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Phosphodiesterase Inhibitors in the Management of Persistent
Pulmonary Hypertension of the Newborn (PPHN)

In this Issue...

Persistent pulmonary hypertension of the newborn (PPHN) is a clinical syndrome that
occurs when the pulmonary vascular resistance fails to decrease at birth. Traditional
management of PPHN includes ventilation with high concentrations of oxygen and
inhaled nitric oxide (iNO). Vasodilators such as nitric oxide (NO) and prostacyclin relax
vascular smooth muscle by increasing intracellular concentrations of the second
messengers cyclic guanosine monophosphate (cGMP) and cyclic adenosine
monophosphate (cAMP). However, nearly 30% to 40% of all patients with PPHN do not
demonstrate a sustained improvement in oxygenation with such management. As iNO is
not universally effective, there has been considerable interest in understanding and
targeting other biochemical pathways that regulate pulmonary vasoconstriction in PPHN.
Inhibition of the cGMP degrading phosphodiesterase-5 (PDE5) with sildenafil and
inhibition of the cAMP degrading phosphodiesterase-3 (PDE3) with milrinone offer
additional ways in which to achieve pulmonary vasodilation in patients with PPHN.

In this issue, we review recent data evaluating the rationale behind the use of PDE
inhibitors, and discuss the pharmacokinetics and practical aspects of such therapy for the
management of PPHN.

LEARNING OBJECTIVES

At the conclusion of this activity, participants should be better able to: 

Describe the limitations of currently approved therapies for persistent pulmonary
hypertension of the newborn (PPHN)
Discuss the rationale behind inhibition of phosphodiesterase enzymes in PPHN
Identify the benefits and adverse effects associated with the use of sildenafil and
milrinone in PPHN
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COMMENTARY

The primary goal of persistent pulmonary hypertension of the newborn (PPHN) therapy is
selective pulmonary vasodilation. Nitric oxide (NO) mediates vasodilation by stimulating
soluble guanylate cyclase (sGC) and increasing cyclic guanosine monophosphate
(cGMP) in vascular smooth muscle cells. Similarly, agents such as prostacyclin stimulate
adenylate cyclase and increase intracellular cAMP levels. Both cGMP and cyclic
adenosine monophosphate (cAMP) serve as central second messengers that modulate
vascular tone in the pulmonary circulation by reducing the cytosolic concentration of ionic
calcium (see Figure 1, below). Therapeutic strategies that increase cGMP and cAMP
could restore normal vascular reactivity and improve oxygenation in infants with PPHN.

The 5’-phosphodiesterase enzyme (PDE5) is the predominant isoform in the lung that
metabolizes cGMP. Inhibition of PDE5 activity would be expected to increase intracellular
cGMP in pulmonary vascular smooth muscle cells, increase the efficacy of endogenous
and exogenous NO, and result in pulmonary vasodilation. PDE3 is an important enzyme
metabolizing cAMP in the vasculature and cardiac myocytes. Inhibition of PDE3 activity
increases cAMP in cardiac muscle and vascular smooth muscle, resulting in inotropic
vasodilation.

Ventilation with high levels of supplemental oxygen to avoid hypoxia and promote
pulmonary vasodilation has traditionally been the mainstay of therapy in PPHN. Infants
with PPHN are often ventilated with ~100% oxygen in the acute phase of PPHN.
Recently, the rationale behind the use of high concentrations of inspired oxygen has been
questioned,1 with a growing appreciation for the effects of reactive oxygen species on the
newborn lung and pulmonary arteries.2,3 Brief resuscitation with 100% oxygen increased
the contractile responses of pulmonary arteries in lambs3 and resulted in prolonged
oxidative stress in human infants.4 Farrow and colleagues (reviewed in this issue)
recently reported that exposure of fetal pulmonary artery smooth muscle cells (FPASMCs)
to hyperoxia increased PDE5 protein expression and activity, resulting in reduced
accumulation of intracellular cGMP in response to exogenous NO. Inhibition of PDE5 with
sildenafil partially rescued cGMP responsiveness to exogenous NO. Ventilation of normal
newborn lambs with 100% oxygen for 24 hours resulted in increased PDE5 expression
and activity in the resistance pulmonary arteries. Hyperoxic ventilation increases PDE5
protein expression and activity, potentially limiting cGMP response to exogenous and
endogenous NO. Inhibition of PDE5 is potentially an ideal target in patients failing to
respond to ventilation with high levels of inspired oxygen and iNO.

The NO-sGC pathway is not the only source of cGMP in pulmonary vascular smooth
muscle cells. Natriuretic peptides, such as the B-type natriuretic peptide (BNP), stimulate
membrane-bound particulate guanylate cyclase (pGC) and increase cGMP in vascular
smooth muscle cells (see figure). Although endogenous NO levels are decreased in
various animal models of PPHN, circulating BNP levels are significantly elevated in
neonates with PPHN.5 The natriuretic peptide-pGC system may be an additional source
of cGMP in the pulmonary circulation of infants with PPHN and may potentially contribute
to the increased effectiveness of PDE5 inhibitors in such patients.

In 1998, the U.S. Food and Drug Administration (FDA) approved sildenafil (Viagra®;
Pfizer Inc; New York, NY), a selective and potent PDE5 inhibitor for the treatment of
erectile dysfunction. Following this approval, multiple studies demonstrated the efficacy of
sildenafil in animal models and human adults with pulmonary hypertension. In 2005, the
FDA approved the use of sildenafil under a different brand name (Revatio®; Pfizer Inc;
New York, NY) for use in adults with pulmonary arterial hypertension. Sildenafil was
noted to be effective in attenuating rebound pulmonary hypertension following withdrawal
of iNO in cardiac surgery patients.6 Studies in animal models7 and anecdotal case
reports confirmed the efficacy of sildenafil in acute neonatal pulmonary hypertension. A
2006 small, randomized, blinded study conducted by Baquero and associates (reviewed
in this issue) evaluated the effect of enteral sildenafil in PPHN. The investigators treated
13 patients with severe PPHN in a neonatal intensive care unit in Colombia — a country
with no access to iNO or extracorporeal membrane oxygenation (ECMO) — with either
sildenafil or placebo. Improved oxygenation and lower mortality were associated with the
use of oral sildenafil. Similar improvements were reported by Herrea and coworkers in a
randomized trial of 24 term neonates with PPHN.8 As discussed in this issue, Mukherjee
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and associates and Steinhorn and colleagues recently reported the results of an open-
label pharmacokinetic trial of intravenous (IV) sildenafil in 36 infants with PPHN. Sildenafil
was effective in improving oxygenation in patients with PPHN with and without prior
exposure to iNO. Systemic hypotension was the most common adverse effect reported.
Administration of a loading dose slowly over 3 hours, followed by a maintenance dose of
sildenafil, reduced the risk for systemic hypotension. These data suggest a beneficial
effect with oral as well as IV sildenafil in PPHN.

Milrinone, the prototype PDE3 inhibitor, is commonly used in adult and pediatric intensive
care settings as an inotropic vasodilator. Agents that increase cAMP levels in pulmonary
artery smooth muscle cells (PASMCs), such as milrinone and prostacyclin, provide an
alternate pathway of pulmonary vascular relaxation and potentially result in improved
oxygenation in patients with poor response to iNO.9 Unpublished data from our laboratory
show a marked increase in PDE3 activity and reduced cAMP in pulmonary arteries
following ventilation of lambs with iNO. Milrinone can be effective in PPHN by inhibiting
PDE3 and increasing cAMP, causing direct pulmonary vasodilation10 and a synergistic
effect with iNO. Milrinone may also improve cardiac function by positive inotropy
(improved contraction), lusitropy (improved relaxation), and reduced ventricular afterload.
Bassler and associates and McNamara and coworkers (reviewed in this issue) describe
13 patients with PPHN refractory to iNO from Ontario, Canada, who were treated
effectively with milrinone. 

To summarize, current management strategies for PPHN, including high levels of inspired
oxygen and iNO, are not effective in approximately 30% of patients. These therapies can
result in increased expression of PDE5 and PDE3 enzymes in pulmonary arteries, thus
reducing the intracellular concentrations of cGMP and cAMP in pulmonary arterial smooth
muscle cells. The rationale for the use of sildenafil and milrinone in PPHN includes (1)
enhancement of the vasodilator effect of iNO; (2) prevention of rebound pulmonary
hypertension; (3) limiting the dose and toxicity of iNO; and (4) pulmonary vasodilation in
clinical situations in which iNO and ECMO are not available or are contraindicated. By
virtue of its being an inotropic vasodilator, milrinone may be effective in infants with left
ventricular dysfunction with associated pulmonary venous hypertension — a situation in
which iNO is contraindicated.

In conclusion, sildenafil and milrinone are promising therapies for patients with PPHN
resistant to iNO. The studies reviewed below and several additional case reports justify
the need for large, randomized, controlled studies to establish the efficacy of these
agents in critically ill infants with PPHN.11,12 Unexpected complications, such as
intracranial hemorrhage reported by Bassler and colleagues following the use of milrinone
in patients with PPHN, underscore the need for such studies.13
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HYPEROXIA INCREASES PDE5 EXPRESSION AND
ACTIVITY IN FETAL PULMONARY ARTERIES
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Hyperoxia increases phosphodiesterase 5 expression and activity in ovine fetal
pulmonary artery smooth muscle cells. Circ Res. 2008;102(2):226-233.
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PDE5 activity is a key factor determining the intracellular levels of cGMP and pulmonary
vascular tone. This study evaluated the effect of high oxygen on cGMP content, and
PDE5 expression and activity, in the pulmonary arteries. Pulmonary arteries were studied
using 2 protocols: (1) FPASMCs were obtained from near-term gestation fetal lambs and
incubated in 21%, 50%, or 95% oxygen. Some cells were also exposed to an NO donor—
sildenafil or hydrogen peroxide. Levels of cGMP, and PDE5 protein and activity, were
determined. (2) Near-term gestation lambs were ventilated for 24 hours and pulmonary
arterial tissue was harvested. PDE5 protein and activity were determined in the
pulmonary arteries.

Treatment of FPASMCs incubated in 21% oxygen with an NO donor resulted in a
significant increase in cGMP levels. However, incubation of FPASMCs in 50% or 95%
oxygen significantly blunted the increase in cGMP levels in response to the NO donor.
Incubation in 50% or 95% oxygen increased PDE5 protein expression and activity in a
dose-dependent manner. Similarly, treatment of FPASMCs with an exogenous oxidant
(hydrogen peroxide) significantly increased PDE5 protein expression and activity.
Treatment of FPASMCs with the PDE5 inhibitor sildenafil partially rescued cGMP
responsiveness to the NO donor. Interestingly, sildenafil decreased PDE5 activity and
protein expression in FPASMCs exposed to 100% oxygen. To verify that the effects of
hyperoxia on PDE5 were not confined to isolated FPASMCs, the authors mechanically
ventilated newborn lambs with 100% oxygen for 24 hours and harvested resistance
pulmonary arteries. Nonventilated fetal lambs and 1-day- old spontaneously air-breathing
lambs were used for comparison. There was a trend toward decreased PDE5 protein
expression in 1-day- old lambs compared with fetal lambs. However, ventilation with
100% oxygen significantly increased PDE5 protein expression and activity. More recently,
the authors reported that ventilation of PPHN lambs for 24 hours with 100% oxygen, or
with 100% oxygen plus 20 parts per million (ppm) iNO, increased the lung PDE5 activity
to 132% and 165% of fetal levels, respectively.1 

This study demonstrates that exposure of pulmonary arterial smooth muscle cells to high
concentrations of oxygen (50% and 100%) results in decreased cGMP responsiveness to
exogenous NO, which is an important therapeutic vasodilator for infants with pulmonary
hypertension. The blunted response to NO is attributed partly to increased PDE5 protein
expression and activity. Reactive oxygen species, in general and hydrogen peroxide in
particular, induced long-lasting changes in PDE5 expression and activity. As expected,
treatment with sildenafil inhibited PDE5 activity and increased cGMP levels in FPASMCs
exposed to 100% oxygen. However, sildenafil also decreased PDE5 protein expression in
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these cells, suggesting that the agent may induce more profound and long-lasting
changes that result in increased cGMP levels and prolonged pulmonary vasodilation.
These findings represent the first description of redox regulation of PDE5. This study
demonstrates that commonly used therapies for PPHN may increase PDE5 expression
and activity, and reduce cGMP levels, thus establishing the rationale for PDE5 inhibition
in PPHN.

A recent review by Konduri and Kim2 pointed out that the incidence of failure to respond
to iNO increases with increasing oxygenation index (OI; defined as mean airway pressure
x FiO2 x 100 ÷ postductal PaO2 [partial pressure of oxygen in arterial blood]) at study
entry in the 6 large, randomized, control trials evaluating iNO in PPHN. One of the
probable mechanisms of poor response to iNO may be increased PDE5 activity following
prolonged hyperoxic ventilation.
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This was a randomized, masked, proof-of-concept pilot study conducted in Colombia in a
unit without iNO, high-frequency ventilation, or ECMO. The objective of the study was to
systematically obtain preliminary information regarding the feasibility of oral sildenafil
administration and its effect on oxygenation in infants with severe PPHN.

A total of 13 term and near-term infants with hypoxemic respiratory failure, an oxygen
index (OI) ≥40, and echocardiographic evidence of pulmonary hypertension were
randomized to receive oral sildenafil (n=7) or placebo (n=6). A 50-mg tablet of sildenafil
was diluted in Orabase® (Colgate-Palmolive Company; New York) to 25 mL to provide a
final concentration of 2 mg/mL (this preparation is stable for 1 month if refrigerated). The
study drug was administered at an initial dose of 1 mg/kg every 6 hours. The dose could
be doubled (ie, 2 mg/kg) if the OI did not improve and the infant’s mean systemic blood
pressure was stable. A maximum of 8 doses were administered. Treatment was
discontinued if the OI was <20. The total cumulative dose in the sildenafil group ranged
from 6 to 12 mg/kg (median, 7 mg/kg). 

All of the infants were critically ill, with a mean OI of 56 in the treatment group and 46 in
the placebo group prior to initiation of the study drug. The etiology of PPHN was
parenchymal lung disease (either meconium aspiration or respiratory distress syndrome).
In the treatment group, oxygenation improved in all 7 infants some time between 6 and 30
hours after initiation of treatment. One infant in the treatment group died at 72 hours of
age because of a pneumopericardium. The remaining infants in the treatment group
survived without experiencing any significant adverse effects. Of the 6 infants in the
placebo group, 5 died between 36 to 139 hours of age. No evidence of rebound
hypoxemia was detected in any of the infants in whom sildenafil was discontinued
because of improvement in OI.
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