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Abstract Pulmonary arterial hypertension (PAH) is a rare,
progressively worsening disease characterized by dysfunction
among endothelial and smooth muscle cells within the pulmo-
nary vasculature with a resultant increase in pulmonary vascu-
lar resistance, right ventricular maladaptation and failure, and
ultimately early death. The three major therapeutic classes of
medications available to treat PAH act as either prostacyclin
analogs or endothelin receptor antagonists (ERAs) or by in-
creasing local nitric oxide (NO) levels by means of phospho-
diesterase type 5 inhibitors. Several recent trials have investi-
gated the use of oral prostanoid therapy, next-generation ERAs,
and soluble guanylate cyclase stimulators (to increase NO
levels) as well as novel formulations of pre-existing therapies.
The goal of this manuscript is to briefly review established
therapies and then discuss recent developments and practical
considerations in each of the major drug classes.

Keywords Pulmonary arterial hypertension . Prostacyclin
analogs . Prostanoids . Phosphodiesterase type 5 inhibitor .

Endothelin receptor antagonist . Soluble guanylate cyclase
stimulators . Emerging therapies

Introduction

Pulmonary hypertension is a rare disease with a complex
pathobiology that involves progressive endothelial and
smooth muscle cell dysfunction within the pulmonary

vasculature [1] resulting in right ventricular (RV) malad-
aptation, RV failure, and ultimately death. The disease
process is thought to result from an imbalance of vasocon-
striction, vascular remodeling, and cellular proliferation
within the lung [1]. Current pulmonary arterial hyperten-
sion (PAH) therapies target these processes at distinct
biochemical pathways involving activation of the prosta-
cyclin pathway, endothelin receptor antagonism, and inhi-
bition of phosphodiesterase-5. Without PAH-specific ther-
apies available, initial survival estimates were quite poor
with a 1-, 3-, and 5-year mortality of 68, 48, and 34 %,
respectively [2]. Recent data suggest improvement with 1-
and 2-year survival reaching as high as 97 and 91 %,
respectively [2]. The aim of this paper is to provide clinical
insight and a brief review of the literature published re-
garding current and new therapeutic options that have
clinical data for the treatment of PAH (Table 1).

Prostacyclin Pathway

Prostacyclin is an important signaling molecule involved in
vasodilation and the inhibition of platelet aggregation, inflam-
mation, and proliferation of vascular smooth muscle cells.
Prostanoid therapy exists in the following forms: intravenous,
subcutaneous, inhaled, and oral.

Established Therapies

Epoprostenol (Intravenous)

Epoprostenol, an intravenously (IV) delivered prostanoid, is
the oldest and most established drug of this class with dem-
onstrated functional, hemodynamic, and survival benefits in
PAH patients. The pivotal prospective, randomized controlled
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study illustrating these benefits enrolled 81 New York Heart
Association (NYHA) functional class III and IV patients and
determined outcomes at 12 weeks [3]. In 2002, two long-term
registry-based studies demonstrated survival, functional, and
hemodynamic benefits over a 9–10-year period [4, 5]. These
studies found a 1-, 2-, and 3-year survival of 85, 70, 62.8 %
and 87.8, 76.3, 63 %, respectively [4, 5]. Practically,
epoprostenol presents challenging management consider-
ations given its short half-life of 3–5 min and chemical insta-
bility at room temperature [6]. Despite this, epoprostenol
(Flolan®) maintains its place in the long-term treatment of
patients with severe NYHA functional class (FC) III/IV dis-
ease (Table 1).

A more convenient formulation of epoprostenol is now
available. A phase IV exploratory study involving
epoprostenol-naïve patients, Epoprostenol for Injection in
Pulmonary Arterial Hypertension (EPITOME-1), evaluated
the safety and tolerability of Veletri®, a room-temperature
stable intravenous formulation of epoprostenol, versus
Flolan® and found it to be well tolerated and with a similar
adverse effect profile [7•]. A subsequent 41-patient open-
label, phase IIIb study (EPITOME-2), a transition study of
the above two epoprostenol formulations, demonstrated no
change in efficacy and no new safety or tolerability concerns
[8•]. Additionally, a small, 8-patient, open-label, phase IIIb
study in Japan (EPITOME4) also switched from Flolan® to
Veletri® and found maintenance of pulmonary hemodynamics
and improvement in treatment satisfaction at 12 weeks [9•].

Treprostinil (Subcutaneous, Intravenous, Inhaled)

Treprostinil is a room-temperature stable formulation, with a
half-life of approximately 4 h and is administered subcutane-
ously (SC) and intravenously (IV). A 2002 12-week, double-
blind, placebo-controlled trial with SC treprostinil demon-
strated a dose-dependent improvement in exercise capacity,
improvement in hemodynamics, and a reduction in Borg
dyspnea index [10]. Long-term survival data from center
registries and open-label trial data have found similar survival
rates among patients receiving SC treprostinil versus IV
epoprostenol [10, 11]. For further support of its efficacy, a
phase IV small multicenter study proved that a safe transition
can be done between SC treprostinil and IV epoprostenol;
however, some patients did not tolerate the downtitration or
required reinstitution of their previous dose of SC therapy
[12].

With equivalent bioavailability compared with SC
treprostinil, IV treprostinil is now also available. Two
investigator-initiated trials proved the safety of transition from
epoprostenol to IV treprostinil [13, 14] and the efficacy of the
IV formulation in patients starting a prostacyclin ‘de novo’
[15]. A placebo-controlled trial of IV treprostinil, the
Treprostinil for Untreated Symptomatic PAH trial (TRUST)

demonstrated marked median improvement in a 6-min walk
distance (83 m) [16]. Lastly, the Treprostinil Sodium in Pa-
tients with Severe Pulmonary Arterial Hypertension (TRI-
UMPH I) trial evaluated the safety and efficacy of inhaled
treprostinil on a background therapy of either a PDE-5 inhib-
itor or ERA and found improvements in 6MWD and quality
of life measures in FC III PAH patients [17].

Iloprost (Inhaled)

The first inhaled prostacyclin approved, iloprost, is an alter-
native to continuous infusion prostanoid therapy. Aerosolized
iloprost has demonstrated improved hemodynamics, exercise
capacity, and symptoms after 12 weeks in patients with idio-
pathic PAH, connective tissue disease-associated and
anorexigen-associated, and FC III or IV patients [18]. In a
subsequent study with up to a 5-year follow-up, many patients
were unable to bemaintained on inhaled iloprost monotherapy
and required intensification of therapy or lung transplant [19].
As such, monotherapy with inhaled iloprost has a limited role
in management and has been relegated as a second-line or
add-on agent [20].

Emerging Prostanoid Therapies

Beraprost (Oral, Twice-Daily Dosing)

Beraprost is an oral prostacyclin, approved in Japan, that
demonstrated improvements in 3- and 6-month 6MWD; how-
ever, this benefit diminished at 12 months compared with
placebo [21, 22]. This drug never received approval in the
USA or Europe, but a multicenter, double-blind, randomized,
placebo-controlled phase III study with a new beraprost for-
mulation looking at beraprost add-on to inhaled treprostinil is
currently underway (BEAT (Beraprost-314d Added-on to
Tyvaso®) Study; NCT01908699).

Oral Treprostinil (Three Times Daily Dosing)

Approved by the FDA in December 2013, oral treprostinil has
been evaluated as both a monotherapy and combination ther-
apy agent with mixed results. The Oral Treprostinil as Mono-
therapy for the Treatment of PAH (FREEDOM-M), a trial
comparing oral treprostinil to placebo without background
therapy, found a significant, but small, 23-m increase in
6MWD at 12 weeks [23•]. Two studies evaluating combina-
tion therapy (FREEDOM-C, FREEDOM-C2) [24, 25] with
oral treprostinil therapy on a background of ERA or phospho-
diesterase type 5 (PDE-5) inhibitors did not meet its primary
endpoint of improvement in 6MWD at 16 weeks, perhaps due
to the trail design and dosing regimens. The trial, however, did
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provide additional insight on titration and dosing of this oral
formulation; similar findings were observed in FREEDOM-
C2. Notably, there was a discontinuation rate of 22 % in the
treprostinil group presumably due to a higher incidence of side
effects [24]. An international, phase III, multicenter trial in-
volving early randomization (between 30 days and 1 year) of
oral treprostinil to patients on a background of ERA or PDE-5
inhibitors is currently in process (FREEDOM-Ev;
NCT01560624) with primary outcome measures of time to
first clinical worsening event and change in 6MWD at
24 weeks; enrollment is estimated at 858 with study comple-
tion estimated by August 2016. A phase III, international,
multicenter, open-label, long-term study of oral treprostinil
(NCT01560637), involving PAH patients, designed to assess
long-term safety and effects on exercise capacity is currently
recruiting patients. Lastly, an open-label, phase III extension
trial (FREEDOM-EXT; NCT01027949) has been underway
as of 2006with estimated enrollment of 900, and a completion
date of December, 2020 will evaluate 6MWD and long-term
safety as its primary endpoint.

Selexipag (Oral Prostacyclin Analog—Twice-Daily Dosing)

Selexipag is an orally available, selective prostacyclin recep-
tor (IP receptor) agonist currently under active evaluation as a
treatment for PAH. A 2012 phase II trial with 43 symptomatic
PAH patients on a background therapy of ERA or PDE-5
inhibitor found that patients randomized to selexipag had a
30.3 % decrease in pulmonary vascular resistance at 17 weeks
and was well tolerated [26•]. A phase III, multicenter, double-
blind, placebo-controlled study Prostacyclin (PGI2) Receptor
Agonist in Pulmonary Arterial Hypertension (GRIPHON;
NCT01106014) with primary outcome measures of time to
first morbidity or mortality event has recently been completed
[27]. Secondary outcome measures included 6MWD and
Borg dyspnea index with an enrollment of 1156 patients. As
of the writing of this paper, a June 16th press release by
Actelion regarding the GRIPHON trial found that in meeting
its primary efficacy endpoint, selexipag reduced the risk of
time to first morbidity or mortality event versus placebo by
39% (p<0.0001)with patients being treated for up to 4.3 years
[27]. A single-arm, long-term, open-label study assessing the
safety and tolerability of selexipag is also underway
(NCT01112306).

Discussion Continuous infusion prostacyclin therapy is still
recommended in FC IV patients. Some individuals believe
that it may be possible to treat aggressively upfront with
continuous infusion and then switch to oral therapies while
others believe that a combined oral and inhaled therapeutic
approach may be best. These therapeutic questions will need
prospective studies to determine the best management strate-
gy. Oral prostacyclin and prostacyclin analogs are attractiveT
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based on infection risk, however, may be difficult to tolerate
(GI side-effect profile) and currently cannot be taken by
mouth in a “crushed” form if a patient cannot tolerate oral
intake. This is a safety concern, as these patients will need to
be treated temporarily with a continuous infusion and then
resumed at a lower oral dose and re-uptitrated. This, in addi-
tion to the current multidosing regimens with multiple pills,
and cost will likely limit its use.

Endothelin Receptor Antagonist Pathway

Endothelin is a potent vasoconstrictor and smooth muscle cell
mitogen produced in vascular endothelial cells and has been
shown to circulate at elevated levels in patients with pulmo-
nary hypertension [28, 29]. Data suggest that patients with
PAH have elevated endothelin due to increased synthesis and
decreased clearance, which contributes to disease progression
[28–30]. In 2001, endothelin receptor antagonists (ERA) were
the first orally administered FDA-approved medication for
PAH.

Established Therapies

Bosentan (Oral, Twice-Daily Dose)

Bosentan, a nonselective endothelin A and B receptor antag-
onist, was the first ERA approved by the FDA in 2001 for
patients with PAH and FC III or IV. In a double-blind,
placebo-controlled study, bosentan was shown to increase
6MWD and improve Borg dyspnea index, World Health
Organization functional class (FC), and time to clinical wors-
ening after 16 weeks of treatment [31]. A subsequent study
has shown a favorable response in patients with FC II disease
[32]. However, many patients still progress on monotherapy,
requiring prostanoid therapy on follow-up, up to 23–44 % of
the time [33]. In addition, bosentan requires monthly moni-
toring of liver function tests due to its dose-dependent and
sporadic long-term increase in aminotransferases that has led
to acute liver failure [34]. Bosentan also requires monthly
pregnancy testing (as do all ERAs) and hemoglobin measures
for its potential incidence of anemia while on therapy [35].
The side effects include nasal congestion and edema.

Ambrisentan (Oral, Daily Dose)

In 2007, the FDA approved ambrisentan, a selective
endothelin A receptor antagonist. Like bosentan, it improved
exercise capacity in PAH patients but without a significant risk
of aminotransferase abnormalities [36, 37]. After the mandat-
ed post-marketing oversight illustrated significantly reduced

risk of liver dysfunction, the black box warning requiring
monthly liver function testing in order to receive drug ship-
ment was discontinued. Its advantages include once daily
instead of twice daily administration and no FDA requirement
to monitor liver enzymes; the side effects include nasal con-
gestion and edema [36].

Macitentan (Oral, Daily Dose)

Macitentan is the most recent endothelin receptor antagonist
approved this past year by the Study with an Endothelin
Receptor Antagonist in Pulmonary Arterial Hypertension to
Improve Clinical Outcome (SERAPHIN) trial, a double-blind,
randomized control trial of 742 PAH patients that showed a
43 % reduction in the occurrence of the composite primary
endpoint of morbidity and mortality [38••]. The study com-
pared two doses of macitentan (3 and 10 mg) to placebo in
PAH patients not receiving IV or SC prostanoid therapy and
found an absolute risk reduction of 8.4 and 15 % for the
composite primary endpoint for 3- and 10-mg doses, respec-
tively. This trial is the first reported phase III PAH trial
utilizing a composite endpoint as the primary outcome, where-
as prior studies have primarily used measures of functional
status and exercise tolerance as the primary endpoint with
time to clinical worsening as a secondary endpoint.

This trial required significantly more patients to be enrolled
compared with previous phase III PAH trials. The trial en-
rolled patients from many countries who had not participated
in PAH trials. This allowed for subgroup analyses by geo-
graphic region. Surprisingly, the evaluation of the North
American study patients did not demonstrate statistical signif-
icance for the primary endpoint. In addition, unexpectedly,
unlike previous studies, exercise capacity did not improve
significantly in SERAPHIN. There was no significant differ-
ence in transaminase levels between the treatment and placebo
arms, and thus, mandatory monthly testing was not FDA
mandated.

Macitentan is currently being evaluated for other PH
groups including patients with pre- and post-capillary pulmo-
nary hypertension and inoperable chronic thromboembolic
pulmonary hypertension (NCT02021292, NCT02070991).
Currently recruiting, SYMPHONY, A Study of Macitentan
in Pulmonary Arterial Hypertension to validate the PAH-
SYMPACT is a prospective, multicenter, open-label, single-
a rm phase I I Ib psychomet r i c va l ida t ion s tudy
(NCT01841762) for a new quality of life questionnaire for
PAH patients. Enrollment is estimated at 275 with projected
completion by January 2015.

Discussion ERA oral therapy continues to be utilized for PAH
patients both as monotherapy and in combination with other
PAH agents. The lack of functional capacity improvement
with macitentan was not expected and is of unclear
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significance. The other ERAs have improved time to clinical
worsening as secondary endpoints in placebo-controlled pa-
tient-naïve trials; a head to head trial of the agents is not
clinically feasible in this orphan disease. The use of bosentan
because of liver toxicity will likely decrease, although it will
become generic shortly. The AMBITION study (A Study of
First-line Ambrisentan and Tadalafil Combination Therapy in
Pat ients with Pulmonary Arter ial Hypertension;
NCT01178073), an upfront combination study of ambrisentan
and tadalafil, will be reported soon and may support the
initiation of two therapies at diagnosis compared to a sequen-
tial approach.

Nitric Oxide Pathway

Nitric oxide is a powerful, short-acting vasodilatory molecule
that is produced by endothelial cells. It acts on vascular
smooth muscle cells by stimulating the enzyme guanylyl
cyclase to produce cyclic guanosine monophosphate (cGMP),
which causes smooth muscle relaxation and vasodilatation
within the pulmonary vasculature. cGMP in the lung is rapidly
broken down by phosphodiesterase type 5 (PDE5) enzyme.

Established Therapies

Sildenafil (Oral)

Sildenafil is a PDE5 inhibitor approved in 2005 for PAH
treatment based on the results from the Sildenafil Use in
Pulmonary Arterial Hypertension (SUPER-1) trial [39]. The
study compared placebo with 20, 40, and 80 mg three times
daily of sildenafil in WHO functional class II and III patients.
Sildenafil improved exercise capacity (6MWD), WHO func-
tional class, and hemodynamics at 12 weeks and at 1 year of
therapy versus placebo with all three doses [39]. The FDA
approved the 20-mg dose; however, the long-term open-label
study utilized the 80 mg thrice daily [40]. Side effects of this
medication include headache (relieved with pre-dose
Tylenol® for a short time with initiation) dyspepsia, flushing,
and diarrhea.

Tadalafil (Oral)

The Pulmonary Arterial Hypertension and Response to
Tadalafil (PHIRST) study using tadalafil improved exercise
capacity, quality of life measures, and reduced time to clinical
worsening [41]. The study evaluated multiple doses ranging
from 2.5 to 40 mg daily. Only the 40-mg dose met the primary
endpoint of improved 6MWD. Patients were either treatment-
naïve or on ERA background therapy with bosentan. The
changes in WHO functional class were not statistically

significant [41]. The side-effect profile of tadalafil is similar
to sildenafil with the convenience advantage of once daily
dosing. However, only the 40-mg dose is approved limiting
uptitration.

Riociguat (Guanylatecyclase Activator) (Oral, Three Times
Daily Dosing)

Riociguat is the first soluble guanylate cyclase stimulator
approved for PAH. It exerts its effects by both working syn-
ergistically with NO and independently to increase cGMP
levels [42]. Two phase III trials involving PAH and chronic
thromboembolic PH (CTEPH) patients, The Pulmonary Arte-
rial Hypertension Soluble Guanylate Cyclase-Stimulator Trial
1 (PATENT-1) and Chronic Thromboembolic Pulmonary Hy-
pertension Soluble Guanylate Cyclase-Stimulator Trial 1
(CHEST-1), had positive results. In PATENT-1, a randomized
study of riociguat on a background therapy (ERAs or
prostanoids) or treatment-naïve patients yielded a significant
improvement in the primary endpoint of exercise capacity
(6MWD) and secondary endpoints including hemodynamics
(pulmonary vascular resistance (PVR)), laboratory markers of
right ventricular stress (N-terminal pro brain naturetic pep-
tide), and functional class [43••]. Of note, PATENT-2, a long-
term extension study of PATENT-1, is ongoing
(NCT00863681). CHEST-1, the first randomized study of
CTEPH patients, had a significant improvement in both exer-
cise capacity (6MWD) and hemodynamics (PVR) [44••]. The
FDA approved riociguat for both indications in October of
2013. The medication is approved in multiple doses and
requires uptitration and blood pressure measurements in the
outpatient setting.

The Exposure Registry, an open-label observational study
of riociguat in patients with CTEPH (EXPERT;
NCT02092818), is actively recruiting patients and will eval-
uate the number of adverse events and all-cause mortality up
to a period of 4 years. The estimated enrollment is 900 patients
and should be completed by September 2018.

Emerging Therapies

Vardenafil (Oral)

Vardenafil is currently under investigation for treatment in
PAH patients and does not have FDA approval as of the
publishing date of this article. A small randomized double-
blind placebo trial of 66 PAH patients improved both exercise
capacity and hemodynamics at 12 weeks [45•]. A recent
mechanistic study found that vardenafil reduced oxidative
stress while improving PA pressures [46], illustrating the need
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to investigate the role of oxidative stress pathways in PAH as a
possible therapeutic target [46].

NO (Inhaled, for Home Use)

A phase II, 16-week placebo-controlled clinical trial of in-
haled NO as an add-on therapy in symptomatic PAH patients
is currently enrolling (NCT01457781). The primary endpoint
is PVR with multiple secondary endpoints including change
in time to clinical worsening, 6MWD, FC, and the CAM-
PHOR questionnaire.

Discussion PDE-5 inhibitors are well tolerated and utilized as
monotherapy or in combination with ERAs and prostacyclin
agents. In clinical practice, it is common for even compliant
patients to miss doses of sildenafil based on its dosing sched-
ule of thrice daily. Tadalafil is often used now due to its
convenient dosing, but with only the 40-mg dose approved,
physicians cannot uptitrate. The use of a PDE-5 inhibitor with
a guanylate cyclase stimulator is contraindicated due to sig-
nificant hypotension as was seen in the Evaluation of the
Pharmacodynamic Effect of the Combination of Sildenafil
and Riociguat on Blood Pressure and Other Safety Parameters
(PATENT PLUS) study [47]. Riociguat, the first approved
agent for CTEPH, illustrated that some PAH-specific medica-
tions may be efficacious for other PH etiologies; however,
formal testing is required. Similar to other PAH therapies
(sildenafil, oral treprostinil), the three times daily dosing plus
the uptitration schema add some complexity to its use. Spe-
cialized pharmacies clinically assess these patients prior to
physician-determined uptitration of the medication.

Conclusions: Where Does a Physician Start?

Clinical and basic research investigations continue to explore
novel mechanistic pathways as potential therapeutic targets
for PAH. With many new options, it is still too early to
determine where agents are best suited in the treatment algo-
rithm. However, it remains that the sickest of patients with
syncope, hypotension, and evidence of end organ damage
should be started emergently on infusion therapies in the
hospital [48–50]. Each patient needs to be evaluated by mul-
tiple objective measures including a catheterization at diagno-
sis and then the patient and the physician should devise a plan
that best suits him/her. The multiple treatment guidelines
recently published help [48–50] to form a systematic ap-
proach, but in truth, much of our understanding of personal-
ized medicine for PAH is still largely unknown. Individual
patient phenotyping must be explored to better understand
combination therapies in addition to treatment strategy-based
clinical trials.
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