressure similar to that
observed in the PPHN lamb model (Dukarm et al. 2005).

2.1.2 Sildenafil—Sildenafil has been demonstrated to acutely decrease pulmonary
vascular resistance and improve pulmonary blood flow in a neonatal porcine model of MAS
(Shekerdemian et al. 2002, 2004). Chronic use of sildenafil decreased medial wall thickness
and RVH in a rat model of BPD (Ladha et al. 2005). Like dipyridamole, one of the earliest
clinical uses of sildenafil was to facilitate weaning from iNO in infants with congenital heart
disease following corrective surgery. In an initial case series, enteral sildenafil increased
circulating cGMP and allowed two of three infants to wean from iNO without rebound
pulmonary hypertension (Atz and Wessel 1999). Two subsequent studies have expanded
these initial observations. Oral sildenafil facilitated iNO discontinuation in seven infants
(ages 3 days to 21 months) who had previously failed to wean from iNO (Lee et al. 2008).
Namachivayam et al. delivered enteral sildenafil (n = 15) or placebo (n = 14) to a total of 29
infants with critical illness (most with congenital heart disease), who were breathing 2 ppm
iNO in preparation for a discontinuation trial. Ten out of 14 patients (71%) receiving
placebo experienced rebound pulmonary hypertension after iNO was stopped. In contrast,
administration of a single dose of oral sildenafil (0.4 mg/kg) prevented rebound pulmonary
hypertension in all 15 treated patients. The authors also noted a significant reduction in the
duration of mechanical ventilation and ICU length of stay in the group that received
sildenafil (Namachivayam et al. 2006).

Some data raise specific concerns regarding the use of sildenafil in combination with iNO.
In piglets with meconium aspiration, intravenous sildenafil in combination with iNO
enhanced the decrease in pulmonary artery pressure and pulmonary vascular resistance, but
also produced systemic hypotension and decreased oxygenation (Shekerdemian et al. 2004).
Similarly, in neonates after repair of ventricular or atrioventricular septal defects, systemic
hypotension and decreased oxygenation were noted when sildenafil and iNO were given
concurrently (Stocker et al. 2003). It is possible that sildenafil in combination with iNO may
increase pulmonary perfusion to underventilated lung segments, thereby leading to
worsening VQ mismatch and decreasing oxygenation. Furthermore, when given
intravenously, sildenafil may not be selective to the pulmonary vascular bed. It is possible
that a drop in systemic blood pressure may be poorly tolerated if combined with diminished
oxygenation due to worsened VQ mismatch. We have shown that idiopathic PPHN is
associated with increased PDE5 expression and activity in the pulmonary vascular bed
(Farrow et al. 2008a, 2010a, b). Thus, those infants may be better able to tolerate the
combined therapy of iNO and intravenous sildenafil.

The clinical use of sildenafil has recently been reported in infants with PPHN, including one
small, randomized controlled trial with oral sildenafil, and one pilot pharmacokinetic,
pharmacodynamic trial with intravenous sildenafil (Baquero et al. 2006; Steinhorn et al.
2009). As mentioned previously, the only FDA-approved pulmonary vasodilator for infants
is iNO. However, iNO therapy is currently expensive and unavailable in many parts of the
world, leading to much higher mortality from PPHN in those regions. For this reason, the
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use of oral sildenafil as the primary treatment for severe PPHN was studied in term and
near-term infants in Colombia. This study randomized 13 infants (>35 5/7 weeks gestation
and age <3 days) with an oxygenation index greater than 25, indicating severe PPHN. In the
sildenafil treatment group, a significant improvement in oxygenation was observed by 24 h
and six of the seven infants survived. In contrast, the infants in the placebo group did not
improve their oxygenation and only one of the six infants survived (Baquero et al. 2006).
Despite these encouraging results, significant concerns exist regarding giving sildenafil
enterally to infants who may have compromised intestinal perfusion with unknown and
inconsistent rates of gastrointestinal absorption.

Two recently published papers described the results of a multicenter pilot trial examining the
safety and pharmacokinetics of intravenous sildenafil in term and near-term neonates with
PPHN (Mukherjee et al. 2009; Steinhorn et al. 2009). Thirty-six neonates (>34 weeks
gestation) were enrolled at a mean age of 34 ± 17 h when they had moderate to severe
pulmonary hypertension with an oxygenation index >15 (Mukherjee et al. 2009; Steinhorn et
al. 2009). Infants with congenital anomalies including CDH were excluded. Infants received
IV sildenafil administered within eight progressive, “step-up” dosing groups, and the study
also determined the optimal loading dose and duration. Infants received sildenafil for a
minimum of 48 h. After that time, sildenafil was discontinued once infants had been
successfully weaned from iNO for at least 1 h, or after 7 days (168 h). Based on data from
adults, clearance via the hepatic CYP3A4 and CYP2C9 enzymes was expected. In the study,
sildenafil clearance in neonates increased threefold between day of life one and the end of
the first week of life, likely reflecting postnatal maturation of this CYP system. Hence,
postnatal age at the time of sildenafil initiation has a significant impact on drug clearance.
Similarly, significant increases in sildenafil concentration should be expected when it is used
concomitantly with CYP3A4 inhibitors such as cimetidine and erythromycin (Mukherjee et
al. 2009).

Hypotension was the most commonly observed adverse effect. One infant was withdrawn
from the study because the sildenafil loading infusion (scheduled to be given over 5 min)
had to be stopped after 2 min due to systemic hypotension. Hypotension was not observed
when the loading dose was delivered over 3 h. An additional infant died due to bilateral
tension pneumothoraces, not related to sildenafil infusion. For the remaining 34 infants,
oxygenation improved significantly through the course of the sildenafil infusion, with no
significant changes in systemic blood pressure. Only one infant required cannulation for
extracorporeal life support. Of the seven infants enrolled without prior use of iNO, all
experienced a significant improvement in oxygenation within 4 h after sildenafil
administration (Fig. 5). Only one of the seven infants required iNO, and the other six infants
improved and survived to hospital discharge without requiring either iNO or ECMO
(Steinhorn et al. 2009). Unlike the previously mentioned studies, sildenafil used in
combination with iNO did not significantly decrease systemic blood pressure or
oxygenation. We speculate that it is because there is increased PDE5 expression and activity
in the pulmonary vessels of infants with PPHN (Farrow et al. 2008a, 2010a, b). Future
studies are planned to further evaluate efficacy of IV sildenafil in neonates with PPHN. Of
note, the intravenous form of sildenafil was FDA-approved in December of 2009 for adults
with pulmonary arterial hypertension.

Smaller case reports and case series have examined the efficacy of oral sildenafil in infants
with CDH and BPD. In one case report, oral sildenafil facilitated weaning from iNO in a 7-
week-old infant with CDH, although the infant ultimately died (Keller et al. 2004). In
another series of seven infants with CDH, oral sildenafil improved right cardiac output and
decreased pulmonary vascular resistance as measured by echocardiography, and five of the
seven infants survived (Noori et al. 2007). A larger, double-blind, randomized controlled
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trial of oral sildenafil in infants with CDH and severe pulmonary hypertension is ongoing
(NCT00133679). Infants are recruited between 10 and 42 days of age if they continue to
have a significant FiO2 requirement, if they need ECMO beyond 10 days of age, or if they
have a pulmonary artery pressure >2/3 systemic pressure beyond 14 days of age. Target
enrollment is 32 infants, who will receive placebo or sildenafil for 5 weeks. The primary
outcome is pulmonary artery pressure on echocardiogram at the end of the treatment period.

Sildenafil is an attractive therapeutic option for infants with chronic pulmonary hypertension
because of its relative ease of administration and apparent low toxicity. A recent case series
examined the effect of oral sildenafil in 25 infants and children with pulmonary
hypertension due to chronic lung disease, who initiated sildenafil treatment at <2 years of
age (14–673 days). Most patients (88%) achieved hemodynamic improvement after a
median treatment interval of 40 days, and the majority of infants receiving iNO could be
weaned off. Five patients died after initiation of sildenafil treatment, but none died from
refractory pulmonary hypertension or right heart failure. This important pilot study suggests
that sildenafil is safe for infants with pulmonary hypertension due to chronic lung disease
and indicates that further studies are warranted (Mourani et al. 2009). Because sildenafil
improved lung alveolarization in neonatal rats, a small double-blind randomized controlled
trial of oral sildenafil in the prevention of BPD is ongoing (NCT00431418). The target
population is extremely preterm infants <28 weeks gestation who still require ventilatory
support at 7 days of age. This study should also provide important initial data about the
safety of sildenafil in young preterm infants.

2.2 PDE3 Inhibitors
The PDE3 inhibitor milrinone is most commonly used in pediatric patients for its inotropic
effects(Chang et al. 1995; Hoffman et al. 2003; Zaccolo and Movsesian 2007). However, by
raising cAMP in the pulmonary vasculature, milrinone can potentially act as a pulmonary
vasodilator and improve oxygenation in patients with poor response to iNO. In neonatal
lambs with PPHN, one of the unexpected results of iNO was a dramatic increase in PDE3
activity to levels similar to those observed in normal 1-day lambs. Further, milrinone was
found to significantly relax pulmonary arteries isolated from PPHN lambs ventilated with
iNO (Chen et al. 2009). In infants with PPHN, there have been two small case series of
treatment with milrinone. In both series, the infants were already receiving iNO at the time
that the milrinone was started, and significant improvements in oxygenation were observed
with milrinone treatment (Bassler et al. 2006; McNamara et al. 2006). Similarly, in pediatric
patients (n = 46, average age 5 years) undergoing a Fontan procedure, postoperative use of
milrinone in conjunction with iNO resulted in greater improvements in the transpulmonary
gradient and arterial oxygen saturation versus those children treated with iNO alone or
milrinone alone (Cai et al. 2008a, b). These clinical case series all support an interesting
potential role for milrinone in the treatment of neonatal pulmonary hypertension, especially
when used in conjunction with iNO. However, more study is needed to determine optimum
dosing and timing of therapy initiation for milrinone in these infants.

2.3 PDE1 and PDE4 Inhibitors
To date, there have been no trials or case reports of PDE1 or PDE4 inhibitors in neonates
with pulmonary hypertension. However, data from adult patients and animal models would
suggest that this should be an area of investigation for future potential therapies. For
instance, zaprinast, initially thought to be a selective PDE5 inhibitor, has recently been
described to have significant inhibitory activity against PDE1. This agent was found to
enhance relaxations to iNO in neonatal lambs with PPHN (Thusu et al. 1995). Increased
PDE1C mRNA and protein have been described in resistance pulmonary arteries and
pulmonary artery smooth muscle cells derived from lung specimens of human pulmonary
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arterial hypertension patients (Murray et al. 2007; Schermuly et al. 2007). Thus, a PDE1C
inhibitor might have clinical utility across all of the different types of neonatal pulmonary
hypertension. Similarly, PDE4 inhibitors have reached clinical trials in adults with asthma
and chronic obstructive pulmonary disease (Fan Chung 2006). In light of the recent
publications that PDE4 inhibition is beneficial in neonatal mice with BPD, it is reasonable to
hypothesize that PDE4 inhibitors might be clinically useful in the patients with pulmonary
hypertension due to BPD.

3 Conclusions
Neonatal pulmonary hypertension is a clinical syndrome that affects approximately 10% of
all infants admitted to neonatal intensive care units. It has multiple etiologies that involve
complex alterations in multiple signaling pathways. As such, no one therapy is likely to be
appropriate or effective in every patient. There is growing evidence from vascular smooth
muscle cells and various animal models that PDEs play a critically important role in
regulating pulmonary vascular tone in the neonatal period. Two early clinical trials of
sildenafil have been completed in infants with PPHN with encouraging results, and double-
blind randomized controlled trials are under way to assess the effectiveness of sildenafil in
CDH and BPD. There is new clinical evidence to suggest that milrinone may be useful in
patients with neonatal pulmonary hypertension, particularly when used in conjunction with
inhaled NO. However, more data are needed from both preclinical and clinical studies to
know how to select the best combination of PDE inhibitors for specific disease states and
age groups. Until such studies have been conducted and evaluated, the use of PDE inhibitors
for neonatal pulmonary hypertension should be confined to appropriately designed clinical
trials (Shah and Ohlsson 2007).

Abbreviations

BPD Bronchopulmonary dysplasia

CDH Congenital diaphragmatic hernia

COX Cyclooxygenase

eNOS Endothelial nitric oxide synthase

ET-1 Endothelin-1

FPASMC Fetal pulmonary artery smooth muscle cells

H2O2 Hydrogen peroxide

iNOS Inducible nitric oxide synthase

iNO Inhaled nitric oxide

MAS Meconium aspiration syndrome

NAC N-acetyl-cysteine

NSAIDs Nonsteroidal anti-inflammatory drugs

PPHN Persistent pulmonary hypertension of the newborn

PDE Phosphodiesterase

PGIS Prostacyclin synthase

ROS Reactive oxygen species

RVH Right ventricular hypertrophy

Farrow and Steinhorn Page 13

Handb Exp Pharmacol. Author manuscript; available in PMC 2011 November 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



sGC Soluble guanylate cyclase
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Fig. 1.
Hyperoxia increases PDE5 activity in Ovine FPASMCs. FPASMCs were exposed to 21%
O2–5% CO2, 50% O2–5% CO2, or 95% O2–5% CO2 for 24 h, and total protein was
harvested. PDE5-specific activity was measured as the sildenafil-inhibitable fraction of total
cGMP hydrolysis, normalized for total milligrams of protein (200 µM cGMP substrate in
assay; 100 nM sildenafil for inhibition). Data are shown as mean ± SEM (n = 8; read in
duplicate). *P < 0.05 vs. 21% O2, #P < 0.05 vs. 50% O2. Reproduced with permission from
Farrow et al. (2008a)
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Fig. 2.
Ventilation of healthy neonatal sheep with 100% O2 induces PDE5 protein expression and
activity. Ovine lung parenchyma and resistance PAs from healthy lambs ventilated with
100% O2 were harvested after 24 h and compared with both fetal lambs (Fetus) and healthy
1-day nonventilated lambs (1DNV). (a) PA PDE5 protein expression was analyzed via
Western blot, with β-actin normalization. Data are shown as mean ± SEM. *P < 0.05 vs.
fetal lambs, #P < 0.05 vs. 1-day nonventilated lambs. (b) Lung PDE5-specific activity was
measured as the sildenafil-inhibitable fraction of total cGMP hydrolysis, normalized for total
milligrams of protein (200 µM cGMP substrate in assay; 100 nM sildenafil for inhibition).
Data are shown as mean ± SEM. *P < 0.05 vs. fetal lambs, #P < 0.05 vs. 1-day nonventilated
lambs. (c) PDE5 expression is localized within the PA smooth muscle and nearby airways.
The left column shows phase-contrast images (×10) of frozen lamb lung sections. The right
column shows the corresponding sections stained for PDE5, with immunofluorescence
shown as red. Reproduced with permission from Farrow et al. (2008a)
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Fig. 3.
Mechanism of action of phosphodiesterase inhibitors in PPHN. PDEs play a critical role in
regulating cGMP and cAMP within the vascular smooth muscle. Elevations in cGMP and
cAMP lead to vasorelaxation by decreasing intracellular calcium via decreasing calcium
efflux from the sarcoplasmic reticulum and increasing calcium efflux from the cell. PDEs
hydrolyze cGMP and cAMP, thereby preventing cyclic nucleotide-mediated vasorelaxation.
Thus, PDE inhibitors such as sildenafil and milrinone represent promising therapies for
neonates with PPHN resistant to traditional therapy with inhaled nitric oxide. Dashed lines
represent inhibition. Figure kindly provided by Dr. Satyan Lakshminrusimha
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Fig. 4.
Sildenafil reduces pulmonary hypertension associated with oxygen-induced BPD. (a) Right
ventricular hypertrophy. Hyperoxia-exposed rats had significant right ventricular
hypertrophy (RVH) as indicated by the increase in RV/LV+S ratio compared with normoxic
controls. Sildenafil treatment reduced RVH (sildenafil 100 mg/kg subcutaneously daily
during hyperoxia exposure). (b) Medial wall thickness. A representative picture of
pulmonary arteries is shown displaying a thickened medial arterial wall in hyperoxic rat
lungs as compared with normoxic controls. Sildenafil treatment significantly reduced the %
medial wall thickness as compared with untreated hyperoxic pulmonary arteries (sildenafil
100 mg/kg subcutaneously daily during hyperoxia exposure). Reprinted with permission of

Farrow and Steinhorn Page 24

Handb Exp Pharmacol. Author manuscript; available in PMC 2011 November 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript
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Fig. 5.
Response to sildenafil intravenous infusion without iNO. Seven infants were enrolled before
the need for iNO. Oxygenation index (OI) was improved by 1 h (24.6 ± 4.6 to 16.1 ± 9.9; *P
= 0.0502), with significant and sustained improvement by 4 h after the initiation of sildenafil
(14.7 ± 6.4, p = 0.0088). Of the seven infants who received sildenafil only, the majority (n =
5) were in cohorts 6–8, meaning that they received the highest maintenance infusion dose of
1.64 mg/kg/day, and differed only in the approach to the loading dose. Of these seven
infants, only one infant required additional treatment with iNO, and that infant was in cohort
4, receiving loading and maintenance doses that were approximately 20% of the final dose
tested in trial. Reprinted from Steinhorn et al. (2009) with permission from Elsevier
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