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Abstract

The prostacyclins-prostanoids were one of the first medications used to treat pulmonary arterial
hypertension (PAH). Three prostanoids have been developed to treat PAH: epoprostenol,
treprostinil, and iloprost. In the acute setting, experience is growing, using the inhaled forms of
these three medications. Inhalation may improve ventilation/perfusion matching, whereas in the
intravenous form these medications may cause nonselective pulmonary vasodilation and may
worsen ventilation/perfusion matching. Currently, there are no universal recommendations for
dosing delivery of inhaled prostanoids to intubated patients in the intensive care unit setting.
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The term prostanoid encompasses members of the prostacyclin and prostaglandin families,
such as prostacyclin 1, (PGly) and prostaglandin E; (PGE;). Prostanoids have potent
vasodilatory and platelet anti-aggregatory properties, but are not selective to the pulmonary
circulation if given via intravenous (IV) route (1). Pulmonary vasodilation reduces the
workload of the right ventricle, increases pulmonary blood flow, and lowers the pulmonary
artery pressure (PAP), resulting in the improvement of pulmonary arterial hypertension
(PAH) symptoms and exercise capacity (2). Prostacyclins have been used to treat PAH since
1980 (3) with initial long-term therapy described in 1984 (4). Guidelines for medical therapy
of PAH were recently updated in 2007, and include the use of PGI5 in the chronic setting

).

PGI, was initially discovered in 1976 (6). The cyclooxygenase enzymes COX-1 and COX-2
convert arachidonic acid to prostaglandin H,, the immediate precursor of PGl,. PGl is
produced in endothelial cells from prostaglandin H, by the action of the enzyme
prostacyclin synthase. PGl, subsequently acts on platelets and vascular smooth muscle. The
platelet G protein-coupled receptor (prostacyclin receptor) is activated when it binds to
PGl,. This activation, in turn, signals adenylcyclase to produce cyclic adenosine
monophosphate. The cyclic adenosine monophosphate goes on to inhibit platelet activation
and also counteracts any increase in cytosolic calcium levels, which would result from
thromboxane A, binding. PGl also binds to smooth muscle prostacyclin receptors and, in
the same manner, raises cyclic adenosine monophosphate levels in the cytosol leading to
activation of protein kinase A. Protein kinase A then continues the cascade by inhibiting
myosin light-chain kinase, which leads to smooth muscle relaxation and vasodilation. PGl,
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is nonenzymatically hydrated to 6-keto PGF1,, and then quickly converted to the major
metabolite, 2, 3-dinor-6-keto PGF,.

PGI, was once thought to be a circulating hormone that regulated platelet-vasculature
interactions, but the rate of secretion into circulation coupled with the short half-life indicate
that PG, functions locally. Shear stress increases production of PGl by increasing COX
and prostacyclin synthase. However, long-term stimulation of the prostacyclin receptor leads
to desensitization through receptor-mediated mechanisms (1). Studies have shown that
milrinone, a PDE3 inhibitor, potentiates the pulmonary vasodilator effects of PGI, and may
be of clinical benefit (Fig. 1) (7).

Adults with idiopathic pulmonary arterial hypertension (IPAH) and children with congenital
heart disease demonstrate an imbalance in the biosynthesis of thromboxane A, and PGI; (8,
9). Likewise, adults and children with severe pulmonary hypertension show diminished
prostacyclin synthase expression in the lung vasculature (10). PGl, administered over the
long term has been shown to improve survival and quality of life in adults and children with
IPAH (11-16).

Three prostanoids are currently approved by the Food and Drug Administration (FDA) for
the treatment of PAH in the United States (2). Epoprostenol (Flolan; GlaxoSmithKline,
Research Triangle Park, NC), synthetic PGl», is approved for administration by continuous
IV infusion through a central venous catheter. Treprostinil (Remodulin; United
Therapeutics, Research Triangle Park, NC), a PGI, analog with similar hemodynamic
effects to epoprostenol, is approved for administration by either continuous IV infusion
through a central venous catheter or continuous subcutaneous infusion, and recently was
approved for inhalation in the outpatient setting. lloprost (Ventavis; Actelion
Pharmaceuticals, South San Francisco, CA) is also a PGl analog that is approved for
inhalation treatment of PAH. Side effects common to all prostanoids include headache,
flushing, hypotension, jaw pain with initial mastication, diarrhea, nausea, a blotchy
erythematous rash, and musculoskeletal aches and pain predominantly involving the legs
and feet. The severity of these side effects may vary among patients and with dose
escalation.

Epoprostenol

Epoprostenol causes pulmonary and systemic vasodilation and inhibits vascular proliferation
and platelet aggregation (2). It was the first prostanoid approved by the FDA to treat PAH in
1995, and is indicated for the treatment of PAH in World Health Organization Functional
Class 11—V patients. Intravenous epoprostenol demonstrated efficacy in two prospective,
open-label, randomized trials comparing epoprostenol and conventional therapy to
conventional therapy alone with improvement in exercise capacity (11, 17). Intravenous
epoprostenol is initiated at 1 ng/kg/min to 3 ng/kg/min and gradually increased over several
months to a dose of 30 ng/kg/min to >80 ng/kg/min. It is crucial to individually titrate dose
depending on the therapeutic response, degree of systemic effects, and emergence of
prostanoid-related side effects. Epoprostenol has a short half-life of 2 mins to 3 mins and is
unstable at room temperature. Any rapid rate decrease or interruption of the infusion due to
either an occluded catheter or pump malfunction can cause severe rebound pulmonary
hypertension and death (18, 19).

In a recent study (13), 77 children diagnosed with IPAH between 1982 and 1995 were
followed up through 2002. Survival for all children treated with epoprostenol (n = 35) at 1
yr, 5 yrs, and 10 yrs was 94%, 81%, and 61%, respectively, whereas treatment success was
83%, 57%, and 37%, respectively. These results are similar to those found in adults with
IPAH treated with IV epoprostenol (16). Due to the development of tolerance, the dose of
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IV epoprostenol is incrementally increased and is usually higher in children than adults.
Continuous epoprostenol has also been used in a smaller cohort of patients with PAH
associated with congenital heart disease (20). Prostacyclin has also been studied in
combination with bosentan (21) and sildenafil (22). In the acute setting, IV epoprostenol
may be a potent pulmonary vasodilator and may have beneficial effects, in addition to those
of inhaled nitric oxide. Care should be taken in patients with suspicion of pulmonary venous
disease, as IV epoprostenol in this setting may markedly worsen pulmonary edema.
Furthermore, up-titration of 1V epoprostenol in patients with pneumonia and pulmonary
hypertension may worsen ventilation/perfusion matching and result in worsening
oxygenation.

Because IV epoprostenol is a nonselective pulmonary vasodilator, it may worsen ventilation/
perfusion matching, and because its effects are not limited to the pulmonary circulation, it
may cause systemic hypotension. Thus, interest has grown in the delivery of epoprostenol
via the inhaled route (Fig. 2) (23, 24). At low to moderate doses, inhaled epoprostenol may
improve perfusion to well-ventilated areas and more selectively lower PAP and pulmonary
vascular resistance (PVR). Inhaled epoprostenol has been studied in a small series of
neonates with persistent pulmonary hypertension of the newborn. Kelly et al (25) studied
inhaled epoprostenol in neonates with persistent pulmonary hypertension of the newborn
who failed inhaled nitric oxide and lung recruitment strategies. In these patients who had an
oxygenation index of >25 and received inhaled nitric oxide, continuous inhaled epoprostenol
at a dose of 50 ng/kg/min caused a rapid and marked decrease in the oxygenation index
without lowering systemic arterial pressure (Fig. 3). Because of the cost of inhaled nitric
oxide, some centers have increased usage of inhaled epoprostenol. However, the ideal
delivery system has not been developed and most systems alter delivered tidal volume by
the ventilator.

Treprostinil

Treprostinil was approved by the FDA in 2002 as a continuous subcutaneous infusion for
the treatment of PAH. Sub-cutaneous treprostinil demonstrated safety and efficacy in two
randomized, placebo-controlled trials in PAH World Health Organization Class 11-1V
patients with improvement in exercise capacity (26). Recently, a large open-label trial of 860
patients reported a long-term survival benefit of treprostinil in patients with IPAH
comparable to the survival benefit of epoprostenol, relative to published registry survival
curves (27); however, subcutaneous infusion site pain was a treatment-limiting factor for
some patients despite the clinical benefit. Survival in IPAH was 91% at 1 yr and 72% at 4
yrs. A bioequivalence study comparing IV and subcutaneous routes of administration was
conducted, and based on the results, IV treprostinil received FDA approval in 2004 for
patients who are not able to tolerate subcutaneous infusion (28). In addition, as of February
2008, treprostinil was also indicated to diminish the clinical deterioration in patients
requiring transition from epoprostenol.

IV treprostinil has fewer side effects than IV epoprostenol, but there are no studies
comparing efficacy (29-33). Intravenous treprostinil is initiated at 1 to 3 ng/kg/min and
gradually increased by 1 ng/kg/min to 2 ng/kg/min two to three times weekly to a chronic
dose of 80 ng/kg/min to =120 ng/kg/min. Again, it is crucial to individually titrate the
patient's dose depending on the emergence of prostanoid-related side effects and therapeutic
response (34). Inhaled treprostinil has been studied in the chronic outpatient setting leading
to its recent approval in 2009, but little is known about the use of inhaled treprostinil in the
acute setting. In the outpatient setting, inhaled treprostinil administered four times a day
lowers PAP and PVR at the same time improving 6-min walk distance (35-38).
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Iloprost received approval for the treatment of PAH in the United States in December 2004.
This medication is administered by nebulization six to nine times a day. lloprost has been
shown to improve hemodynamics and exercise capacity. Iloprost requires patient
cooperation with the treatment administration lasting 10 mins to 15 mins, which is difficult
for young children (39-45). As mentioned previously, one benefit of inhaled delivery is that
the systemic side effects, including systemic hypotension, should be limited. In a select
patient population, iloprost may benefit children as add-on therapy or to replace 1V therapy
in children with repeated central catheter infections. However, some children may develop
reactive airways obstruction, limiting usefulness of this therapy (Fig. 4) (40). lloprost has
also been studied in combination with bosentan and sildenafil, among others (41).

In the acute setting, iloprost lowers mean PAP and improves systemic oxygen saturation and
is as effective in lowering the ratio of PVR to systemic vascular resistance as inhaled nitric
oxide (Fig. 5) (46). In a study of 46 adult patients with pulmonary hypertension primarily
related to mitral or aortic valve disease, both inhaled nitric oxide and iloprost were effective
in lowering mean PAP and PVR and led to increases in cardiac output. However, iloprost at
a dose of 20 ug over 4-6 mins caused significantly greater reductions in mean PAP and PVR
than inhaled nitric oxide (47). In a recent pediatric study in the acute care setting of
postoperative congenital heart disease, Limsuwan and colleagues (48) evaluated the effects
of iloprost in 12 children in the intensive care setting. Utilizing a dose of 500 ng/kg/dose to
2000 ng/kg/dose over 10 mins every 30 mins up to five times, the authors found that iloprost
caused selective pulmonary vasodilation without worsening oxygenation. Further study in
the acute care setting is warranted (Fig. 6) (48). Some centers have noted systemic
hypotension during administration of higher doses of inhaled iloprost in the intensive care
unit setting.

Other Prostanoids

Finally, beraprost, an oral prostacyclin analog, is currently under evaluation. Although
beneficial effects have been noted in short-term trials (49), these benefits may be attenuated
with prolonged treatment (50, 51). An oral prostacyclin analog of treprostinil is currently
under study as well. Before the development of PGI, and its analogs, IV PGE; was used for
the treatment of postoperative pulmonary hypertension (52). Kermode and colleagues (52)
studied the use of IV PGE; in postoperative congenital heart disease and found it to be
effective, but the effects were not selective to the pulmonary circulation.

In summary, the prostacyclins-prostanoids were one of the first medications used to treat
PAH. Unfortunately, in the IV form, these medications cause nonselective pulmonary
vasodilation and may worsen ventilation/perfusion matching. Recent development of the
inhaled route of delivery has renewed interest in this class of pulmonary vasodilators.

Classification of Recommendations and Level of Evidence

1. Evidence and/or general agreement that a given treatment or procedure is
beneficial, useful, effective; expert opinion

2. Evidence and/or general agreement that a given treatment or procedure is
beneficial, useful, effective; data derived from multiple randomized clinical trials or
meta-analysis

3. Evidence and/or general agreement that a given treatment or procedure is
beneficial, useful, effective; data derived from a single, randomized trial or large
nonrandomized studies
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4. Evidence and/or general agreement that a given treatment or procedure is
beneficial, useful, effective; data derived from a single, randomized trial or large
nonrandomized studies

5. Usefulness/efficacy is less well-established by evidence/opinion; consensus of
opinion of the experts and/or small studies, retrospective studies, registries
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Signal transduction pathway of the prostacyclin (PGl,)—cyclic adenosine monophosphate
(cAMP) pathway. Both PGI, and milrinone, a PDE3 inhibitor, increase cCAMP by different
mechanisms. COX, cyclooxygenase; AC, adenylate cyclase; ATP, adenosine triphosphate.

Reprinted with permission from Rashid et al (7).
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Figure 2.

Prostacyclin I, (PGly) given intravenously nonselectively dilates the pulmonary vasculature
and may worsen ventilation/perfusion matching. In contrast, inhaled PGI, may improve
ventilation/perfusion matching by improving pulmonary blood flow to well-ventilated
regions of the lung. PAP, pulmonary artery pressure; MAP, mean arterial pressure; Qs/Qt,
intrapulmonary shunt. Reprinted with permission from Max and Rossaint (23).
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Figure 3.

Effect of inhaled prostacyclin I, (PGl,) on oxygenation index (Ol) in term neonates with
persistent pulmonary hypertension of the newborn receiving inhaled nitric oxide. Inhaled
PGl, decreased Ol within 2 hrs except in one patient (patient 4) who was later found to have
alveolar capillary dysplasia. Reprinted with permission from Kelly et al (25).
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Figure 4.

In children with pulmonary arterial hypertension associated with congenital heart disease,
inhaled nitric oxide (iNO), and inhaled iloprost lowered the pulmonary vascular resistance/
systemic vascular resistance ratio (Rp/Rs) compared with baseline. There was no additive
effect of iNO to inhaled iloprost. Reprinted with permission from Rimensberger et al (46).
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Figure 5.

Effects of acute inhalation of iloprost in 13 children with pulmonary arterial hypertension.
At baseline, mean mid-volume forced expiratory flow (FEF, 25-75%) was 82% of predicted
(range, 32%-119%). After iloprost inhalation, mean FEF 25% to 75% decreased to 72% of
predicted (p = .03). In five (38%) of 14 patients, FEF 25% to 75% decreased by >15%
(range, —53% to —17%). Reprinted with permission from lIvy et al (40).
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Figure 6.

Effect of inhaled iloprost in 12 children with postoperative congenital heart disease. lloprost
lowered mean pulmonary artery pressure (mPAP) without lowering mean systemic blood
pressure (mSBP). Reprinted with permission from Limsuwan et al (48).
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