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ABSTRACT: Prostacyclin and its analogues (prostanoids) are potent vasodilators and possess
antithrombotic, antiproliferative and anti-inflammatory properties. Pulmonary hypertension (PH)
is associated with vasoconstriction, thrombosis and proliferation, and the lack of endogenous
prostacyclin may considerably contribute to this condition. This supports a strong rationale for
prostanoid use as therapy for this disease. The first experiences of prostanoid therapy in PH
patients were published in 1980.

Epoprostenol, a synthetic analogue of prostacyclin, and the chemicaily stable analogues
iloprost, beraprost and treprostinil were tested in randomised controlled trials. The biological
actions are mainly mediated by activation of specific receptors of the target cells; however, new
data suggest effects on additional intracellular pathways. In the USA and some European
countries, intravenous infusion of epoprostenol and treprostinil, as well as subcutaneous infusion
of treprostinil and inhalation of iloprost, have been approved for therapy of pulmonary arterial
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therapies with prostanoids appears to be effective and safe.
After 25 yrs of continued knowledge, prostanoids remain a mainstay in the treatment of
pulmonary arterial hypertension.
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prostanoids remain a mainstay in the treatment of
these patients.

rostacyclin and its analogues (prosta-
noids) are potent vasodilators and
g possess antithrombotic, antiproliferative
and anti-inflammatory properties. Pulmonary

PROPERTIES OF PROSTANOIDS

hypertension is associated with vasoconstriction,
thrombosis and proliferation, and this may be
partly due to a lack of endogenous prostacyclin [1]
secondary to prostacyclin synthase downregula-
tion [2]. This supports a strong rationale for
prostanoid use as therapy for the disease, with the
first experiences in pulmonary hypertension
patients published in 1980 [3], and the first patient
with severe idiopathic pulmonary arterial hyper-
tension (iPAH) to receive long-term therapy in
1984 [4]. After 25 yrs of continued knowledge,

Before the discovery of its chemical structure,
prostacyclin was characterised as vasodilatory
and anti-aggregative. This was related to its
action on vascular smooth muscle cells (SMC)
and platelets. Later, investigations demonstrated
its antiproliferative actions and the reduction of
matrix secretion in SMC, endothelial cells and
fibroblasts, as well as an anti-inflammatory
profile in leukocytes (fig. 1) [5]. Because endothe-
lial cells are the major source of endogenous
prostacyclin, the action of this mediator is
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PROSTACYCLIN FOR PAH

directed on both the local vascular wall and blood cells,
particularly those that adhere to the endothelium.

Prostacyclin was discovered in 1976 [6] and, in the same year, a
chemical analogue, epoprostenol, was synthesised and tested
for its biological actions [7]. Several chemically stable analo-
gues were synthesised in the following years. Clinical studies
for patients with pulmonary arterial hypertension (PAH) were
performed with epoprostenol, iloprost, beraprost and trepros-
tinil, while cicaprost, the most specific prostaglandin 1 (IP)
receptor agonist, was not clinically developed. The main target
of prostanoids is the IP receptor, which is abundantly
expressed in blood vessels, leukocytes and thrombocytes,
and is rapidly activated by prostanoids. The IP receptor is
coupled with Gs proteins and activates adenylate cyclase,
leading to increased cyclic adenosine monophosphate levels in
the target cells, which explains most of the biological effects.
Principally, it also couples with Gq proteins and might activate
vasoconstrictive pathways under certain circumstances [8, 9].
However, prostacyclin is not highly specific to the IP receptor.
It also activates prostaglandin E (EP) receptors {10], which are
located on the cell surface as well as in the nucleus [11,12], and
peroxisome proliferator activated receptor (PPAR)S, which is
located in the nucleus [13]. Both PPAR« and PPARS may also
be activated via IP receptor-dependent protein kinase (PK)A
activation, but the intracellular prostaglandin (PG)I, from the
endogenous PGI synthase seems to specifically activate the
apoptosis pathway by activation of PPARS (fig. 2) [14-17].

DIFFERENCES BETWEEN PROSTANOIDS

Epoprostenol, like endogenous prostacyclin, is a chemically
unstable compound with a plasma half-life <3-5 min. After
mixing the drug powder with the solvent, a highly basic glycine
buffer, the solution has to be used within 12-24 h due to
spontaneous degradation of the compound. When administered
via peripheral veins, there will be painful vein irritation after a
short time. Therefore, epoprostenol therapy can only be used as
continuous intravenous infusion through a central venous
catheter, with freshly dissolved drug filled into the pump
system. All other prostanoids are chemically stable in solution
and their plasma half-life is much longer: ~30 min with iloprost
and beraprost, and <4.5 h with treprostinil. Vein irritation is
common to all prostanoids. All stable prostanoids have been
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provided as oral preparations; however, as detailed hereafter,
only beraprost has received approval outside of the USA and
oral treprostinil is currently being investigated. Iloprost has
been approved as inhalative therapy and inhaled treprostinil is
currently being investigated in a phase III clinical trial.

Apart from differences in pharmacokinetics and pharmacody-
namics, there may be additional effects of prostanoids that are
specific to each compound. The dose-response curves of the
antiproliferative effects of the prostanoids were comparable but
treprostinil appeared to be more potent than iloprost and
beraprost [18], suggesting additional specific effects on other
intracellular pathways. Non-IP-receptor effects of prostanoids
have attracted some interest in tumour biology [19] and might
also be interesting for pulmonary hypertension. Iloprost and
cicaprost were found to have different effects in the murine
corneal model of angiogenesis. While iloprost caused significant
angiogenesis, comparable with vascular endothelial growth
factor (VEGF), cicaprost had no such effects [20]. The explana-
tion may be that iloprost and carbacyclin, but not cicaprost,
activate PPARs [21], which results in VEGF secretion [22, 23].
VEGF increase may antagonise endothelial dysfunction and
represents a potential beneficial effect on its own [24, 25].

There are some biological effects that have been described in
only one of the compounds, but can probably be applied to
several if not all prostanoids. Treprostinil, for example, was
found to augment the positive inotropic effects of catechola-
mines in isolated ventricular myocytes [26], although it had no
positive inotropic effects of its own. This effect may have
clinical relevance because during right heart failure there is an
increased catecholamine drive and, from the clinical perspec-
tive, it has long been speculated that prostanoids might have
positive inotropic effects that explain their instantaneous
beneficial clinical effects in right heart failure patients. These
effects may add on indirect effects that originate from systemic
vasodilation and subsequent baroreflex activation (fig. 3), and
improved ventriculoarterial coupling [27].

Hoprost suppresses neutrophil adhesion, respiratory burst and
elastase secretion [28]. This may be important because inflamma-
tion appears to play a role among the pathological mechanisms of
PAH [29]. Recently, a number of beneficial changes in gene
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FIGURE 1. Effects of prostanoids on the vessel wall and adherent blood cells. SMC: smooth muscle cells; EC: endothelial cells; Mono: mononuclear cells; MA:
macrophages; PMN: polymorphonuclear neutrophils; T-cells: T-lymphocytes; NF: nuclear factor: TNF: transforming nuclear factor; IL: interleukin; MAPK: mitogen-activated
protein kinase; INOS: inducible nitric oxide synthase; burst: generation of reactive oxygen species; IFN: interferon. Reproduced from [5] with permission from the publisher.
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FIGURE 2. Intracellular targets of prostacyclin. Exiracellular prostaglandin
(PG)Iz mainly, but not specifically, acts on the prostaglandin | (P) receptor and the
postaglandin E (EP), receptor, while PGE, is more specific to EP receptors. TP:
prostaglandin T; Gs, Gqg and Gi: G proteins; PLC: phospholipase C; AC: adenylyl-
cyclase; PKC: protein kinase C; cGMP: cyclic guanosine monophosphate; PDE;
phosphodiesterases; cAMP: cyclic adenosine monophosphate; PKA: protein
kinase A; AAg: arachidonic acid; COX: cyclooxygenases; PGIS: prostacyclin
synthase; PPAR: peroxisome proliferator activated receptor.

expression (hyaluronidonic acid, cyclooxygenase 2 and VEGF
upregulation, and monocyte chemotactic protein and plasmino-
gen activator inhibitor-1 downregulation) were seen in SMC after
incubation with iloprost [30, 31]. If it is considered that
endothelial dysfunction or damage may play a major role in the
pathological development of pulmonary artery remodelling, this
translates into a number of beneficial effects of iloprost. Whether
this translates to all prostanoids remains speculative (fig. 4).

HAEMIODYNAMIC EFFECTS

The haemodynamic effects, including the side-effects of the
different prostanoids, are similar; however, the mode of
application and the applied doses, as well as the long-term
adaptive changes of patients, may have an impact on
pulmonary effects and tolerability (fig. 3). If the dose of a
continuous i.v. infusion is gradually increased over several
weeks, there will be beneficial haemodynamic effects in the
vast majority of patients, with a significant decrease in
pulmonary vascular resistance (PVR) and a minor decrease
in systemic pressure. However, if the dose is rapidly increased,
systemic vasodilatation and its side-effects, as well as other
side-effects, may cause intolerable symptoms and a systemic
pressure drop. If a prostanoid is infused at a constant dose,
there may be IP receptor desensitisation with a complete loss of
vasodilatory effect. This has recently been shown using iloprost
[32]. This desensitisation is PKC dependent. It is possible that
other effects of the compounds, e.. on the EP1 receptor, become
more and more important during constant infusion, as suggested
by SCHERMULY et al. [32]. In clinical practice, there is no loss of
pharmacological effect during constant infusion, but the dose has
to be gradually increased (from 4 ng-kg”-min” as an average
tolerated dose of epoprostenol to ~20-60 ng-kg'-min™ after 1 yr,
and from ~0.5 ng-kg™'-min” of iloprost to ~2.5 ng-kg ! min’
after 1 yr) to keep the same level of pulmonary vasodilatation
and systemic side-effects. If the IP-receptor downregulation is
also present in humans, this would suggest that most, if not all,
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FIGURE 3. Haemodynamic effects of systemically applied prostanoids.
Prostanoids cause a pulmonary and systemic vasodilatation within minutes, which
is more prominent in the systemic vessels. This activates the arterial barorefiex,
which reduces systemic vasodilatation and increases cardiac output. Within weeks,
the neurohormonal activation increases systemic tone, while the slow vasorelaxing
effects in the pulmonary arteries cause additional decrease in pulmonary vascular
resistance (PVR). Indirect positive inotropic effects may ameliorate systemic
hypotension. SAP: systemic arterial pressure as measured with the method of
Riva Roccl. +: posttive effect; - negative effect.

prostanoid effects are mediated by their effects on EP receptors
and PPARs. If the prostanoid drug is applied by inhalation every
3 h, there is no loss of effect [33-35] and there is a need for dose
increase in only a few patients (~16% per yr; unpublished data),
suggesting that this mode of application may cause less receptor
desensitisation. The reasons for this difference between infusion
and inhalation remain speculative; it may be due to the
intermittent application and /or to different local drug concentra-
tion gradients in the different lung compartments.

CLINICAL STUDIES

Intravenous epoprostenol

The emergence of the first approved therapy for PAH,
continuous 1.v. prostacyclin (epoprostenol), transformed the
field of pulmonary hypertension as the first therapy for an
orphan disease. Early individual experience and small-scale
registries [4, 36, 37] demonstrating improvement in symptoms
and haemodynamics, led to the design of the first prospective,
randomised open-label controlled trial.

Investigators enrolled 81 subjects with primary pulmonary
hypertension, classified as New York Heart Association
(NYHA) functional class (FC) III or IV patients, and rando-
mised them to epoprostenol in addition to conventional
therapy or conventional therapy alone (warfarin, digoxin,
oxygen and oral vasodilators) [37] for 12 weeks. Subjects on
active therapy had improvement in exercise capacity, as the
mean 6-min walk distance (6MWD) improved by 32m
compared with a decrease of 15 m in the conventional therapy
group (p<0.003). Haemodynamic improvement was evi-
denced by a decrease in pulmonary artery pressure of 8% in
the epoprostenol group wversus an increase of 3% in the
conventional group (difference in mean change (95% con-
fidence interval (CI)) -6.7 (10.7- -2.6) mmHg; p<0.002). The
mean PVR decreased by 21% in the epoprostenol group versus
an increase of 9% in the conventional group (difference in
means (95% CI) -49 (-7.6- -2.3) mmHg-L™-min™"; p<0.001).
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FIGURE 4. Hypothesis for neointimal formation and possible role of
prostanoids. After endothelial damage, monocytes, fibroblasts and the coagulation
system will form a neointima, which leads to intima fibrosis. lloprost has been
shown to inhibit the mRNA expression of important mediators of these processes.
SMC: smooth muscle cells; EC: endothelial cells; VEGF: vascular endothelial
growth factor; COX: cyclooxygenase; PAI: plasmirogen activator inhibitor; Cyré1:
cystein-rich angiogenic protein, MCP: monocyte chemotactic protein.

Eight patients died during the 12-week trial, all in the
conventional therapy group (p=0.003; table 1). Importantly,
this is the only short-term study (12 weeks) to date that
demonstrates a positive effect on survival,

Observational cohort analyses in the USA and Europe provide
demonstrable evidence of the long-term benefits of epopros-
tenol therapy. MCLAUGHLIN et al. [44] reported clinical and
haemodynamic improvements in 162 subjects classified as
NYHA FC III and IV in the USA. Patients had improved
survival in comparison with expected survival based on
historical data (National Institutes of Health registry equation).
The 1-, 2- and 3-yr survival rates of 87.8, 76.3 and 62.8% were
significantly better than the expected survival rates of 58.9, 46.3
and 354% [39]. Prognostic factors included FC, exercise
tolerance, cardiac index and mean pulmonary pressure after
1 yr of epoprostenol therapy. SITBON et al. [45] evaluated a
similar cohort of 178 subjects in France after 1 yr of therapy.
Compared with a historical cohort with the same severity,
survival rates improved from 58, 43, 33 and 28% to 85, 70, 63
and 55% at 1, 2, 3 and 5 yrs, respectively. Univariate analysis
found that a history of right-sided heart failure, NYHA FC IV,
6MWD <250 m, right atrial pressure >12 mmHg and mean
pulmonary artery pressure <65 mmHg predicted poor out-
come. However, when both baseline variables and those
measured after 3 months on epoprostenol were included on
multivariate analysis, only a history of right-sided heart
failure, persistence of NYHA FC III or IV at 3 months and
the absence of a fall in total pulmonary resistance >30%
relative to baseline, were associated with poor survival.
Although both studies were observational, they demonstrated
long-term efficacy and those patients who presented with
severe disease had a worse prognosis (fig. 5).

Evidence currently supports epoprostenol use in PAH from
associated aetiologies. A multicentre randomised study
demonstrated improved exercise capacity in scleroderma
PAH subjects [43]. Subjects with scleroderma treated with
epoprostenol appear to have a worse prognosis than subjects
with primary pulmonary hypertension in uncontrolled
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FEGURE 5. a) Cumulative survival and b) survival in idiopathic pulmonary
arterial hypertension (iPAH) patients with epoprostenol. a) The number of patients at
risk in the functicnal class IV epoprostencl group (-s++-«-- }at0, 12, 24, 36, 48, 60,
72, 84 and 96 months of treatment were 178, 129, 85, 57, 36, 21, 7, 3 and 1,
respectively. The number of patients at risk in the historical control group (—) at
0,12, 24, 36, 48, 60, 72, 84 and 96 months of treatment were 135, 59, 34, 20, 11, 4,
2,2, and 1, respectively. b) Observed (n=162; —) and expected () survival in
iPAH patients. a) p<0.0001; b) p<0.001. Reproduced and modified from [44] and
[45] with permission from the publisher (a and b, respectively).

analyses [46, 47]. Similar improvements in exercise functional
capacity and FC have been observed in subjects with
congenital left-to-right cardiac shunts [48] and infection with
HIV [49, 50], while results are ambiguous in portopulmonary
hypertension [51] and show unfavourable effects in pulmonary
hypertension secondary to left heart failure [52].

Over the past decade, increasing use of epoprostenol has
delayed the use of lung transplantation in subjects with severe
disease at presentation. A USA survey [53] indicated that
treatment with epoprostenol allowed two thirds of subjects to
deactivate from the transplant list. It is unclear how long the
disease will remain stable and, therefore, frequent clinical
follow-up with examination, exercise and haemodynamic
measures is recommended [54, 55].

Treatment with epoprostenol has limitations based on its
pharmacology, which requires initiation by experienced physi-
cians at designated centres. Long-term administration of
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FIGURE 6. Inhaled route of application for prostancids. The black arrows
indicate the areas where locally deposited drug can penetrate the airway wall and
directly diffuse into the pulmonary artery wall. Note that the terminal arterioles,
carrying most of the resistance, are completely surrounded by alveolar surfaces.
Cap.: pulmonary capillaries.
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epoprostenol requires a permanent central venous catheter
and a portable infusion pump. Medication needs to be prepared
daily and to be kept cold, requiring ice packs to be worn with
medication in 24-h cassettes. Once patients are at a stable dose
they are able to use 8-h cassettes without ice packs; unfortu-
nately, many insurance companies in the USA do not reimburse
for this method of administration. Patients need educating in of
sterile technique, operation of the pump and care of the catheter,
and a strong support system to help ensure a safe environment
prior to initiation. A “mixing partner”, a family member or
friend who lives in close proximity to the patient, is strongly
recommended to obviate problems if the subject is too ill or
unable to prepare medication on a given day. Serious
complications include infection and thrombosis of the catheter
and temporary interruption of the infusion due to: disconnec-
tion of the infusion by switching the line to an alternative line
without priming the new line; inadvertent disconnection; or
pump malfunction [47]. The incidence of catheter-related sepsis
ranges 0.1-0.6 cases per patient-yr [45, 47].

The side-effect profile of epoprostenol is predominantly
related to its ability to vasodilate the vasculature. Side-effects
are usually well tolerated, may be dose related and vary in
intensity and number between individuals. The most common
side-effects include flushing, headache, nausea, loose stool, jaw
discomfort with ““first bite’” and foot pain [42, 44, 45]. The foot
pain is described as pain in the sole of the foot and the ankle
with prolonged standing or walking.

Inhaled iloprost

Direct dilatation of the pulmonary vasculature by inhalation is
a potential therapeutic option. A targeted approach, with
inhalation of prostacyclin, allows for more intrapulmonary
selectivity, avoidance of right-to-left shunt blood flow, less
systemic side-effects [56, 57] and avoidance of a cumbersome
i.v. infusion [33]. This approach uses the anatomical properties
of the lung with their proximity of the airways to the small
pulmonary arteries (fig. 6). From the haemodynamic effects
and arterial blood concentrations [34] it is concluded that
inhaled prostanoids directly act on the pulmonary artery wall

VOLUME 31 NUMBER 4 8a8
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FIGURE 7. Change in 6-min walk distance (6MWD) with inhaled floprost
treatment (®) compared with placebo (B). p=0.004. Reproduced and modified

from [40] with permission from the publisher.

(from the adventitial side) and not by drug recirculation from
the pulmonary or bronchial arteries. The inhalative approach
has been used with epoprostenol since the early 1990s, with
iloprost from 1994 and with treprostinil from 2003.

lloprost is a chemically stable prostacyclin analogue that can be
delivered by suitable nebulisers [34]. To ensure alveolar
deposition, the delivery system produces small aerosolised
particles (median diameter ~3.0 pm) [58]. Hoprost must be
inhaled 6-9 times per day to achieve good clinical effects. The
inhaled doses for significant clinical effects were much smaller
with inhaled iloprost (~0.31 ng-kg™-min™) [40] compared with
the i.v. infusion of iloprost for PAH.

Inhaled iloprost is an effective agent in PAH subjects with
significant limitation in functional capacity. It was approved
for: PAH NYHA FC Il and 1V in the USA; PAH NYHA FC III
and IV, as well as inoperable chronic thromboembolic
pulmonary hypertension (CTEPH), in Australia; and iPAH
NYHA FC 1T in Europe. Inhaled iloprost was investigated in a
double-blind randomised controlled study and was approved
for PAH NYHA FC Il and IV in the USA and FC III in Europe.
A total of 203 subjects with iPAH/familial PAH, PAH
associated with connective tissue diseases or inoperable
CTEPH with FC III or IV were enrolled in a 12-week
multicentre placebo-controlled trial [40]. The primary end-
point was a combined clinical end-point, where four criteria
had to be met to be counted as a responder: 1) a 10% increase in
6MWD; 2) an improvement in NYHA FC; 3) no deterioration;
and 4) no death. This end-point was reached by 17% of patients
on iloprost compared with 4% in the placebo group (p=0.007).
The mean increase in 6MWD was 36.5 m (p=0.004) and 58.8 m
among subjects with primary pulmonary hypertension (fig. 7).
Subjects” well-being improved as evidenced by quality-of-life
scores and the Mahler dyspnoea index. When pre-inhalation
values were considered, haemodynamic measures at 12 weeks
improved slightly but significantly in the treatment group
compared with placebo (p<0.001). When post-inhalation
values were considered, a major improvement was observed.
Side-effects consisted of symptoms related to systemic vaso-
dilation. More syncopal episodes (eight versus five; p=Ns)
occurred in the iloprost group, although they were not
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associated with clinical deterioration. Hloprost also improved
haemodynamics and physical capacity in a small series of lung
fibrosis patients [59], and decompensated right heart failure
[35] and HIV patients [60]. A long-term observational study in
Germany [61] described patients who were started on
treatment with inhaled iloprost in the period 1996-2002 as
compassionate treatment, a time were no approved therapies
were available in that country. After 1, 2 and 3 yrs, survival
rates were 79, 70 and 59%, respectively; compared with these,
event-free survival rates, i.e. survival without transplantation
on iloprost monotherapy, were only 53, 29 and 20%,
respectively. When these results are considered, it should be
remembered that alternative options (in particular oral
beraprost and bosentan) became available during the observa-
tion period and that financial restrictions may have biased the
result.

Intravenous iloprost

Hoprost i.v. has been approved for pulmonary hypertension in
New Zealand but it has also been used in other countries, such
as Germany, Switzerland, UK, Australia, Thailand, Israel,
Argentina and Brazil. It has similar acute haemodynamic
effects as epoprostenol [62]. The practical advantages are that it
does not need cooling and, due to its longer half-life, it is less
risky in case of accidental therapy disruption. In Europe, the
typical long-term dose of infused iloprost is <3 ng-kg™” -min™
[63]. Tt has not been formally tested whether infused iloprost
has the same clinical efficacy as infused epoprostenol or
treprostinil.

Oral beraprost

Beraprost tablets are absorbed rapidly after the administration
of an oral dose under fasting conditions; it reaches a peak
concentration within 30 min and has an elimination half-life of
35-40 min. In Europe, 130 NYHA FC II and III subjects were
enrolled in a 12-week randomised double-blind placebo-
controlled frial of beraprost [38]. Subjects had PAH caused
by iPAH, connective tissue diseases, congenital left-to-right
shunts, portal hypertension and HIV. At a median dose of
80 pg four times daily, subjects had a mean increase of 25 m on
6MWD (p=0.04). Subjects with iPAH had a mean increase of
46 m (p=0.04), whereas subjects with PAH from other causes
experienced no significant improvement. In the USA, a similar
trial was designed but it included NYHA FC 1II and III patients
and had a study duration of 12 months [64]. This study
demonstrated improved 6MWD at 3 and 6 months compared
with placebo, which was not sustained at 9 and 12 months [64].
Beraprost is not approved in the USA and Europe but is an
approved therapy in Japan and several other countries in the
Far East.

Subcutaneous treprostinil

Treprostinil is a tricyclic benzene prostacyclin analogue that,
by virtue of its longer elimination half-life, pH neutrality and
stability at room temperature, may be delivered by either
subcutaneous (half-life 4.6 h) or i.v. infusion (half-life 4.4 h)
[65]. A permanent central venous catheter can be avoided with
s.c. therapy. Pre-mixed medication is infused viz a small self-
inserted s.c. catheter with continuous injection by syringe
through an ambulatory pump. The s.c. infusion of treprostinil
does not require daily mixing and preparation of the infusion.

EUROPEAN RESPIRATORY JOURNAL



M. GOMBERG-MAITLAND AND H. OLSCHEWSKI

The infusion site is instructed to be changed every 3-4 days
according to the package insert. While this is based on the
initial studies, in clinical practice patients often leave sites in
for 2-4 weeks if a “good site”” has been found [66]. The drug
comes in a pre-mixed syringe, there is no need for ice packs or
i.v. catheter care. The most common side-effect occurring in
~85% of the patients is pain [39]. Patients are treated with
variable response with a combination of local anaesthetic
solutions, nonsteroidal anti-inflammatory agents, neuropathic
agents, such as gabapentin and pregabalin, or low-dose
narcotics. The pain does not appear to be dose related, it is
unclear why it occurs and it is unknown which patients will
develop severe pain.

The application of s.c. treprostinii was Food and Drug
Administration (FDA) approved for the treatment of NYHA
FC II-IV PAH patients in 2002. A 12-week multicentre,
randomised, double-blind trial that enrolled patients with
iPAH, PAH related to congenital heart defects or connective
tissue disease, compared treprostinil with placebo in a total of
470 patients (fig. 8) [39]. Treprostinil improved dyspnoea,
fatigue, signs, symptoms of pulmonary hypertension and
quality of life, and caused a modest but significant improvement
in 6MWD. NYHA FC IV PAH patients and patients receiving
higher doses of treprostinil had a more significant improve-
ment. Notably, the maximum dose allowed at week 12 was
22.5 ng-kg'min’?, which is relatively low compared with
current practice patterns. At 12 weeks, there was also an
improvement in haemodynamic parameters, including right
atrial pressure, mean pulmonary artery pressure, PVR and
cardiac output. In subset analyses from the s.c. trials, patients
who had PAH related to connective tissue disease experienced
improvement in exercise capacity, symptoms of PAH and
haemodynamics [67].

Recent retrospective and observational studies of s.c. trepros-
tinil suggest long-term clinical improvement and survival
benefits. LANG ef al. [66] evaluated clinical outcomes in 99 PAH
patients and 23 patients with pulmonary hypertension
secondary to inoperable chronic thromboembolic disease on
s.c. treprostinil for a mean follow-up of 26.2+17.2 months in
the open-label phase of a randomised clinical trial. The mean
(range) dose was 40+2.6 (16-84) ng‘kg"l-min'l. Patients main-
tained their improved exercise tolerance (6MWD) and FC at
3 yrs. Event-free survival (no hospitalisation for clinical
worsening, transition to iv. epoprostenol, or need for
combination therapy or atrial septostomy) was 83.2% at 1 yr
and 69% at 3 yrs, and overall survival was 88.6% at 1 yr and
70.6% at 3 yrs; similar rates to those observed on i.v.
epoprostenol.

BARST ef al. [68] evaluated 860 patients classified as NYHA FC
I (15%), Ul (76%) and IV (9%) and treated for <4 yrs in
randomised controlled trials or newly started on therapy (de
novo). The mean (range) age was 46 (5-84) yrs and 76% were
female. The aetiologies of the patients enrolled were iPAH
(48%), PAH associated with congenital heart disease (21%),
PAH associated with connective tissue disease (19%), chronic
thromboembolic disease (6%) or portal pulmonary hyperten-
sion (5%). Survival in patients on monotherapy, censoring
patients with addition of targeted PAH therapy (130 patients)
or premature discontinuation due to adverse events (199
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patients), was 88, 79, 73, and 70% at 1, 2, 3 and 4 yrs,
respectively. Similarly to reported epoprostenol observational
studies, patients with better FC at study entry lived longer. The
most frequently reported side-effect in both studies was site
pain, which occurred in 75 and 92% of the patients in the
studies by BaRST and co-workers [64, 68], respectively.
Discontinuation due to site pain occurred predominantly in
the first year, with a plateau at 2-3 yrs.

Intravenous treprostinil

Most recently, the FDA approved the use of i.v. treprostinil
based on bioequivalence to s.c. therapy. The advantage over
epoprostenol is that the cassette is changed every other day
and it does not require ice packs. The longer half-life of i.v.
treprostinil may also decrease the risk of cardiovascular
collapse in case of inadvertent interruption of the infusion. In
the first reported open-label trial of i.v. treprostinil in untreated
PAH patients, 16 NYHA FC III or IV patients improved their
6MWD by a mean +SE of 82 m, from 319422 m to 400+26 m
(p=0.001) [69]. Haemodynamics also improved on therapy:
mean pulmonary artery pressure (-4.2 mmHg; p=0.03); cardiac
index (0.47 L-min™-m; p=0.002); and PVR index (-9.4 U'-m?%
p=0.001). One death, thought to be unrelated to the study
drug, occurred in a patient who received 3 days of therapy and
died 2 weeks after discontinuation. Patients can successfully
transition in the hospital from i.v. epoprostenol to i.v. treprostinil
[70]. A total of 27 NYHA FC II and IIl PAH patients completed
the study, there were no deaths and four patients transitioned
back to epoprostenol, three due to leg pain and one with
worsening PAH symptoms in the setting of pneumonia.
Transition maintained exercise capacity (438+16 m at baseline
and 439 + 16 m at week 12) and FC, but with an increase in mean
pulmonary artery pressure (4 +1 mmHg; p<0.01) and reduction
in cardiac index (-04+0.1 L-min™-m™; p=0.01). Patients fin-
ished on more than twice the dose of treprostinil compared with
epoprostenol, with a mean value of 83+ 38 ng-kg ' min™ versus
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FIGURE 8. Change from baseline in 6-min wak distance (6MWD) with
subcutaneous treprostinil according to dose quartile. The first quartile (n=45;
mean b 3.3+ 10) corresponds to a dose of <5 ng-kg'min’; the second quartile
(n=49; mean+sp 1.449) to 5-<8.2 ng-kg'min”'; the third guartie (n=55;
mean+sp 20+8) to 8.2-<13.8 ng-kg”'-min"; and the fourth quartile (n=53;
mean-+sp 36.1+10) to »13.8 ng-kg”'-min"'. Reproduced and modified from [39)
with permission from the publisher.
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40+4 ng-kg'min™. It is unclear whether the haemodynamic
differences between treatments would have been less with
further treprostinil up-titration and whether the haemodynamic
changes after 12 weeks are clinically important long-term.

Inhaled treprostinil

VOSWINCKEL ¢t al. [71] conducted three different studies in 123
patients to assess the pulmonary haemodynamics and gas
exchange of inhaled treprostinil. The first study compared the
haemodynamic and systemic side-effects of inhaled treprosti-
nil with inhaled iloprost in an open-label randomised single-
blind crossover study. Drug effects were monitored for 60 min
after each inhalation session: iloprost at 4 pg-mL™? (6-min
inhalation time) and treprostinil at 4 pg-mL™ (6-min inhalation
time), 8 pg'mL™ (6-min inhalation time) or 16 pg-mL" (3-min
inhalation time). The second study estimated the pharmaco-
dynamic and pharmacokinetic effects of inhaled treprostinil at
180 min and determined the maximally tolerated dose, with
half the cohort receiving 30 pg treprostinil (16 pg-mL™) or
placebo, and subsequent patients receiving 60 pg (32 pg-mL™)
or 120 pg treprostinil (64 pg-mL™?) for an inhalation time of
6 min. In the final study, the investigators sought to determine
the shortest inhalation time for a 15-ug dose by a randomised,
open-label, single-blind study.

Inhaled treprostinil had maximal effects occurring later than
iloprost at mean-+SEM 1842 min compared with 8-+1 min
(p<<0.001), and the effects lasted longer (p<<0.0001): while the
haemodynamic effects of iloprost had vanished within 1 h,
they persisted for >2 h after treprostinil inhalation. A transient
drop in systemic arterial pressure occurred after iloprost
inhalation but not with treprostinil. The maximally tolerated
dose with a near maximal acute decrease in PVR occurred with
the 30-ug dose. After inhalation with a pulsed ultrasonic
nebuliser with 18, 9, 3, 2 or 1 pulse (i.c. one breath), each mode
achieved comparable, sustained vasodilation without signifi-
cant side-effects. These studies demonstrated its ability to
lower PVR with few inhalations and over a short period of
time [71].

Comparison of clinical effects

It is difficult to directly compare the clinical effects and the
side-effects of different prostanoids. This is due to differences
in the enrolled patient populations, the mode of application
and dosing, and trial design; double-blind versus open-label.
Table 1 summarises the randomised controlled trials that have
been performed. Dosing may be different in clinical practice
compared with these studies. This is of particular interest for
i.v. epoprostenol, and s.c. and i.v. treprostinil.

COMBINATION THERAPIES

Treatment of PAH by inhibiting multiple pathways concurrently
may produce additive benefit. As prostacyclin therapy is neither
curative, nor does it normalise pulmonary haemodynamics in
the majority of cases. Investigators have examined combining a
prostanoid with agents that act on the endothelin pathway and
agents that increase cyclic guanosine monophosphate.

Prostacyclin and endothelin antagonists

In the Bosentan Randomized Trial of Endothelin Antagonist
Therapy (BREATHE)-2 study [72], 33 subjects with PAH were
started on epoprostenol with up-titration for 16 weeks and
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randomised in a 2:1 ratio to bosentan (62.5 mg twice daily for
4 weeks and then 125 mg twice daily) or placebo. There was a
trend but no significant benefit in clinical or haemodynamic
measurements. HOEPER ef al. [73] studied 20 patients with
iPAH that were on either inhaled iloprost or oral beraprost.
Therapy of 3 months” duration with bosentan added to the
prostacyclin resulted in improvement in exercise capacity (i.e.
6MWD) and maximal oxygen consumption.

The reverse order, addition of inhaled prostacylin to oral
endothelin antagonist was used in the STEP trial (iloprost
inhalation solution safety and pilot efficacy trial in combina-
tion with bosentan for evaluation in PAH), a double-blind
placebo-controlled trial of 67 NYHA FC III and IV PAH
patients on a stable dose of bosentan for 3 months [41].
Subjects were randomised to either iloprost 5 pg 6-9 times
daily or placebo with 6MWD distance post-inhalation as the
primary end-point. The mean improvement of 26 m wversus
placebo did not meet statistical significance (p=0.051), but
improvements in secondary end-points, including FC and time
to clinical worsening, favoured inhaled iloprost. Obtaining the
6MWD data pre-inhalation may have affected the outcome.

HOEPER et al. [74], in their recent 12-week Combination Therapy
of Bosentan and Aerosolized lloprost in Idiopathic Pulmonary
Arterial Hypertension (COMBI) study, randomised stable
iPAH patients NYHA FC III, currently on bosentan (125 mg
twice daily) to either inhaled iloprost 5 pg six times daily or no
additional therapy. The investigators powered the study with
an assumption that addition of iloprost to bosentan would
yield the same improvement as iloprost monotherapy com-
pared with placebo, an increase in the meanzsp 6MWD
distance of 45175 m. According to the interim analysis (36
completed of the 40 enrolled patients), a larger study could not
demonstrate a statistically significant improvement in 6MWD
for combination therapy leading to early trial termination.

Inhaled treprostinil in combination with oral therapies may be
an additional theurapeutic option. Addition of investigational
inhaled treprostinil at either 30 pg (n=6) or 45 Hg (n=6) to oral
bosentan in a small cohort found significant improvements in
6MWD, predominantly at the higher dose with nearly all
patients (nine out of 11) improving FC [75]. Further studies
with larger cohorts and longer follow-up are necessary in order
to assess all these combination therapy approaches.

Prostacyclin and prostaglandin-5 enzyme inhibitors

Sildenafil, a prostaglandin-5 enzyme inhibitor, in combination
with prostacyclin may be better than either agent alone. True
synergistic effects are suggested [76]. GHOFRANI et al. [77]
investigated the effect of adjunct therapy with sildenafil in
patients on inhaled iloprost in 14 out of 73 PAH patients who
were on monotherapy with inhaled iloprost. Over 9-12 months
follow-up exercise capacity and haemodynamics improved.
Open uncontrolled studies of addition of sildenafil to
epoprostenol improved haemodynamics [78], and addition to
treprostinil improved exercise capacity (i.e. exercise metabolic
equivalents/treadmill time) and functional class [79]. A study
by SIMONNEAU et al. [80] reported the results of a 16-week
multinational, double-blind, placebo-controlled trial assessing
the safety and efficacy of sildenafil in addition to epoprostenol
(PACES). Patients had improvements in exercise capacity
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(adjusted increase 26 m; p<0.001), haemodynamics (mean
pulmonary artery pressure -3.9 mmHg; p<0.0001) and time
to clinical worsening (p=0.012). The long-term open-label
extension at 1 yr maintained this benefit {81].

Currently, two international randomised double-blind con-
trolled trials are ongoing. The TRIUMPH study (Treprostinil
Inhaled Used in Pulmonary Hypertension) investigates the
effects of inhaled treprostinil in PAH patients on a stable
therapy with bosentan. According to a press release (United
Therapeutics, November 2007) this study showed highly
significant, but modest effects in favour of treprostinil on
6MWD, the primary end-point of the study. The VISION study
(Ventavis Inhalation with Sildenafil to Improve and Optimize
pulmonary arterial hypertension) investigates the effects of
inhaled iloprost in patients who have been on sildenafil
therapy or sildenafil in combination with bosentan.

CONCLUSION

Prostanoid therapy is an efficacious therapy for pulmonary
hypertension patients. With over 25 years of usage, the
prostanoids remain critical agents in the therapeutic algorithm
for the care of pulmonary arterial hypertension patients.
Continued research will determine if combination therapy is
more efficacious and, with new agents on the horizon, the need
for continuous infusions may be obviated. The present authors
are confident that experts and research will continue to
determine the best therapies and approaches to treat pulmon-
ary arterial hypertension patients.

REFEREMCES

4 Christman BW. Lipid mediator dysregulation in primary
pulmonary hypertension. Chest 1998; 114: Suppl. 3,
2055-2075.

2 Tuder RM, Cool CD, Geraci MW, ¢t al. Prostacyclin
synthase expression is decreased in lungs from patients
with severe pulmonary hypertension. Am | Respir Crit Care
Med 1999; 159: 1925-1932.

3 O'Grady ], Warrington S, Moti M], et al. Effects of
intravenous infusion of prostacyclin (PGI2) in man.
Prostaglandins 1980; 19: 319-332.

4 Higenbottam T, Wheeldon D, Wells F, Wallwork J. Long-
term treatment of primary pulmonary hypertension with
continuous intravenous epoprostenol (prostacyclin). Lancet
1984; 1: 1046-1047.

5 Olschewski H, Olschewski A, Rose F, et al. Physiologic
basis for the treatment of pulmonary hypertension. | Lab
Clin Med 2001; 138: 287-297.

6 Moncada S, Gryglewski R, Bunting S, Vane JR. An enzyme
isolated from arteries transforms prostaglandin endoper-
oxides to an unstable substance that inhibits platelet
aggregation. Nature 1976; 263: 663—665.

7 Gryglewski R]. Prostaglandins, platelets, and atherosclero-
sis. CRC Crit Rev Biochem 1980; 7: 291-338.

8 Chow KB, Jones RL, Wise H. Protein kinase A-dependent
coupling of mouse prostacyclin receptors to Gi is cell-type
dependent. Eur | Pharmacol 2003; 474: 7-13.

& Wise H. Multiple signalling options for prostacyclin. Acta
Pharmacol Sin 2003; 24: 625-630.

EURCPEAN RESPIRATORY JOURNAL

10

%1

i2

i3

14

5

16

17

18

i@

20

21

22

23

24

28

VOLUME 31 NUMBER 4

PROSTACYCLIN FOR PAH

Abramovitz M, Adam M, Boie Y, ef al. The utilization
of recombinant prostanoid receptors to determine the
affinities and selectivities of prostaglandins and related
analogs. Biochim Biophys Acta 2000; 1483: 285-293.
Bhattacharya M, Peri K, Ribeiro-da-Silva A, et al
Localization of functional prostaglandin E2 receptors EP3
and EP4 in the nuclear envelope. | Biol Chem 1999; 274:
15719-15724.

Bhattacharya M, Peri KG, Almazan G, et al. Nuclear
localization of prostaglandin E2 receptors. Proc Natl Acad
Sci USA 1998; 95: 15792-15797.

Gupta RA, Tan J, Krause WF, et al. Prostacyclin-mediated
activation of peroxisome proliferator-activated receptor
delta in colorectal cancer. Proc Natl Acad Sci USA 2000; 97:
13275-13280.

Hatae T, Wada M, Yokoyama C, Shimonishi M, Tanabe T.
Prostacyclin-dependent apoptosis mediated by PPAR
delta. | Biol Chem 2001; 276: 46260-46267.

Kliewer SA, Sundseth SS, Jones SA, et al. Fatty acids and
eicosanoids regulate gene expression through direct interac-
tions with peroxisome proliferator-activated receptors alpha
and gamma. Proc Natl Acad Sci USA 1997; 94: 4318-4323.
Lazennec G, Canaple L, Saugy D, Wahli W. Activation of
peroxisome proliferator-activated receptors (PPARs) by
their ligands and protein kinase A activators. Mol
Endocrinol 2000; 14: 1962-1975.

Gray JP, Burns KA, Leas TL, Perdew GH, Vanden
Heuvel JP. Regulation of peroxisome proliferator-activated
receptor alpha by protein kinase C. Biochemistry 2005; 44:
10313-10321.

Clapp LH, Finney P, Turcato S, Tran S, Rubin L], Tinker A.
Differential effects of stable prostacyclin analogs on
smooth muscle proliferation and cyclic AMP generation
in human pulmonary artery. Am | Respir Cell Mol Biol 2002;
26: 194-201.

Keith RL, Geraci MW. Prostacyclin in lung cancer. | Thorac
Oncol 2006; 1: 503-505.

Pola R, Gaetani E, Flex A, et al. Comparative analysis of the
in vivo angiogenic properties of stable prostacyclin analogs:
a possible role for peroxisome proliferator-activated
receptors. | Mol Cell Cardiol 2004; 36: 363-370.

Reginato M]J, Krakow SL, Bailey ST, Lazar MA.
Prostaglandins promote and block adipogenesis through
opposing effects on peroxisome proliferator-activated
receptor gamma. ] Biol Chem 1998; 273: 1855-1858.
Forman BM, Umesono K, Chen ], Evans RM. Unique
response pathways are established by allosteric interactions
among nuclear hormone receptors. Cell 1995; 81: 541-550.
Barger PM. Has angiogenesis been invited to the PPARty?
J Mol Cell Cardiol 2002; 34: 713-716.

Le Cras TD, Markham NE, Tuder RM, Voelkel NF,
Abman SH. Treatment of newborn rats with a VEGF
receptor inhibitor causes pulmonary hypertension and
abnormal lung structure. Am | Physiol Lung Cell Mol Physiol
2002; 283: L555-1.562.

Taraseviciene-Stewart L, Kasahara Y, Alger L, et al
Inhibition of the VEGF receptor 2 combined with chronic
hypoxia causes cell death-dependent pulmonary endothe-
lial cell proliferation and severe pulmonary hypertension.
FASEB ] 2001; 15: 427-438.

89¢




PROSTACYCLIN FOR PAHM

26

27

28

28

30

31

32

33

34

385

36

37

38

38

40

800

Fontana M, Olschewski H, Olschewski A, Schiiiter KD.
Treprostinil potentiates the positive inotropic effect of
catecholamines in adult rat ventricular cardiomyocytes. Br
J Pharmacol 2007; 151: 779-786.

Kerbaul F, Brimioulle S, Rondelet B, Dewachter C,
Hubloue I, Naeije R. How prostacyclin improves cardiac
output in right heart failure in conjunction with pulmonary
hypertension. Am | Respir Crit Care Med 2007; 175: 846--850.
Rose F, Hattar K, Gakisch S, ef al. Increased neutrophil
mediator release in patients with pulmonary hypertension
— suppression by inhaled iloprost. Thromb Haemost 2003;
90: 1141-1149.

Dorfmiiller P, Perros F, Balabanian K, Humbert M.
Inflammation in pulmonary arterial hypertension. Eur
Respir J 2003; 22: 358-363.

Meyer-Kirchrath ], Debey S, Glandorff C, Kirchrath L,
Schror K. Gene expression profile of the Gs-coupled
prostacyclin receptor in human vascular smooth muscle
cells. Biochem Pharmacol 2004; 67: 757-765.

Sussmann M, Sarbia M, Meyer-Kirchrath J, Niising RM,
Schror K, Fischer JW. Induction of hyaluronic acid
synthase 2 (HAS?) in human vascular smooth muscle cells
by vasodilatory prostaglandins. Circ Res 2004; 94: 592-600.
Schermuly RT, Pullamsetti SS, Breitenbach SC, et al.
TNloprost-induced desensitization of the prostacyclin recep-
tor in isolated rabbit lungs. Respir Res 2007; 8: 4.
Olschewski H, Walmrath D, Schermuly R, Ghofrani A,
Grimminger F, Seeger W. Aerosolized prostacyclin and
iloprost in severe pulmonary hypertension. Ann Intern Med
1996; 124: 820-824.

Olschewski H, Rohde B, Behr J, et 4l. Pharmacodynamics
and pharmacokinetics of inhaled iloprost, aerosolized by
three different devices, in severe pulmonary hypertension.
Chest 2003; 124: 1294-1304.

Olschewski H, Ghofrani HA, Schmehl T, et al. Inhaled
iloprost to treat severe pulmonary hypertension. An
uncontrolled trial. German PPH Study Group. Ann Intern
Med 2000; 132: 435-443.

Weir EK, Rubin L], Ayres SM, et al. The acute administra-
tion of vasodilators in primary pulmonary hypertension.
Experience from the National Institutes of Health Registry
on Primary Pulmonary Hypertension. Am Rev Respir Dis
1989; 140: 1623-1630.

Rubin L], Groves BM, Reeves JT, Frosolono M, Handel F,
Cato AE. Prostacyclin-induced acute pulmonary vasodila-
tion in primary pulmonary hypertension. Circulation 1982;
66: 334-338.

Galie N, Humbert M, Vachiéry JL, ef al. Effects of beraprost
sodium, an oral prostacyclin analogue, in patients with
pulmonary arterial hypertension: a randomized, double-
blind, placebo-controlled trial. ] Am Coll Cardiol 2002; 39:
1496-1502.

Simonneau G, Barst RJ, Galie¢ N, et al. Continuous
subcutaneous infusion of treprostinil, a prostacyclin
analogue, in patients with pulmonary arterial hyperten-
sion: a double-blind, randomized, placebo-controlled trial.
Am ] Respir Crit Care Med 2002; 165: 800-804.

Olschewski H, Simonneau G, Galie N, et al. Inhaled
iloprost for severe pulmonary hypertension. N Engl |
Med 2002; 347: 322-329.

VOLUME 3t NUMBER 4

41

42

43

44

48

46

47

48

49

50

51

52

53

54

58

56

M. GOMBERG-MAITLAND AND H. OLSCHEWSKI

McLaughlin VV, Oudiz R], Frost A, et al. Randomized
study of adding inhaled iloprost to existing bosentan in
pulmonary arterial hypertension. Am | Respir Crit Care Med
2006; 174: 1257-1263.

Barst RJ, Rubin LJ, Long WA, ef al. A comparison of
continuous intravenous epoprostenol (prostacyclin) with
conventional therapy for primary pulmonary hypertension.
The Primary Pulmonary Hypertension Study Group. N Engl
J Med 1996; 334: 296-302.

Badesch DB, Tapson VF, McGoon MD, ¢t al. Continuous
intravenous epoprostenol for pulmonary hypertension due
to the scleroderma spectrum of disease. A randomized,
controlled trial. Ann Intern Med 2000; 132: 425-434.
McLaughlin VV, Shillington A, Rich S. Survival in primary
pulmonary hypertension: the impact of epoprostenol
therapy. Circulation 2002; 106: 1477-1482.

Sitbon O, Humbert M, Nunes H, et al. Long-term
intravenous epoprostenol infusion in primary pulmonary
hypertension: prognostic factors and survival. | Am Coll
Cardiol 2002; 40: 780-788.

Kuhn KP, Byrne DW, Arbogast PG, Doyle TP, Loyd JE,
Robbins IM. Outcome in 91 consecutive patients with
pulmonary arterial hypertension receiving epoprostenol.
Ant | Respir Crit Care Med 2003; 167: 580-586.

Humbert M, Sanchez O, Fartoukh M, et al. Short-term and
long-term epoprostenol (prostacyclin) therapy in pulmon-
ary hypertension secondary to connective tissue diseases:
results of a pilot study. Eur Respir | 1999; 13: 1351-1356.
Rosenzweig EB, Kerstein D, Barst R]. Long-term prostacy-
clin for pulmonary hypertension with associated congeni-
tal heart defects. Circulation 1999; 99: 1858-1865.

Nunes H, Humbert M, Sitbon O, et al. Prognostic factors for
survival in human immunodeficiency virus-associated
pulmonary arterial hypertension. Am | Respir Crit Care
Med 2003; 167: 1433-1439.

Aguilar RV, Farber HW. Epoprostenol (prostacyclin)
therapy in HIV-associated pulmonary hypertension. Am |
Respir Crit Care Med 2000; 162: 1846-1850.

Krowka MJ, Swanson KL. How should we treat portopul-
monary hypertension? Eur Respir | 2006; 28: 466—467.
Califf RM, Adams KF, McKenna W], et al. A randomized
controlled trial of epoprostenol therapy for severe con-
gestive heart failure: the Flolan International Randomized
Survival Trial (FIRST). Am Heart | 1997; 134: 44-54.
Robbins IM, Christman BW, Newman JH, Matlock R,
Loyd JE. A survey of diagnostic practices and the use of
epoprostenol in patients with primary pulmonary hyper-
tension. Chest 1998; 114: 1269-1275.

Galie N, Torbicki A, Barst R, et al. Guidelines on diagnosis
and treatment of pulmonary arterial hypertension. The
Task Force on Diagnosis and Treatment of Pulmonary
Arterial Hypertension of the European Society of
Cardiology. Eur Heart | 2004; 25: 2243-2278.

Badesch DB, Abman SH, Simonneau G, Rubin LJ,
McLaughlin VV. Medical therapy for pulmonary arterial
hypertension: updated ACCP evidence-based clinical
practice guidelines. Chest 2007; 131: 1917-1928.

Walmrath D, Schneider T, Pilch J, Grimminger F, Seeger W.
Aerosolised prostacyclin in adult respiratory distress
syndrome. Lancet 1993; 342: 961-962.

EUROPEAN RESPIRATORY JOURNAL



M. GOMBERG-MAITLAND AND H. OLSCHEWSKI

87

58

58

60

&1

62

63

64

65

66

67

68

Walmrath D, Schneider T, Schermuly R, Olschewski H,
Grimminger F, Seeger W. Direct comparison of in-
haled nitric oxide and aerosolized prostacyclin in acute
respiratory distress syndrome. Am | Respir Crit Care Med
1996; 153: 991-996.

Gessler T, Schmehl T, Hoeper MM, et al. Ultrasonic versus
jet nebulization of iloprost in severe pulmonary hyperten-
sion. Eur Respir | 2001; 17: 14-19.

Olschewski H, Ghofrani HA, Walmrath D, ef al. Inhaled
prostacyclin and iloprost in severe pulmonary hyperten-
sion secondary to lung fibrosis. Am | Respir Crit Care Med
1999; 160: 600-607.

Ghofrani HA, Friese G, Discher T, ef 4l. Inhaled iloprost is a
potent acute pulmonary vasodilator in HIV-related severe
pulmonary hypertension. Eur Respir | 2004; 23: 321-326.
Opitz CF, Wensel R, Winkler J, et al. Clinical efficacy and
survival with first-line inhaled iloprost therapy in patients
with idiopathic pulmonary arterial hypertension. Eur Heart
J 2005; 26: 1895-1902.

Higenbottam TW, Butt AY, Dinh-Xuan AT, Takao M,
Cremona G, Akamine S. Treatment of pulmonary hyper-
tension with the continuous infusion of a prostacyclin
analogue, iloprost. Heart 1998; 79: 175-179.

Ewert R, Opitz CF, Wensel R, Winkler J, Halank M,
Felix SB. Continuous intravenous iloprost to revert treat-
ment failure of first-line inhaled iloprost therapy in
patients with idiopathic pulmonary arterial hypertension.
Clin Res Cardiol 2007; 96: 211-217.

Barst RJ, McGoon M, McLaughlin V, et al. Beraprost
therapy for pulmonary arterial hypertension. | Am Coll
Cardiol 2003; 41: 2119-2125.

Laliberte K, Arneson C, Jeffs R, Hunt T, Wade M.
Pharmacokinetics and steady-state bioequivalence of tre-
prostinil sodium (Remodulin) administered by the intra-
venous and subcutaneous route to normal volunteers. |
Cardiovasc Pharmacol 2004; 44: 209-214.

Lang I, Gomez-Sanchez M, Kneussl M, ef al. Efficacy of
long-term subcutaneous treprostinil sodium therapy in
pulmonary hypertension. Chest 2006; 129: 1636-1643.
Oudiz R], Schilz RJ, Barst RJ, ef al. Treprostinil, a
prostacyclin analogue, in pulmonary arterial hypertension
associated with connective tissue disease. Chest 2004; 126:
420-427.

Barst RJ, Gali¢ N, Naeije R, ¢t al. Long-term outcome in
pulmonary arterial hypertension patients treated with
treprostinil. Eur Respir | 2006; 28: 1195-1203.

EUROPEAN RESPIRATORY JOURNAL

69

740

i1

72

73

74

78

78

T

78

78

80

81

VOLUME 31 NUMBER 4

PROSTACYCLIN FOR PAH

Tapson VF, Gomberg-Maitland M, McLaughlin VV, et al.
Safety and efficacy of IV treprostinil for pulmonary arterial
hypertension: a prospective, multicenter, open-label, 12-
week trial. Chest 2006; 129: 683-688.

Gomberg-Maitland M, Tapson VF, Benza RL, et al.
Transition from intravenous epoprostenol to intravenous
treprostinil in pulmonary hypertension. Am | Respir Crit
Care Med 2005; 172: 1586-1589.

Voswinckel R, Enke B, Reichenberger F, et al. Favourable
effects of inhaled treprostinil in severe pulmonary hyper-
tension. | Am Coll Cardiol 2006; 48: 1672-1681.

Humbert M, Barst RJ, Robbins IM, ef al. Combination of
bosentan with epoprostenol in pulmonary arterial hyper-
tension: BREATHE-2. Eur Respir | 2004; 24: 353-359.
Hoeper MM, Taha N, Bekjarova A, Gatzke R,
Spiekerkoetter E. Bosentan treatment in patients with
primary pulmonary hypertension receiving nonparenteral
prostanoids. Eur Respir | 2003; 22: 330-334.

Hoeper MM, Leuchte H, Halank M, ef al. Combining inhaled
iloprost with bosentan in patients with idiopathic pulmonary
arterial hypertension. Eur Respir | 2006; 28: 691-694.
Channick RN, Olschewski H, Seeger W, Staub T,
Voswinckel R, Rubin LJ. Safety and efficacy of inhaled
treprostinil as add-on therapy to bosentan in pulmonary
arterial hypertension. ] Am Coll Cardiol 2006; 48: 1433-1437.
Ghofrani HA, Wiedemann R, Rose F, et al. Combination
therapy with oral sildenafil and inhaled iloprost for severe
pulmonary hypertension. Ann Intern Med 2002; 136: 515-522.
Ghofrani HA, Rose F, Schermuly RT, et al. Oral sildenafil as
long-term adjunct therapy to inhaled iloprost in severe
pulmonary arterial hypertension. | Am Coll Cardiol 2003;
42: 158-164.

Stiebellehner L, Petkov V, Vonbank K, et al. Long-term
treatment with oral sildenafil in addition to continuous IV
epoprostenol in patients with pulmonary arterial hyper-
tension. Chest 2003; 123: 1293-1295.

Gomberg-Maitland M, McLaughlin V, Gulati M, Rich S.
Efficacy and safety of sildenafil added to treprostinil in
pulmonary hypertension. Am | Cardiol 2005; 96: 1334-1336.
Simonneau G, Burgess G, Collings L, et al. Safety and
efficacy of combination therapy with sildenafil and
epoprostenol in patients with pulmonary arterial hyper-
tension. Am | Respir Crit Care Med 2006; 3: A58.
Simonneau G, Rubin L], Galie N, et al., Safety and efficacy
of sildenafil-epoprostinol combination therapy in patients
with pulmonary arterial hypertension. Am | Respir Crit
Care Med 2007; 175: A300.

801





