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Pulmonary arterial hypertension (PAH), an incurable disease, is
characterized by medial hypertrophy, intimal fibrosis, and in
situ thrombi in small muscular pulmonary arteries.1 PAH was
considered a rapidly fatal illness with a median survival of 2.8
years in the 1980s when no proven therapies were available.2

Since then the treatment of this disease has made tremendous
advances and the last 10 years have seen the discovery of new
medications that have positively influenced the prognosis and
survival of PAH patients.2,3

Advances in PAH therapy were made possible by conduct-
ing randomized controlled trials (RCTs) designed to demon-
strate efficacy, safety, and/or survival benefit. Currently six
agents targeting three major pathways implicated in the patho-
genesis of PAH are FDA approved and also approved for use
outside of the United States. These include the prostacyclin
agonists epoprostenol,4 treprostinil,5 and iloprost6; the endothe-
lin receptor antagonists (ETRAs) bosentan7 and ambrisentan8;
and the phosphodiesterase-5 (PDE5) inhibitor sildenafil.9

Ongoing, yet to be reported phase 2 and 3 clinical trials in PAH
are numerous, are outlined in Table 1, and are registered at
ClinicalTrials.gov. This article focuses on a review of ongoing
monotherapy trials (ongoing combination therapy trials are
reviewed elsewhere in this issue of Advances in Pulmonary
Hypertension).

Endothelin Receptor Antagonists
Endothelin-1, a potent vasoconstrictor, acts as a mitogen,
induces fibrosis, and leads to the proliferation of vascular
smooth-muscle cells. The effects of endothelin-1 are mediated
through the activation of ETA and ETB receptors. Differential
activation of ETA and ETB receptors leads to the vasoconstrict-
ing and vascular proliferative actions of endothelin-1.
Ambrisentan is an ETRA that has a higher affinity for ETA recep-
tors. Two recent clinical trials (ARIES 1 and ARIES 2) have
shown improvement in placebo-corrected 6-minute walk test
distance (6MWD)10 and ARIES 2 documented delayed clinical
worsening as compared with placebo. The long-term extension

study of ARIES 1 and ARIES 2 showed a sustained benefit on
6MWD, WHO functional class, and Borg dyspnea index.11

Patients with idiopathic PAH and PAH associated with collagen
vascular disease, anorexigen use, and HIV infection were
enrolled in these studies.

ARIES III
Ambrisentan, a selective ETRA, demonstrated improvement in
6MWD and time to clinical worsening in randomized clinical tri-
als. Ambrisentan was recently FDA approved for WHO
Diagnostic Group I PAH patients of NYHA/WHO functional class
II and III. An ongoing open-label study will determine the safe-
ty and efficacy of ambrisentan in PH populations that are not
classically included in the RCTs to date. These include patients
with congenital heart defects, and PAH associated with HIV
infection, interstitial lung disease, and chronic obstructive pul-
monary disease (the later two being WHO Diagnostic Group 3
and 4 populations). This 24-week study will enroll treatment-
naïve patients and those receiving stable doses of prostanoids
or PDE5 inhibitors. In treatment-naïve subjects addition of
prostanoid therapy at week 12 will be allowed according to pre-
defined clinical criteria. An option to add sildenafil after week
28 of ambrisentan monotherapy is included. The primary objec-
tive of this study is to evaluate the effect of ambrisentan on
exercise capacity. Secondary objectives are the effects on other
clinical parameters, safety, efficacy, and tolerability, as well as
long-term effects and survival. The study may broaden the use
of ambrisentan.

Prostanoids
Prostacyclin is the main product of arachidonic acid in the vas-
cular endothelium. By the production of cyclic adenosine
monophosphate, prostacyclin promotes pulmonary vascular
relaxation and inhibits growth of smooth-muscle cells. In addi-
tion, prostacyclin is a powerful inhibitor of platelet aggregation.

FREEDOM Study
A sustained-release approach to prostacyclin delivery uses an
osmotic tablet technology to deliver oral treprostinil
diethanolamine. The pharmacokinetic data indicate that sus-
tained plasma concentrations of treprostinil were delivered over
approximately 8 to 10 hours following twice-daily administra-
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tion with a regular meal. A high fat and high calorie meal
extends the duration of plasma concentration to 10 to 12 hours
on average. In vitro and preliminary data suggest no significant
interaction between UT-15C and sildenafil and bosentan, and
UT-15C was also shown not to inhibit or induce CYP450. The
starting dose suggested was 0.5 mg twice daily, with gradual
dose escalation. Adverse events experienced with UT-15C are
typically those associated with prostacyclin and include
headache, flushing, jaw pain, nausea, and emesis. This study
will potentially result in the availability of an oral prostacyclin
agent that could obviate the need for an intravenous or subcu-
taneous indwelling catheter and continuous infusions. This
option would positively impact patients without the necessary
support or manual dexterity to manage infusion pumps and/or
mix medication.

Oral prostacyclin (treprostinil diethanolamine, UT-15C), an
analogue of treprostinil, is being evaluated as a therapeutic
agent in a multicenter RCT. This study will determine the safe-
ty and efficacy of UT-15C in PAH subjects who remain sympto-
matic despite being treated with bosentan or sildenafil or both.

There are two arms of the
trial, one enrolling treatment-
naïve subjects for a 12-week
study, and the other recruiting
subjects who are receiving an
ETRA and/or a PDE5 inhibitor
for a 16-week study. Adult
subjects receiving an ETRA
and/or a PDE5 inhibitor for 90
days and on a stable dose for
at least 30 days before en-
rolling are eligible. The pri-
mary objective for this RCT is
a change in 6MWD from base-
line. A substudy is evaluating
biomarker levels and genetics
of the enrolled subjects. Pa-
tients with idiopathic or famil-
ial PAH, or PAH related to
repaired congenital disorders,
collagen vascular disease, or
HIV infection are eligible. Pa-
tients who complete the study
are eligible to enroll in a 1-
year extension study to deter-
mine the safety/efficacy of
this drug and the effects on
exercise capacity.

TRIUMPH Study
An inhaled form of prostacy-
clin (treprostinil) was evaluat-
ed in a 12-week RCT in pa-
tients who remained sympto-
matic during bosentan or
sildenafil therapy. The primary
objective was the change in
6MWD from baseline to week
12. The secondary objectives

were changes in NYHA functional class, Borg dyspnea score,
signs and symptoms of PAH, quality of life, and time to clinical
worsening. The dosing regimen is to take the nebulized med-
ication or placebo four times—on awakening, at midday, in the
evening (dinnertime), and at bedtime. After completing the 12-
week study, patients have an option to enroll in an open-label
extension study.

Preliminary results of this study were announced on
November 1, 2007, and showed that the study met its primary
efficacy endpoint of 6MWD at 12 week measured at peak expo-
sure after inhalation of treprostinil relative to baseline. These
results demonstrates an improvement in median 6MW distance
by approximately 20 meters (P < .0006) as compared to
patients receiving placebo. The secondary efficacy measures
such as Borg dyspnea score, NYHA functional class, and time
to clinical worsening did not differ between treprostinil and
placebo. The full results of this study are not yet published. Use
of an inhaled prostacyclin with a longer half-life in symptomatic
PAH patients may have a positive impact on patient compli-
ance.

Table 1. Ongoing Phase 2 and 3 Clinical Trials in
Pulmonary Arterial Hypertension

Current Studies Study Duration 6MWD Criteria Brief Description

ARIES III 24 weeks 150-450 m Open-label study in PAH related to
(ambrisentan) Eisenmenger syndrome, lung disorder, and

CTED

FREEDOM
(oral treprostinil 12 and 16 weeks 100-400 m RCT in iPAH, fPAH, PAH related to CVD,
diethanolamine) HIV, and repaired congenital shunts

PHIRST-1 and -2 16 and 52 weeks 150-450 m RCT followed by open-label extension in
(oral tadalafil) iPAH, PAH related to CVD, anorexigen use,

repaired congenital shunt, and unrepaired
atrial septal defect

Low-dose sildenafil 12 weeks 100-450 m RCT in iPAH, PAH related to CVD and
repaired congenital shunt

Serotonin transporter 16 weeks 50-480 m RCT in iPAH, fPAH, PAH related to CVD,
inhibitor HIV, congenital shunt, and anorexigen use
(escitalopram)

Tyrosine kinase 6 months __ RCT in iPAH, fPAH, and PAH related to
inhibitor systemic sclerosis
(imatinib mesylate)

Acetylsalicylic acid 6 months none RCT in iPAH, fPAH, PAH associated with
and simvastatin CVD, HIV, congenital shunt, and anorexigen

use

Epoprostenol and Long-term 100-450 m Open-label extension study in iPAH, PAH
sildenafil related to CVD, repaired congenital shunt,

and anorexigen use

CTED = chronic thromboembolic disease; CVD = collagen vascular disease; fPAH = familial pulmonary arterial
hypertension; iPAH = idiopathic pulmonary arterial hypertension; RCT = randomized controlled trial;
6MWD = 6-minute walk test distance.
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Phosphodiesterase Type 5 Inhibitors
PDE5 inhibitors block the breakdown of cyclic guanosine
monophosphate in the vascular endothelium, resulting in
increased activity of endogenous nitric oxide that enhances pul-
monary vasodilation. Tadalafil is a long-acting PDE5 inhibitor
with a mean half-life of 17.5 hours and a once-daily dosing reg-
imen. Tadalafil is rapidly absorbed orally and has no food inter-
action. The side-effect profile is similar to that of other PDE5
inhibitors.

PHIRST-1 and -2 Studies
A long-acting PDE5 inhibitor, tadalafil, was tested in a RCT as
therapy for PAH. Eligible subjects were those with idiopathic
PAH or PAH related to collagen vascular disease, anorexigen
use, repaired congenital shunt and unrepaired atrial septal
defect with oxygen saturation of 88% or greater on room air.
The primary endpoint was a change in 6MWD from baseline
and secondary measures included WHO functional class, car-
diopulmonary hemodynamic, quality of life measures, and Borg
dyspnea score change from baseline to Week 16, and time to
the first occurrence of clinical worsening. Clinical worsening
was defined as death, lung transplantation, atrial septostomy,
hospitalization due to worsening PAH, initiation of new PAH
therapy (eg, prostacyclin or analog, endothelin receptor antago-
nist, PDE5 inhibitor), or worsening of WHO functional class.
The 16-week study has closed (the extension study is ongoing).
An ongoing 52-week open-label study followed the 16 week
RCT to determine the long-term safety and efficacy of tadalafil.
During the extension phase, subjects will receive 40 mg of
tadalafil and subjects who complete the 52-week extension
study will continue to receive the study medication till the med-
ication is approved. This study may add a long-acting PDE5
inhibitor to the armamentarium to treat PAH.

Low-Dose Sildenafil Study
A current multicenter RCT is evaluating the dose response of 1
mg, 5 mg, and 20 mg tid sildenafil in a 12-week study. The pri-
mary objective is to determine the dose response for 1 mg, 5
mg, and 20 mg sildenafil in PAH subjects in 12 weeks. Other
objectives of the study are the safety and tolerability of silde-
nafil and the effects of sildenafil on brain natriuretic peptide
(BNP) levels and on annular plane systolic excursion on
echocardiography. Patients with idiopathic PAH, PAH associat-
ed with connective tissue disease, and PAH associated with
repaired congenital heart defect will be eligible.

The rationale for this study is based on the results of the
SUPER-1 trial in which the 20 mg, 40 mg, and 80 mg doses
of sildenafil showed little evidence of dose response relation-
ship and protein kinase analyses suggested that the 20 mg dose
was at the plateau of the dose response curve.9 Although the
SUPER-1 data indicated that there was improvement in hemo-
dynamics with higher sildenafil dosing, it did not reach statisti-
cal significance.9 The low-dose sildenafil study would help
define whether a lower sildenafil dose may be as efficacious as
the FDA-approved sildenafil dose of 20 mg.

Serotonin Transporter Inhibitor Study
Escitalopram
A multicenter RCT will determine the efficacy of a serotonin

transporter inhibitor (STI), escitalopram, on 6MWD in a 16-
week study. The other objectives are changes in hemodynamics,
improvement in NYHA functional class, dyspnea and quality of
life, and efficacy in reducing hospitalization for PAH exacerba-
tions and treatment intensification, including initiation of intra-
venous therapy. Adult subjects of both genders meeting the
WHO hemodynamic PAH criteria and having idiopathic PAH,
familial PAH, or PAH associated with repaired congenital defect
or collagen vascular disease, appetite suppressant use, or HIV
infection are eligible. The inclusion criteria include a 6MWD
between 40% and 80% of typical PAH values (approximately
50 to 480 m). This study will help determine the efficacy of STI
as another therapeutic agent in PAH.

The pathogenesis of PAH is characterized by vasoconstric-
tion, hyperplasia, and proliferation of pulmonary artery smooth
muscle cells that leads to vascular remodeling.12,13 In this
regard, serotonin is a pulmonary vasoconstrictor and a smooth
muscle mitogen implicated in the pathogenesis of PAH. In rats,
hypoxic vasoconstrictor responses of the pulmonary vasculature
were potentiated by serotonin.14 Serotonin has been shown to
induce sustained calcium entry in the small intrapulmonary
artery of rats.15 Serotonin is transported into the numerous
cells by the serotonin transporter. Serotonin transporter expres-
sion is increased in pulmonary vascular smooth muscles cells
in patients with PAH.16 Mice deficient in the transporter gene
were protected from hypoxic-induced pulmonary vasoconstric-
tion.17 A highly selective STI, fluoxetine, has been shown to
protect against monocrotaline-induced pulmonary hyperten-
sion18 and abrogate hypoxic-induced vascular remodeling in
rats.19 These data suggest a role for STIs in the treatment of
PAH.

Tyrosine Kinase Inhibitor Study
Imatinib Mesylate
This RCT is recruiting PAH subjects to determine the safety and
efficacy of imatinib mesylate, a tyrosine kinase inhibitor, in a 6-
month study. Eligible subjects are those with idiopathic PAH,
familial PAH, or PAH associated with systemic sclerosis.
Excluded subjects include those receiving PDE5 inhibitors or
inhaled nitric oxide, and those with preexisting lung disease,
congenital heart disease including pulmonary artery stenosis,
valvular heart disease, and chronic thromboembolic disease.
The primary objectives are safety and tolerability of the drug as
well as efficacy measured by improvement in the 6MWD.
Secondary objectives are improvement in WHO functional class
and Borg dyspnea score, changes in hemodynamic, time to
clinical worsening, and plasma biomarker levels.

Platelet-derived growth factor (PDGF) is shown to be upreg-
ulated in lungs from PAH patients as compared with healthy
controls.20 In animal studies, the PDGF antagonist imatinib
mesylate completely reversed vascular remodeling, improved
hemodynamics, and reduced mortality.21 A case report des-
cribed the compassionate use of imatinib mesylate in a PAH
patient awaiting lung transplant who was receiving inhaled
prostacyclin, ETRA, and a PDE5 inhibitor. The patient respond-
ed to treatment with imatinib with improvement in 6MWD,
hemodynamics, and functional class.22 Another recent report
described a PAH patient receiving epoprostenol infusion with
refractory right-heart failure who responded to imatinib mesy-

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-06-24 via free access



Advances in Pulmonary Hypertension 231

late with marked clinical improvement.23 Hence, it was a logi-
cal progression that the investigation of this drug would be
undertaken in an RCT. The results of this study are eagerly
awaited and have the potential to add another class of agent to
treat PAH.

Combination Studies
ASA and Simvastatin
An RCT is enrolling PAH subjects to test aspirin and simvastatin
as a combination in a 6-month study. Eligible subjects are
those with idiopathic PAH, familial PAH, and PAH associated
with collagen vascular disease, HIV infection, congenital
shunts, or anorexigen use. The enrollment criteria include mild
lung disease, and no walk distance criteria except the ability to
perform the 6-minute walk test. The main exclusion criteria
include sickle cell disease, kidney failure, initiation of other
PAH therapy within 3 months, current therapy with a statin, or
use of drugs that are metabolized by the CYP450 pathway.
Other exclusion criteria are bleeding diathesis, anemia, severe
thrombocytopenia, and intracranial or gastrointestinal bleed.

Antiproliferative and proapoptotic effects of statins on
smooth muscle cells occur by the inhibition of ras and rho
GTPase activities. Simvastatin, a 3-hydroxy-3-methyl-glutaryl-
coenzyme A-reductase inhibitor (statin), has been shown to
attenuate vascular injury and remodeling in a monocrotaline-
pneumonectomy model of PAH.24 An observational open-label
study showed that simvastatin was well tolerated by PAH sub-
jects without any adverse events and that it may have a role in
reversing vascular remodeling.25 These data suggest that statins
may play an important role in the pathogenesis of PAH.

In addition to medial hypertrophy and intimal fibrosis, PAH
is associated with thrombi in situ in small muscular pulmonary
arteries.1 The increased platelet aggregation may be due to
abnormal arachidonic acid metabolism, as shown by an elevat-
ed urinary metabolite of thromboxane (TXA2) and a reduced uri-
nary metabolite of prostacyclin (PGI2) in PAH.26,27 Aspirin
inhibits platelet aggregation and inactivates cyclooxygenase
(COX) that catalyzes the first step of TXA2 synthesis. Therefore,
inhibition of COX would inhibit thromboxane production.
Another study showed that the combination of clopidogrel and
acetylsalicylic acid effectively reduced thromboxane metabo-
lites without affecting prostacyclin. This study is promising but
it remains to be seen whether combining acetylsalicylic acid
and a statin would prove to be beneficial in treating PAH.

Epoprostenol and Sildenafil
A multicenter, long-term, open-label extension study is under
way to determine the safety of sildenafil when used in combi-
nation with intravenous epoprostenol in subjects who complet-
ed the initial 16-week RCT. The 16-week RCT was undertaken
to determine the effect on exercise capacity of optimized doses
of sildenafil (20, 40, 80 mg tid) compared with placebo when
combined with intravenous epoprostenol. The secondary objec-
tives of the RCT were to assess the safety and tolerability of
optimized doses of oral sildenafil in combination with intra-
venous prostacyclin, to assess the pharmacokinetic parameters,
and the survival status of subjects who participated in the
study. The extension phase will assess the long-term safety of
the optimized treatment regimen of oral sildenafil and intra-

venous epoprostenol. Other objectives are to determine the
treatment effect and number of patients who have increased,
decreased, or stopped intravenous epoprostenol. This study will
help elucidate the benefits of combining prostacyclin analogues
and PGE5 inhibitors in treating PAH. In addition, the optimal
dose of sildenafil in combination will stable doses of intra-
venous epoprostenol may be better defined.

Summary
Treatment of PAH has undergone rapid advances as emerging
therapies are tested in clinical trials to treat this fatal disease.
Well-designed RCTs have led to the approval of multiple current
drugs by the FDA and other regulatory agencies. These RCTs
tested therapies targeting well-known pathways involved in the
pathophysiology of PAH. Ongoing RCTs are testing agents and
combination therapies targeting not only recognized but also
novel pathways in PAH. These RCTs will potentially lead to new
therapeutic strategies to treat this lethal disorder. �
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