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Abstract
Pulmonary arterial hypertension (PAH) is a chronic and progressive disorder characterized by vascular remodeling of the small
pulmonary arteries, resulting in elevated pulmonary vascular resistance and ultimately, right ventricular failure. Expanded
understanding of PAH pathophysiology as it pertains to the nitric oxide (NO), prostacyclin (prostaglandin I2) (PGI2) and
endothelin-1 pathways has led to recent advancements in targeted drug development and substantial improvements in morbidity
and mortality. There are currently several classes of drugs available to target these pathways including phosphodiesterase-5
inhibitors (PDE5i), soluble guanylate cyclase (sGC) stimulators, prostacyclin class agents and endothelin receptor antagonists
(ERAs). Combination therapy in PAH, either upfront or sequentially, has become a widely adopted treatment strategy, allowing
for simultaneous targeting of more than one of these signaling pathways implicated in disease progression. Much of the current
treatment landscape has focused on initial combination therapy with ambrisentan and tadalafil, an ERA and PDE5I respectively,
following results of the AMBITION study demonstrating combination to be superior to either agent alone as upfront therapy.
Consequently, clinicians often consider combination therapy with other drugs and drug classes, as deemed clinically appropriate,
for patients with PAH. An alternative regimen that targets the NO and PGI2 pathways has been adopted by some clinicians as an
effective and sometimes preferred therapeutic combination for PAH. Although there is a paucity of prospective data, preclinical
data and results from secondary data analysis of clinical studies targeting these pathways may provide novel insights into this
alternative combination as a reasonable, and sometimes preferred, alternative approach to combination therapy in PAH. This
review of preclinical and clinical data will discuss the current understanding of combination therapy that simultaneously targets the
NO and PGI2 signaling pathways, highlighting the clinical advantages and theoretical biochemical interplay of these agents.
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Introduction

Pulmonary arterial hypertension (PAH) is a subgroup of pul-

monary hypertension that results in elevated pulmonary vascu-

lar resistance and eventually, right-side ventricular failure and

death.1 Symptoms of PAH include progressive dyspnea on

exertion, fatigue, and exertional chest pain.2 Although rela-

tively rare, with an estimated prevalence in the United States

of 10.6 cases per 1 million adults, PAH is a devastating disease

with a median survival of approximately 7 years for patients

receiving treatment.3,4

The management of PAH has advanced in recent years due

to an expanded understanding of PAH pathophysiology, spe-

cifically as it pertains to 3 biochemical pathways involved in

pulmonary vascular homeostasis: the nitric oxide (NO), pros-

tacyclin (prostaglandin I2; PGI2) and endothelin-1 pathways.

These advancements have led to the development of several

classes of drugs that target these pathways, which include

phosphodiesterase-5 inhibitors (PDE5i), soluble guanylate

cyclase (sGC) stimulators, prostacyclin class agents, and

endothelin receptor antagonists (ERAs). Drug choice and route
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of administration are dependent on a variety of factors includ-

ing side effect profile, clinical status of the patient, patient

preference and lifestyle, as well as physician experience.

Agents in each of these drug classes have demonstrated clinical

benefit in their respective clinical trials, leading to FDA

approval for treating PAH.5 Furthermore, the AMBITION trial

demonstrated initial combination therapy with ambrisentan and

tadalafil, an ERA and PDE5I, respectively, to be superior to

monotherapy with either agent alone, leading to increased

focus on combination therapy in more recent drug trials.6

Despite this combination therapy being incorporated into

the European Respiratory Society, and CHEST guidelines as

a recommended initial treatment for patients with World

Health Organization functional class (WHO FC) II or III dis-

ease, not all patients with PAH may be appropriate for upfront

initiation with these agents.7,8 Additionally, results from the

COMPASS-2 study make it unclear whether similar clinical

benefit observed in the AMBITION trial could be achieved

using other drugs in the ERA and PDE5i therapeutic classes,

such as bosentan and sildenafil, respectively, which did not

improve the time to first morbidity or mortality event in this

trial.9 Alternatively, it is possible that combination therapy

with agents outside of the ERA and PDEi drug classes, when

used early in disease progression, may yield similar or superior

outcomes to the results demonstrated in the AMBITION study.

One specific combination for consideration is targeting of

the NO and PGI2 pathways. Although frequently used in clin-

ical practice, there is a paucity of prospective, controlled data

showing the efficacy of this drug combination. The drug

classes that target the NO pathway are PDE5i and sGC stimu-

lators, while prostacyclin mimetics and IP receptor agonists

target the PGI2 signaling pathway (Table 1). Here, we aim to

describe the preclinical data, as well as results from secondary

data analyses of clinical studies targeting the NO and PGI2

pathways in order to provide a narrative review and novel

insights into this alternative combination as a reasonable and

sometimes preferred approach to combination therapy in PAH.

Methods

In order to comprehensively review the evidence of the com-

bination of NO and PGI2 pathways in the treatment of PAH, we

searched electronic databases, including PubMed, the

Cochrane Library, Web of Science and MEDLINE. Only

English language publications were included. All pertinent in

vitro, animal and human studies, including original research,

case reports, case series, meta-analyses and systematic reviews

from the inception of each database to January 2020 were

included. All authors have expertise in the clinical and precli-

nical subject matter and reviewed the papers identified in the

search and came to a consensus on those publications to be

included in the final manuscript.

This review of clinical and preclinical data will discuss the

current understanding of combination therapy that simultane-

ously targets the NO and PGI2 signaling pathways, highlighting

the clinical advantages and potential biochemical synergy of

these agents targeting these 2 pathways.

The Prostacyclin (PGI2) Pathway in PAH

Prostacyclin (PGI2) is synthesized by vascular endothelial cells

and is a natural ligand for the IP receptor, which is expressed

throughout the body, including the heart, lungs, pulmonary

arteries, peripheral arteries, nerves, and the gastrointestinal

system.10,11 Prostacyclin is part of the larger prostanoid family

of signaling molecules, including prostaglandins (PGD2, PGE2,

PGI2 and PGF2a) and thromboxane A2 (TXA2).12,13 Prostacy-

clins produce their effects by activating corresponding prosta-

cyclin receptors throughout the body, which have been

identified as the IP, EP1, EP2, EP3, EP4, DP1, FP and TP recep-

tors.14 IP, EP2, EP4, and DP1 receptor activation leads to

increases in cyclic adenosine 3’,5’ monophosphate (cAMP)

which stimulates pulmonary artery vasodilation, inhibits vas-

cular smooth muscle cell proliferation, and inhibits platelet

aggregation.15,16 Contrarily, TXA2 is a potent pulmonary vaso-

constrictor and an activator of platelet aggregation.17 Prostacy-

clin synthase and thus PGI2 levels are decreased in the

pulmonary arteries of patients with PAH.18 It is this imbalance

between the production of the vasoactive mediators (PGI2 and

NO) and vasoconstrictor (endothelin-1 and TXA2) that may

play a role in the pulmonary vascular remodeling seen in PAH.

Endothelin-1 is produced and secreted into the circulation by

endothelial cells of the pulmonary vessels following transfor-

mation from its precursor form big ET-1 by the ET-converting

enzyme (ECE-1).

Early available prostacyclin therapies included intravenous

epoprostenol and inhaled iloprost. Treprostinil, a synthetic

prostacyclin mimetic, was developed to address the short in

vivo half-life of both epoprostenol (*3 min) and iloprost

(*20-30 min).19 Several formulations of treprostinil now

exist, and the drug can be administered SC, orally, IV, and

by inhalation. Prostacyclin class agents are typically used as

Table 1. Classes and Route of Administration of FDA Approved Agents Used in the Treatment of Pulmonary Arterial Hypertension.

ERA PDE5i sGC Stimulator Prostacyclin Mimetic IP Receptor Agonist

Ambrisentan (oral)
Bosentan (oral)
Macitentan (oral)

Sildenafil (oral)
Tadalafil (oral)

Riociguat (oral) Epoprostenol (IV)
Iloprost (Inhalation)
Treprostinil (SC, IV, inhaled, oral)

Selexipag (oral)

Abbreviations: ERA, endothelin receptor antagonist; IP, prostacyclin receptor; IV, intravenous; PDE5i, phosphodiesterase-5 inhibitor; SC, subcutaneous; sGC,
soluble guanylate cyclase.
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add-on therapy or reserved for patients with severe disease and

are assumed to have a mechanism of action similar to that

of endogenous PGI2, although this is a topic of active

research.12,20

Preclinical evidence supports that prostacyclin pathway

agents have different binding affinities for various other pros-

tanoid receptors, and these differences are thought to affect

both the potency of the molecule as well as adverse events

experienced by patients.14 Like endogenous prostacyclin, all

stable prostacyclin mimetics bind to the IP receptor. Epopros-

tenol, which is a synthetic version of endogenous PGI2, has

poor selectivity of prostanoid receptors and binds to and acti-

vates EP1, EP3, and TP receptors. Iloprost is approximately

equipotent at activating both the IP and EP1 receptors and has

significant activity at the EP4 receptor. By contrast, treprostinil

has a high affinity for the DP1 and EP2 receptor while having a

100-fold lower binding affinity for EP1. Selexipag differs from

prostacyclin mimetics in that it is a pro-drug that is rapidly

hydrolyzed in vivo to its active metabolite, which has a high

affinity for the IP receptor alone.21 The clinical ramifications of

the different receptor affinities between prostacyclin class

agents is an area of ongoing research.

The Nitric Oxide Pathway in PAH

Nitric oxide (NO), an endogenous vasodilator, is produced

when arginine is converted by NO synthase in pulmonary

vascular endothelial cells. NO catalyzes the formation of cyclic

guanylate monophosphate (cGMP) by guanylate cyclase when

it reaches vascular smooth muscle.22,23 cGMP then stimulates

smooth muscle relaxation and regulates cellular proliferation

and inflammation in the vessel wall.24 In PAH, a deficiency of

NO synthase in pulmonary vascular endothelial cells results in

reduced NO production which affects vascular tone and other

cellular activities in the vessel wall.25

Since the 1990s, several agents targeting the NO pathway

have been approved for the treatment of PAH including PDE5is

(tadalafil, sildenafil) and sGC stimulators (riociguat). PDE5is

are vasodilators that enhance and prolong cGMP action by

selectively inhibiting the cGMP specific PDE5 isoenzyme that

catalyzes the breakdown of cGMP.26 Riociguat acts both in

synergy with endogenous NO by sensitizing sGC to endogen-

ous NO through stabilization of NO-sGC binding, and by

directly stimulating sGC to produce cGMP independently of

NO availability.27 Figure 1 illustrates the NO pathway, along

with the other known pathways targeted in the treatment of

pulmonary arterial hypertension.28

Preclinical Evidence

Knebel and colleagues studied the cooperative mechanism

between treprostinil and PDE5i in a human erythrocyte model

which may provide rationale for their co-administration in

PAH.29 They postulated that because cAMP levels are

Figure 1. Pathways targeted in the treatment of pulmonary arterial hypertension. ATP, adenosine triphosphate; cAMP, cyclic adenosine
monophosphate; COX, cyclooxygenase; ECE, endothelin-converting enzyme; cGMP, cyclic guanosine monophosphate; DP1, prostaglandin
D2 receptor 1; eNOS, endothelial nitric oxide synthase; EP2, prostaglandin E2 receptor; EP4, prostaglandin E4 receptor; ET-1, endothelin-1;
ETA, endothelin type A receptor; ETB, endothelin type B receptor; IP, prostaglandin I2 receptor; GTP guanosine triphosphate; NO, nitric oxide;
PDE3, phosphodiesterase type 3; PDE5, phosphodiesterase type 5; PGI2, prostaglandin I2. Adapted from Nakamura 2019 https://www.mdpi.
com/1422-0067/20/23/5885/htm.28
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regulated by phosphodiesterase 3 (PDE3), and PDE3 is inhib-

ited by cGMP, increases in cGMP caused by selective PDE5

inhibition could increase cAMP levels. In their experiments,

they observed that pre-treatment of healthy human erythrocytes

with 2 different PDE5is, zaprinast and tadalafil, augmented

cAMP-mediated ATP release stimulated by treprostinil admin-

istration. Similar results were observed in a subsequent study

using erythrocytes of patients with PAH.30 Treprostinil stimu-

lated increases in cAMP and ATP release from erythrocytes of

patients with PAH and pre-treatment with zaprinast and tada-

lafil led to greater increases in ATP release.

These observations could be extended to the cardiac myo-

cyte, where the PDE3 enzyme is highly expressed and where

inhibition of PDE3 enzyme with the PDE3 inhibitor, milrinone,

is often used to produce a cardiac inotropic effect.31 Thus, it is

possible (if not likely) that the combination of an agent that

increases cGMP, such as a PDE5i or sGC stimulator, and an

agent that increases cAMP (i.e., PGI2) may have a synergistic

effect in the vascular smooth muscle, as well as in the cardiac

myocyte, via an interaction with the PDE3 enzyme.

There is also evidence for drugs targeting the NO and pros-

tacyclin pathway to have synergistic effects on reducing cell

proliferation, which is a key component of PAH disease pathol-

ogy.32,33 Patel and colleagues performed studies on the effects

of various PAH drugs on the proliferation of pulmonary artery

smooth muscle cells (PASMCs) derived from PAH patients.

PASMCs exhibited increased proliferation when incubated

with endothelin-1. Notably, all PAH drugs tested in these series

of experiments reduced this proliferation, albeit to varying

degrees. Interestingly, the antiproliferative effects of treprosti-

nil were increased �10 fold when combined with the NO path-

way drugs tested by the authors (riociguat and tadalafil) but

decreased �3-fold when treprostinil was combined with

ERAs.32 The clinical implications of this study are not yet

clear, but these data suggest that synergism by drugs targeting

the NO and PGI2 pathways enhance cellular antiproliferation.

Clinical Evidence

There are numerous studies and published work in PAH

patients that have demonstrated that the use of NO pathway

drugs in combination with prostacyclin pathway agents results

in therapeutic benefit for patients with PAH (Table 2). Below,

we hig hlight a few studies where this combination of therapies

has resulted in notable improvements in clinical markers of

interest.

The first study demonstrating the potential advantages of

adding sildenafil to potentiate and prolong the vasodilatory

properties of prostanoids was a small, randomized, open-

label trial of 30 patients with severe pulmonary hypertension

(mPAP >40 mm Hg) that evaluated the safety and effectiveness

of oral sildenafil, alone and in combination with inhaled ilo-

prost in patients with PAH.41 Oral administration of sildenafil

50 mg plus inhaled iloprost produced a maximum change in

PVR that was nearly twice the vasodilatory response of either

single agent alone. Importantly, the authors noted a decrease in

the ratio of pulmonary to systemic vascular resistance in the

combination-therapy groups, indicative of preferential pulmon-

ary vasodilatation over systemic vasodilatation without a wor-

sening of arterial oxygenation. Although this study was limited

by a small sample size and a lack of long-term clinical out-

comes, it was one of the first studies to suggest that sildenafil in

combination with an inhaled PGI2 had additive hemodynamic

effects. An additional analysis of reduction in PVR as mea-

sured by area under the curve (AUC) signaled that patients who

received both oral sildenafil and inhaled iloprost had an AUC

for PVR reduction that significantly exceeded the summed

AUCs of patients who received the 2 agents alone as mono-

therapy (P < 0.001, ANOVA). This unique AUC analysis of

PVR provides evidence that the complementary effects of these

2 therapies on hemodynamics may be more than the sum of the

individual treatments.

More recently, the FDA approved riociguat, a sGC stimu-

lator targeting the NO pathway, for the treatment of PAH.

Riociguat makes sGC more sensitive to endogenous NO by

stabilizing NO-sGC binding, and riociguat also directly stimu-

lates sGC to produce cGMP independently of NO availabil-

ity.27 In the PATENT-1 study, 443 patients with PAH were

randomized to either riociguat or placebo.27 After 12 weeks,

patients receiving riociguat had a significant improvement in

6MWD with a þ36.0 m placebo-corrected change (P < 0.001).

In a secondary analysis, authors assessed the effects of rioci-

guat by subgroups based on background PAH therapy and

found that riociguat improved 6MWD by 101.0 m (95% CI

27-176; n ¼ 27) in patients pretreated with non-IV prostanoids

compared to 26.0 m in patients on an ERA and 38.0 m in

patients who were treatment-naı̈ve.46 In addition, improvement

in mean N-terminal pro-brain natriuretic peptide (NT-proBNP)

levels were more pronounced in the treatment-naı̈ve (�443 +
1233 pg/mL) and prostanoid subgroup (�203 + 872 pg/mL)

than in the ERA subgroup (þ90 + 2212 pg/mL).

In PATENT-1, the apparent increased treatment effect in

patients pretreated with prostanoids compared to patients

receiving no other treatment for PAH was somewhat unex-

pected. The magnitude of response in treatment naı̈ve patients

is usually higher than the response among patients already on

background PAH therapy. However, the 6MWD improvement

in the prostanoid pretreated subgroup was nearly 3-fold that of

the treatment-naı̈ve population. Although only a small sub-

group (6%, N ¼ 28) of PATENT-1 patients were pretreated

with prostanoids, this secondary data analysis adds to the grow-

ing body of evidence that there might be an enhanced clinical

benefit with combination therapy targeting the NO and PGI2

pathways. It is also notable that the use of prostanoids in com-

bination with riociguat was not associated with an increase in

the incidence of adverse events. This may be due to the favor-

able adverse effect profile of inhaled iloprost, the most com-

monly used prostanoid in PATENT-1.

A number of earlier studies confirm the findings found in

PATENT-1. Voswinkel and colleagues investigated the safety

and hemodynamic effects of combination oral sildenafil and

inhaled treprostinil in patients with PAH (n ¼ 28), in patients
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Table 2. Studies and Series Evaluating Combination Therapy of Nitric Oxide and Prostacyclin Pathway Agents in PAH.

Study name/Lead
author

Number
of patients

NO pathway
agent

PGI2 pathway
agent Primary study endpoint Result

PACES34 267 Sildenafil Epoprostenol IV Change from baseline to
week 16 in 6MWD

Placebo-adjusted increase of 28.8 m (95% CI,
13.9 to 43.8 meters) in 6MWD-minute walk
distance in sildenafil group.

PATENT-127 443 Riociguat Oral Prostanoid Change from baseline to
week 12 in 6MWD

At week 12, 6MWD increased by a mean of
30 m in 2.5 mg—maximum group and
decreased by mean of 6 m in placebo.
Riociguat improved 6MWD in patients
receiving no other treatment; ERA þ
riociguat resulted in 23 m mean increase in
6MWD; oral prostanoidþ riociguat resulted
in 56 m mean increase.

TRIUMPH9 235 Sildenafil Inhaled
Treprostinil

Peak 6MWD at 12 weeks. Change from baseline in peak 6MWD was 19 m
at week 6 (P <0.0001) and 20 m at week 12
(P¼ 0.0004). Change from baseline in trough
6MWD at week 12 was 14 m (P ¼ 0.0066).

GRIPHON35 1156 PDE5
inhibitor

Selexipag Composite of death from
any cause or a
complication related to
PAH

A primary end-point event occurred in 397
patients, 41.6% of those in the placebo group
and 27.0% of those in the selexipag group.
There were no differences when evaluating
subgroups based on PAH therapy at baseline
(P value for interaction 0.9518).

FREEDOM-C36 39 PDE5
inhibitor

Oral Treprostinil Change from baseline to
week 16 in 6MWD

Patients receiving PDE inhibitor background
therapy experienced a 6MWD improvement
of 17.0 m compared to 5.0 m for those on
background ERA, or 10.0 m for those on
ERA and a PDE5 inhibitor.

FREEDOM-C237 310 PDE5
inhibitor

Oral Treprostinil Change from baseline to
week 16 in 6MWD

Patients receiving PDE5 inhibitor background
therapy experienced almost twice 6MWD
treatment effect (15.0 m) as those receiving
background ERA (7.7 m).

FREEDOM-EV38 690 PDE5
inhibitor

Oral Treprostinil Time to first clinical
worsening event

Clinical worsening occurred in 26% of the oral
treprostinil group compared with 36% of
placebo participants. No significant
difference in the time to clinical worsening
when subgroups analyzed based on
background therapy

Wilkens 200139 5 Sildenafil Inhaled Iloprost Change in mean PAP and
PVR

Combination of sildenafil plus iloprost lowered
mean PAP significantly more than iloprost
alone (13.8 + 1.4 versus 9.4 + 1.3 mm Hg;
P<0.009). Increase in cardiac output was
observed without any significant changes in
heart rate or systemic arterial pressure.

Ruiz 200640 20 Sildenafil Epoprostenol IV
Treprostinil SC
Aerosolized

iloprost

NYHA FC, exercise
capacity (6MWD), signs
of right ventricular
failure, and
echocardiography

Significant and persistent improvement in
functional class and exercise capacity
(6MWD) increase by 79 m at 1 year and
105 m at 2 years; sustained clinical stabilization
after 1 and 2 years of adjunct sildenafil.

Ghofrani 200241 30 Sildenafil Inhaled Iloprost Systemic and pulmonary
arterial pressure,
pulmonary arterial
occlusion pressure,
cardiac output, central
venous pressure,
peripheral arterial
oxygen saturation, and
arterial and

mixed venous blood gases
were measured

Patients who received 50 mg of sildenafil plus
iloprost, maximum change in pulmonary
vasodilatory potency was �44.2% (95% CI,
�49.5% to�38.8%), compared with�14.1%
(CI, �19.1% to �9.2%) in response to NO.
With 50 mg sildenafil plus iloprost, area
under the curve for reduction in PVR
surpassed that of administration of 50 mg of
sildenafil alone and iloprost alone combined,
vasodilatory effect lasted longer than
3 hours, and systemic arterial pressure and
arterial oxygenation were maintained.

(continued)
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with inoperable chronic thromboembolic pulmonary hyperten-

sion (CTEPH; n ¼ 17) and patients with pulmonary fibrosis

associated pulmonary hypertension (n ¼ 5).43 The combination

induced additive, acute pulmonary selective vasodilatation with-

out significant side effects. Patients were treated sequentially

with inhaled NO (20 ppm), sildenafil (50 mg) and inhaled tre-

prostinil (15 mg or 30 mg) during right heart catheterization.

They found that treprostinil inhalation after sildenafil adminis-

tration induced additional pulmonary vasodilatation and that the

PVR reduction of the combination was approximately double

the effect of NO alone. The investigators suggested that the

observed additive effects clinically demonstrate the postulated

benefits of parallel activation of the cAMP and cGMP pathways.

The results of combination therapy using PDE5i and tre-

prostinil in the registration trials for oral treprostinil also sup-

port a cooperative effect between the NO and PGI2

pathways.37,36 The investigators noted more profound

improvements in 6MWD in patients who received oral trepros-

tinil on top of background PDE5i therapy as compared to

background therapy of an ERA alone or ERA with a PDE5i.

In FREEDOM-C, patients receiving background PDE5i ther-

apy had a 6MWD improvement of 17.0 m compared to 5.0 m in

patients on an ERA and 10.0 m in patients on an ERA and a

PDE5i.36 In FREEDOM-C2, patients receiving oral treprostinil

with PDE5i background therapy had a 6MWD improvement of

15.0 m compared to 7.7 m in those receiving background ERA

therapy and 4.0 m for patients receiving both ERA and PDE5i

background therapy.37

However, not all studies support this interplay between

agents targeting the NO and prostacyclin pathways. The

TRIUMPH-1 study assessed the efficacy and safety of inhaled

treprostinil in 235 patients with PAH on background bosentan

or sildenafil.9 The authors concluded that for those patients that

remained symptomatic while on bosentan or sildenafil, the

addition of inhaled treprostinil increased exercise capacity,

improved quality of life, and was safe and well-tolerated.

Patients in the sildenafil subgroup, however, did not achieve

a significant improvement in 6WMD (9.0 m) whereas patients

Table 2. (continued)

Study name/Lead
author

Number
of patients

NO pathway
agent

PGI2 pathway
agent Primary study endpoint Result

Ghofrani 200342 14 Sildenafil Inhaled Iloprost Exercise capacity
(6MWD), pulmonary
hemodynamics,
WHO FC

At week 12, deterioration in 6MWD (decline
to 256 m over 18 months from initial
improvement to 305 m with iloprost
treatment) was reversed, increasing to 346
m, sustained up to 12 months. Distribution
of functional class improved, and favorable
change in all hemodynamic variables.

Voswinckel
200843

28 Inhaled NO;
Sildenafil

Inhaled
Treprostinil

PVR, PAP, CO Inhaled NO reduced PVR to 87.3% + 5.1% of
baseline, reduced mean PAP to 89.7% +
3.5% and increased CO to 102.4% + 2.9%.
Sildenafil reduced PVR to 80.1% + 5.0%,
mPAP to 86.5% + 2.9% and increased CO
to 103.8% + 3.2%. Treprostinil, inhaled 1 h
after sildenafil, reduced PVR to 66.3% +
3.8%, mPAP to 77.8% + 3.3%, and increased
CO to 107.1% + 3.3%.

Treprostinil after sildenafil, induced additional
pulmonary vasodilatation, and the PVR
reduction of the combination was
significantly stronger than the effect of NO.

Antoniou
201344

8 Inhaled NO Inhaled Iloprost PVR, mPAP Significant improvement in right ventricular
function—tricuspid annular velocity
increased by 1.7 cm/s and TAPSE augmented
by 1.8 mm

Significant decreases in PVR (decrease in PVR
of 169 dynes�s�cm-5 and mPAP decreased by
10 mmHg

Bendayan
200845

4 Tadalafil Treprostinil SC
(3)

Epoprostenol (1)

Exercise capacity
(6MWD)

Change in functional class

After 3 months of therapy, all patients
improved clinically and showed an increase
in mean 6MWD from 214 to 272 m

Three patients improved functional class from
IV to III

Abbreviations: PAH, Pulmonary arterial hypertension; PVR, Pulmonary vascular resistance; PAP, Pulmonary arterial pressure; 6MWD, 6-minute walk distance;
WHO FC, World Health Organization functional class; NYHA FC, New York Heart Association functional class; CO, Cardiac output; NO, nitric oxide; PDE5,
phosphodiesterase-5.
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on background bosentan experienced a significant 6MWD

improvement of 22.0 m at week 12. Based on earlier reports

of the potential synergy between the cAMP and cGMP path-

ways with sildenafil and prostanoids, the 6MWD result was

unexpected and investigators speculated that it may have been

a function of sample size, a smaller number of patients taking

sildenafil, as well as the variable sildenafil dose allowed at

baseline (any prescribed dose �20 mg 3 times daily).

The FREEDOM-EV study randomized 690 PAH patients,

stratified by background monotherapy of either a PDE5i/sGC

stimulator or ERA, to receive oral treprostinil or placebo. Over-

all, the addition of oral treprostinil to monotherapy treatment

significantly reduced the time to clinical worsening.38 However,

investigators did not find any significant difference in this pri-

mary endpoint when evaluating subgroups based on background

therapy, likely due to the study not being powered sufficiently to

detect a difference (P value for interaction 0.904).38

Similar results were observed in the GRIPHON trial, the

pivotal study for selexipag, which was an event-driven trial

assessing the effect of selexipag vs. placebo on a composite

endpoint of death from any cause or a complication related to

PAH.35 Selexipag was found to significantly lower the risk of

this composite endpoint but there were no differences when

evaluating subgroups based on PAH therapy at baseline (P

value for interaction 0.9518).35

Summary and Clinical Application

As demonstrated in the AMBITION trial, upfront combination

therapy with ambrisentan and tadalafil, an ERA and PDE5i

respectively, is superior to either monotherapy alone in the treat-

ment of PAH.6 This important trial has emphasized the impor-

tance of initial combination therapy for patients with PAH. This

systematic review summarizes the evidence for combination

therapy using agents targeting the NO and PGI2 pathways to

assist healthcare providers who may be considering an alterna-

tive regimen for patients for whom this drug combination may

be a reasonable and, in some cases, preferred treatment option.

In selecting a prostacyclin class agent to combine with a

PDE5i or sGC stimulator it is important to note the potential

for systemic hypotension when combining either agent, in par-

ticular riociguat, with a parenteral prostanoid. This is often

addressed by simply discontinuing a patient’s other antihyper-

tensive agents or allowing a patient to acclimate to the prosta-

noid; alternatively, midodrine may be prescribed to increase

systemic blood pressure without increasing pulmonary pres-

sures. As noted, inhaled prostanoid formulations appear to be

best tolerated in terms of blood pressure and side effect profile.

Patients often prefer the convenience of oral prostacyclin class

agents but oral treprostinil and selexipag are often associated

with higher incidences of gastrointestinal side effects. SC and

IV prostacyclin mimetics are viewed as the gold standard treat-

ments for PAH patients but there is a high burden placed on

patients who need to wear a continuous infusion pump. Treat-

ment decisions must be carefully weighed based on the indi-

vidual patient and disease characteristics. For example, the

authors have anecdotal experience that PAH associated with

connective tissue disease is often more aggressive and less

responsive to oral non-prostacyclin therapies therefore SC or

IV prostanoid treatment may be required earlier for this sub-

group. To date, no specific PAH patient subgroups have been

identified as being more responsive than another to NO path-

way and PGI2 combination therapy.

Titration of a prostacyclin class agent in combination with a

PDE5i or sGC stimulator in patients with PAH also needs to be

individualized and grounded on patient risk stratification as

assessed by the European Society of Cardiology (ESC) risk

assessment model. When using NO pathway agents with a

prostanoid, it is not uncommon for sGC stimulator or PDE5i

dosing to be maximized prior to the addition of the second

agent to minimize adverse events such as hypotension and

headache. Conversely, prostacyclin class agents, in particular

parenteral prostanoids, are often considered for initial treat-

ment in patients with severe PAH or rapidly progressing dis-

ease.20 If a patient is not meeting clinical goals or exhibits

clinical worsening, an NO pathway drug can then be added.

Often, clinical decisions related to the sequence of addition

may be influenced by drug formulary status at a particular site,

with initiation of the first drug in the combination being one

that is approved and accessible. The selection of subsequent

treatments may also be influenced by payor-factors. Concern-

ing cost, AMBITION therapy using ambrisentan and tadalafil

is available in generic form making them desirable from a

payor perspective.

Currently, it is unclear whether the cooperative effects

between NO and prostacyclin pathway agents allows for lower

doses of drugs to be used without compromising efficacy. As

mentioned by other researchers, this theoretical biochemical

synergism may translate clinically into lower doses of prosta-

cyclin class agents combined with a NO pathway drug.29 This

could reduce prostacyclin adverse effects, such as headache,

flushing, jaw pain, nausea, and vomiting, which often limit

dose escalation and may result in discontinuation of an other-

wise efficacious treatment for PAH.

NO donors, in particular NO gas by inhalation, has been

shown to be beneficial to patients with pulmonary hyperten-

sion, particularly in pediatric patients.47,48 Unfortunately,

delivery of inhaled NO gas is challenging from a technical

perspective and has thus far been limited to use in the hospital

setting. Several studies are underway investigating the use of

portable NO delivery systems in patients with PAH and this

could represent an additional avenue to target the NO pathway

in a more practical manner.49,50 Oral nitrates and nitrites have

been used with some success to treat pulmonary hypertension

in animal models and are also a theoretical modality for enhan-

cing the NO pathway.51,52 Molsidomine, an NO prodrug admi-

nistered orally, has been shown to reduce pulmonary pressure

in patients with chronic obstructive lung disease as well as

patients with pulmonary hypertension secondary to Takayasu’s

arteritis.53,54 L-arginine is a nitrogen donor for the synthetic

pathway of nitric oxide and has been used with success in

patients with pulmonary hypertension.55,56 Further research
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on these latter 2 compounds is warranted to investigate their

therapeutics benefits in combination with prostacyclin agents.

We acknowledge the potential limitations of a narrative

review, such that despite search efforts to identify all relevant

studies and previous publications, some may have not been

included, as well, the restriction to English language literature

may have also been a limitation of the work.

The pathophysiology of PAH is complex and a thorough

understanding of mechanisms of action of different agents is

necessary to evaluate their use in combination therapy. Pro-

spective and controlled trials are needed to confirm and com-

pare the efficacy of different modes of combination therapy,

and treatment decisions need to be individualized to each

patient’s clinical features and preferences. Although there are

clinical nuances to combination therapy and managing side-

effect profiles, the clinical and preclinical data summarized

here provide a strong rationale for the use of combination ther-

apy simultaneously targeting the NO and PGI2 signaling path-

ways to treat patients with PAH.
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