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Abstract: Pulmonary arterial hypertension, a disease largely neglected until a few decades ago, 

is presently the object of intense studies by several research teams. Despite considerable prog-

ress, pulmonary arterial hypertension remains a major clinical problem, because it is not always 

easy to diagnose, treat, and prevent. The disease was considered incurable until the late 1990s, 

when Epoprostenol was introduced as the first tool against this illness. More recently, therapy 

for pulmonary arterial hypertension gained momentum after publication of the SERAPHIN and 

AMBITION trials, which also highlighted the importance of upfront therapy. This review also 

focuses on recent substudies from these trials and progress in drugs targeting the endothelin 

pathway. Future perspectives with regard to endothelin-receptor antagonists are also discussed.

Keywords: endothelin-receptor antagonists, pulmonary arterial hypertension, Bosentan, 

ambrisentan, sitaxentan, macitentan

Introduction
Pulmonary arterial hypertension (PAH), a disease largely neglected until a few decades 

ago, is presently the object of intense study by several research teams. Despite consid-

erable progress, PAH remains a major clinical problem, because it is not always easy 

to diagnose, treat, and prevent. This disease was considered incurable until the late 

1990s, when Epoprostenol (Flolan, GSK e Caripul o Velletri, Actelion) was introduced 

as the first tool against it.

Epoprostenol is a synthetic molecule that elicits the same effects as prostacyclin 

(which is produced naturally in the human body). Epoprostenol was the first drug to be 

approved for PAH treatment. The introduction of Epoprostenol changed therapy for PAH 

considerably: Epoprostenol improved exercise capacity, hemodynamic parameters, and 

PAH symptoms, and remarkably was the first drug able to reduce mortality due to PAH.1–3

Subsequently, another drug, Bosentan (Tracler, Actelion), showed a reduction 

in mortality in some forms of PAH.4 Bosentan was the first in a new class of drugs: 

endothelin-receptor antagonists (ERAs).5 Bosentan has a central role in PAH treat-

ment, because it can improve exercise capacity, hemodynamics, symptoms, and right-

ventricle function. Bosentan can cause an increase in the level of transaminases in 

~10% of patients, but this effect is reversible upon dose reduction or discontinuation. 

Nevertheless, levels of transaminases should be measured every month while patients 

are on Bosentan therapy.6 The drug has been evaluated in several forms of PAH (idio-

pathic, associated with congenital heart defects, and Eisenmenger syndrome) in five 

studies (pilot, BREATHE-1, BREATHE-2, BREATHE-5, and EARLY) that showed 
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improvement in exercise capacity, World Health Organization 

(WHO) functional class, hemodynamics, echocardiographic/

Doppler variables, and time to clinical worsening.7 Bosentan 

improves survival in the forms of PAH associated with sys-

temic rheumatic diseases.8 In patients with systemic sclerosis 

(SS), long-term treatment with Bosentan improves endothe-

lial function and reduces the risk of PAH progression.9

More recently, other drugs have been developed. Some 

act on other pathways, such as phosphodiesterase 5 inhibitors 

(PDE5Is) guanylate-cyclase agonists, prostacyclin analogs 

(eg, Beraprost [Belnar, Asahi Kasei Pharma, Japan], Iloprost 

[Ventavis, Bayer, Germany], and Treprostinil [Remodulin, 

United Therapeutics, USA]), and other ERAs (eg, Ambrisen-

tan [Volibris, GSK, UK] and Macitentan [Opsumit, Actelion, 

Switzerland]).7 Lately, PAH therapy has received consider-

able momentum after the publication of important trials, 

such as SERAPHIN and AMBITION.10,11 Results from the 

latter highlighted the importance of upfront therapy. A large 

part of this review focuses on new substudies of these trials. 

However, before evaluation of specific ERAs, we summarize 

the endothelin (ET) pathway. Finally, future perspectives in 

the field of ERAs are reported.

Methods
An extensive Internet search on PubMed until July 2017 was 

carried out using the following keywords alone or in combina-

tion: “pulmonary arterial hypertension”, “pulmonary hyper-

tension”, “endothelin receptor antagonists”, “Bosentan”, 

“ambrisentan”, “sitaxentan”, “macitentan”. Only articles in 

English were selected for review, which focused on the most 

consistent and relevant trials, original articles, reviews, and 

case reports, preferentially involving humans.

Results
The ET pathway and ERAs
ET

1
 is a polypeptide produced mainly by vascular endothe-

lial cells. ET
1
 release results in potent vasoconstriction that 

can induce proliferation of vascular smooth-muscle cells. 

In patients with PAH, high plasma levels of ET
1
 have been 

documented due to an increase in production in endothelial 

cells and inhibition of elimination of ET
1
, primarily in the 

lung (clearance).

The biological action of ET
1
 is mediated by two 

G-protein-coupled subtypes of receptors: ET
A
 and ET

B
. 

ET
A
 receptors are expressed on pulmonary smooth-muscle 

cells, and mediate potent vasoconstriction and promote cell 

proliferation. ET
B
 receptors are expressed predominantly on 

the endothelial surface of vessels, and mediate vasodilatation 

through the production of nitric oxide and prostacyclin; they 

also stimulate pulmonary clearance of circulating ET
1
 to 

favor its elimination. ET
B
 receptors not only have “protec-

tive” effects but they are also present in the muscle cells of 

vascular walls, where they have the same effects as ET
A
 recep-

tors (vasoconstriction and cell proliferation). In systemic 

and pulmonary hypertension, expression of ET
B
 receptors 

is upregulated in the media of blood vessels, and ET
A
 and 

ET
B
 receptors contribute to the detrimental effects of ET

1
.12

The most efficient pharmacological mechanism for 

antagonizing the deleterious effects of ET
1
 is the use of ERAs, 

because they can blockade only ET
A
 and ET

B
 receptors. As 

such, ERAs can be distinguished into two types, based on 

the action on the ET receptor, with relative differences in 

pharmacologic effects: selective drugs (eg, ambrisentan) and 

unselective (eg, Bosentan and macitentan).13 If these drugs 

bind to ET
1
 receptors, the latter cannot be activated by ET

1
, 

which cannot exert its effects on vascular structures within the 

lungs. The rationale for the selective blockade of ET
A
 recep-

tors is the ability to maintain the potential beneficial effects 

mediated by ET
B
 receptors (vasodilatation and ET

1
 clearance) 

by blocking only the adverse effects (vasoconstriction and 

proliferation) of ET
A
 receptors. In fact, even ET

B
 receptors 

located on muscle cells have adverse effects.13

The ET
A
-receptor-selective antagonist ambrisentan was 

approved for clinical use against PAH in 2007, followed by 

the more ET
A
-receptor-selective antagonist sitaxentan.14–16 

However, in 2010 sitaxentan was withdrawn voluntarily by 

Thelin, Encysive Pharmaceuticals and Pfeizer, USA, because 

of idiosyncratic hepatitis that resulted in death from acute 

liver failure.17 Bosentan was the structural basis for the devel-

opment of macitentan. Bosentan was approved for clinical use 

in 2013 and represented the next generation of antagonists, 

because it was more potent, with longer receptor occupancy 

and an active metabolite, and properties that contributed to 

greater pharmacodynamic and pharmacokinetic efficacy.18

Table 1 summarizes the main differences between ERAs. 

Table 2 details the disadvantages and advantages of ERAs. 

With regard to pharmacodynamic or pharmacokinetic differ-

ences, macitentan is a “dual ERA” developed by modifying 

the structure of Bosentan to increase efficacy and safety.19 

Though it is classified as a “mixed antagonist”, macitentan 

tends to be more selective for the ET
A
 receptor.20 In fact, unlike 

Bosentan, macitentan has higher affinity and more sustained 

receptor binding, and is the first ERA to show a significant 

reduction in risk of morbidity and mortality in PAH patients.21

In a preclinical model of PAH, macitentan displayed a 

slow dissociation rate from receptors. The receptor occupancy 
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half-life of macitentan (17 min) was 15-fold longer than that 

of Bosentan.22 The slower dissociation kinetics of macitentan 

have translated into an insurmountable antagonism in stud-

ies of second-messenger signaling, whereas Bosentan has 

shown surmountable competitive antagonism. As a result, 

macitentan can inhibit the ET
1
-induced sustained increase in 

intracellular levels of calcium across the whole range of ET
1
 

concentrations tested, which is not observed with Bosentan. 

Macitentan is more effective than Bosentan in vivo. Bosen-

tan has a similar mode of action (blockade of ET
A
 and ET

B
 

receptors), but macitentan displays an improved ability to 

achieve more effective blockade of ET receptors via increased 

distribution in tissue and better receptor-binding properties. 

This improved efficacy may explain the unique efficacy of 

macitentan in reducing PAH progression, as demonstrated 

in SERAPHIN.23

Bosentan can be hepatotoxic, and the US Food and 

Drug Administration requires liver-function tests to be done 

every month, in addition to hematocrit monitoring every 

3 months for anemia. In a study by Rubin et al, abnormal 

Table 1 Pharmacodynamic or pharmacokinetic differences among endothelin (ET)-receptor antagonists

Parameters Ambrisentan (Volibris) Bosentan (Tracleer) Macitentan (Opsumit)

Molecular weight 378.4 g/mol 551.6 g/mol 588.27 g/mol
Acid-dissociation constant (pKa)

1 3.5 5.1 6.2
Acid or basic1 Acid Moderately acid Moderately neutral
Distribution coefficient (logD)1 –0.4 1.3 2.9
Receptor antagonism2 Selective for ETA receptor Unselective for ETA and ETB 

receptors
Unselective for ETA and ETB 
receptors

Receptor selectivity (ETA:ETB)
2 100:1 20:1 50:1

Type of antagonism1 Competitive antagonist Competitive antagonist Uncompetitive antagonist
Receptor occupancy (t½), minutes1 ~1 ~1 ~17
Receptor association/dissociation1 Fast Fast Slow
Inhibition (IC50), nM1 2.8 12 1.2
Prodrug – – –
Metabolism4–6 CYP3A4, CYP3A5, CYP2C194 CYP2C9, CYP3A45 CYP3A4, CYP2C8, CYP2C9, 

CYP2C196

Active metabolite2,3 – Ro48-5033 (hydroxybosentan)3 ACT-1325772.

Administration4–6 Oral4 Oral5 Oral6

Onset of action (Cmax), hours4–6 1.54 3–55 86

Bioavailability4–6 – 50%5 –
Protein binding2 98.8% (binds primarily to albumin 

and to a lesser extent to α1-acid 
glycoprotein)4

>98% (binds to albumin)5 >99% (binds primarily to albumin 
and to a lesser extent to α1-acid 
glycoprotein)6

Elimination4–6 ~80% of administered dose 
recovered in bile after 22% renal 
elimination4

~90% of administered dose 
recovered in bile after 3% renal 
elimination5

~50% of administered dose 
recovered in bile and urine6

Table 2 Disadvantages and advantages of endothelin (ET)-receptor antagonists

Parameters Ambrisentan (Volibris) Bosentan (Tracleer) Macitentan (Opsumit)

Oral administration Once daily Twice daily Once daily
Need for monitoring of transaminases ++– +++ –++
Need for hemoglobin monitoring +++ +++ +++
Selectivity ratio for ETA (ETA: ETB) 200:1 20:1 50:1
Antagonist for ETA and ETB – – – +++ +++
Prevalent type of elimination Biliary system Biliary system Kidneys
Peripheral edema +++– ++– +– – –
Drug interactions +– – – +++– ++– –
Contraindications Child–Pugh C, pregnancy, breastfeeding, 

idiopathic pulmonary fibrosis
Child–Pugh B–C, pregnancy, 
concomitant cyclosporine A

Child–Pugh C, pregnancy, 
breastfeeding

Results confirmed by trials with composite 
primary end point (morbidity and mortality)

+++ – – – +++
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hepatic function was reported more frequently in a high-dose 

Bosentan group.24 In contrast, the safety profile of maci-

tentan appears to be superior with respect to hepatic safety 

and edema/fluid retention than Bosentan and ambrisentan, 

respectively, and is similar when considering the reduction 

in hemoglobin concentration. Bosentan has a low propensity 

for drug–drug interactions, and has one circulating phar-

macologically active metabolite; it does not require dose 

adjustments in patients with renal or hepatic impairment.25 

Bosentan has a selectivity ratio for the ET
A
 receptor of 20, 

macitentan a selectivity ratio of 50:1, and ambrisentan (which 

is ET
A
-receptor-selective) a selectivity ratio of 200:1.

Ambrisentan and PAH
Pharmacodynamics and pharmacokinetics of 
ambrisentan
Ambrisentan is an orally active propanoic acid and a potent 

ERA, with higher selectivity for the ET
A
 receptor than the 

ET
B 
receptor. The selectivity ratio for the ET

A
 receptor is dif-

ferent among ERAs: 20:1 for Bosentan, 50:1 for macitentan, 

and 200:1 for ambrisentan. Ambrisentan is absorbed rapidly 

into the systemic circulation with a half-life of ~15 hours, 

which permits once-daily dosing. The pharmacokinetics are 

linear, and a steady state is reached after 4 days of repeated 

administration. The overall bioavailability of ambrisentan is 

80%, and it is not affected by food. Ambrisentan is highly 

bound to plasma proteins (99%). Elimination is mostly 

through the biliary system, with most oral doses recovered 

in urine and feces.26,27

Ambrisentan does not affect the pharmacodynamics of 

concomitant medications for patients with PAH (eg, war-

farin, sildenafil, tadalafil, ketoconazole) significantly. It is 

approved for the treatment of idiopathic, heritable PAH and 

PAH-associated connective-tissue disease (CTD). It has been 

shown to be effective in improving exercise capacity, cardiac 

hemodynamics, WHO functional class, and quality of life in 

patients with PAH. Ambrisentan displays an acceptable safety 

profile if used as monotherapy and in combination therapy 

with other vasodilators, such as a PDE5I.27

Ambrisentan is usually well tolerated, but it can lead to 

side effects due to systemic vasodilatation. In the ARIES-1 

and ARIES-2 studies, peripheral edema, headache, and 

nasal congestion tended to be more frequent in patients 

treated with ambrisentan. Increases in serum levels of 

aminotransferases have been described with older ERAs 

(eg, Bosentan), whereas with ambrisentan the prevalence 

of hepatic injury due to ambrisentan is lower. ARIES-1 

and ARIES-2 demonstrated a reduction in hemoglobin 

concentration in patients with PAH treated with ambrisentan, 

likely because of systemic vasodilatation and hemodilution. 

In AMBITION, anemia was seen more frequently in the 

ambrisentan–tadalafil combination than with ambrisentan 

or tadalafil monotherapy. ERAs are teratogenic, and should 

not be used during pregnancy.27

Randomized clinical trials
Several clinical studies have assessed ambrisentan use. Two 

randomized, double-blind, placebo-controlled, multicenter 

studies (ARIES-1 and -2) demonstrated a good safety profile 

with low risk of aminotransferase abnormalities and sig-

nificant improvements in WHO functional class, 6-minute 

walking distance (6MWD), and time to clinical worsening 

relative to placebo, with a high tolerance profile. In these 

studies, 392 patients with PAH treated orally (per os [PO]) 

with placebo or ambrisentan (5 or 10 mg in ARIES-1, 2.5 

or 5 mg in ARIES-2) once daily for 12 weeks were random-

ized. Most patients had idiopathic PAH (64%), but a certain 

proportion of patients had PAH related to CTD (32%), HIV 

infection (2.5%), or anorexigen use (1.5%). These patients 

were mostly in WHO functional class II (44%) and III (52%). 

The primary end point for each study was the change in 

6MWD from baseline to week 12. 6MWD increased in all 

ambrisentan groups. These clinical studies moreover showed 

improvements in time to clinical worsening (ARIES-2), WHO 

functional class (ARIES-1), and brain natriuretic peptide 

(BNP) levels (both studies) in the absence of significant 

increases in aminotransferase concentrations.28

A total of 383 patients completing ARIES-1 or -2 

were eligible to continue on ambrisentan for the ARIES-E 

extension study, which was designed to obtain additional 

long-term data on safety and efficacy. This study showed 

sustained improvements in exercise capacity and a low risk 

of clinical worsening and death in patients with PAH after 2 

years of ambrisentan exposure. The best 6MWD results were 

obtained for the 5 mg (+23 m) and 10 mg (+28 m) groups, 

with a sustained improvement in exercise capability, dyspnea, 

and WHO functional class in these groups.29 More recently, 

ARIES-3, a long-term, multicenter, single-arm study, con-

firmed the results of previous placebo-controlled studies and 

demonstrated the tolerability and benefits of ambrisentan in 

patients with PAH.30

AMBITION evaluated two simultaneous strategies in 

PAH patients for treating drug-naïve patients with PAH: 

first-line combination therapy (ambrisentan and tadalafil) 

versus first-line monotherapy (ambrisentan or tadalafil).

Patients were assigned randomly at a 2:1:1 ratio to a target 
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daily dose of ambrisentan (10 mg) and tadalafil (40 mg). 

Overall, 18% of the combination-therapy group reached 

the primary composite end point of time to clinical failure 

(death, first occurrence of hospitalization for worsening 

PAH, disease progression, or unsatisfactory long-term clini-

cal response) compared with 34% of the ambrisentan- and 

28% of the tadalafil-monotherapy groups and 31% of the 

pooled-monotherapy group. The combination-therapy group 

demonstrated a reduction in the risk of first event of clinical 

failure of 50% compared with the monotherapy groups.11 In a 

post hoc analysis of AMBITION, Coghlan et al demonstrated 

that initial combination therapy reduced the risk of clinical 

failure compared with pooled monotherapy in each subgroup 

(CTD-PAH and SS-PAH).31

Ambrisentan substudies
D’Alto carried out the first prospective study evaluating 

hemodynamics using ambrisentan therapy in PAH in a long-

term (12 months) follow-up involving 27 consecutive adult 

patients with PAH (idiopathic PAH, congenital heart disease 

[CHD]-PAH, and CTD-PAH). They showed a significant 

improvement in WHO functional class, 6MWD, pro-BNP 

level, and hemodynamics (cardiac index and pulmonary 

resistance).26

Combination therapy is the standard of care for patients 

with PAH with unsatisfactory response to monotherapy in 

many PAH centers.32 In the ATHENA-1 study, Shapiro et 

al studied the effects obtained by the addition of ambris-

entan to 33 patients with PAH on a PDE5I. They showed 

improvements in 6MWD, N-terminal prohormone BNP 

(NT-pro-BNP) level, and hemodynamic parameters (mean 

PA pressure, systemic vascular resistance, and cardiac index) 

at 24 weeks.33

One observational study showed ambrisentan monother-

apy to be effective and safe for the treatment of patients with 

portopulmonary hypertension, as evidenced by significant 

improvements in hemodynamic measurements (mean PA 

pressure, systemic vascular resistance, and cardiac output), 

biomarkers (BNP), and symptoms (WHO functional class), 

with no deterioration in systemic blood pressure, liver func-

tion, or renal function.34

A subgroup analysis of ARIES-E assessed the efficacy 

and safety of ambrisentan in patients with CTD. A total of 

124 patients with CTD-PAH participating in ARIES-1 and 

ARIES-2 and their long-term extension were evaluated. 

Patients taking ambrisentan demonstrated fewer worsen-

ing clinical events and improved survival compared with 

controls.35

In a post hoc analysis of AMBITION, initial combination 

therapy was associated with a survival advantage compared 

with initial monotherapy in patients with newly diagnosed 

PAH.36 VOLT (a prospective, observational, multicenter 

study) was designed to characterize the safety profile of 

ambrisentan: the drug was not associated with increases in 

liver-function abnormalities.37 Hassoun et al demonstrated the 

effects of upfront combination PAH therapy (ambrisentan 10 

mg and tadalafil 40 mg daily for 36 weeks) in patients with 

SS-PAH. They noted a significant reduction in median right-

ventricle mass and pulmonary vascular resistance, as well as 

improvements in the median stroke volume:pulmonary pulse 

pressure ratio, tricuspid annular plane systolic excursion, 

6MWD and serum levels of NT-pro-BNP.38 Recently, D’Alto 

et al showed the efficacy of 12-month upfront therapy with 

ambrisentan and tadalafil in improving hemodynamics in 

patients with incident PAH.39

Macitentan and PAH
Macitentan reduces the mean arterial pulmonary pressure 

in a dose-dependent manner without affecting the heart rate 

in animal models of PAH. Macitentan has tenfold-greater 

potency than Bosentan in terms of reducing mean arterial 

pulmonary pressure, suggesting more complete blockade 

of ET
1
 receptors under conditions of locally fluctuating ET

1
 

levels, even if ET
1
 concentrations are high.19,22,25,40

Pharmacodynamics and pharmacokinetics of 
macitentan
Macitentan is an orally active, potent, dual ERA. It antago-

nizes ET
A
 and ET

B
 receptors, with an ET

A
 receptor:ET

B
 

receptor-inhibitory potency ratio of 50:1. Macitentan 

is metabolized by cytochrome P450 enzymes (mainly 

CYP3A4) to its major pharmacologically active metabolite, 

ACT132577, which is approximately fivefold less potent 

than the parent drug at the ET
A
 receptor and has an ET

A
 

receptor:ET
B
 receptor-inhibitory potency ratio of 16:1. After 

oral administration, macitentan reaches its peak plasma con-

centration in ~8 hours in healthy volunteers, with a steady 

state being reached by day 3 for macitentan and by day 7 

for ACT132577. The latter is responsible for ~40% of the 

pharmacologic activity at the steady state.41 The estimated 

oral bioavailability of macitentan is 74%.42 The pharmaco-

kinetics of macitentan and ACT132577 are not altered to a 

clinically significant extent by food. They are highly bound 

to plasma proteins (>99%), mainly to albumin and to a lesser 

extent to α
1
-acid glycoprotein. They are distributed widely in 

tissue.43–45 Age, sex, ethnicity, renal impairment, or hepatic 
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impairment do not affect the pharmacokinetics of macitentan 

or ACT132577 to a clinically relevant extent, and thus dose 

adjustment is not required.43,44,46–48

Macitentan and ACT132577 are not associated with 

clinically relevant inhibition or induction of CYP enzymes. 

They enter the liver by passive diffusion, and are not sub-

strates of the OATPs 1B1, 1B3, or 2B1. At clinically relevant 

concentrations, macitentan and ACT132577 do not inhibit 

hepatic or renal uptake transporters (including OATP1B1 

and OATP1B3) or hepatic or renal efflux pumps, such as 

Pgp and the multidrug and toxin-extrusion transporters 1 

and 2K. Macitentan is not a substrate for Pgp, but can inhibit 

expression of the breast cancer-resistance protein. At clini-

cally relevant concentrations, macitentan and ACT132577 do 

not interact with hepatic bile-salt-transport proteins, such as 

the bile-salt-export pump and sodium-dependent taurocho-

late cotransporting polypeptide.43,44,49 However, macitentan 

is a CYP3A4 substrate, so strong CYP3A4 inducers (eg, 

rifampicin) reduce macitentan exposure significantly if coad-

ministered, so coadministration should be avoided. Instead, 

coadministration of macitentan with cyclosporine A (inhibi-

tor of CYP3A4 and OATPs) in healthy volunteers does not 

alter the steady-state exposure to macitentan or ACT132577 

significantly, so dose adjustment is not required.43,44,50 Fur-

thermore, strong inhibitors of CYP3A4 (eg, ketoconazole, 

ritonavir) may increase macitentan exposure.51 Therefore, in 

the US, the concomitant use of macitentan and strong inhibi-

tors of CYP3A4 (eg, antiretroviral drugs, such as ritonavir) 

is avoided, whereas in European countries caution is recom-

mended if these agents are coadministered.43,44 Macitentan 

does not affect the pharmacokinetics of ethinylestradiol/nor-

ethisterone or the pharmacokinetics and pharmacodynamics 

of warfarin to a clinically significant extent.52,53

A minor but not clinically relevant pharmacokinetic inter-

action between macitentan and sildenafil has been observed. 

Based on those results, dose adjustment of either compound 

is not necessary during concomitant treatment with maciten-

tan and sildenafil.54 Macitentan is excreted largely via the 

kidneys; the apparent elimination half-life of macitentan is 

~16 hours and that of ACT132577 ~48 hours.43–45

Safety and tolerability
Macitentan improves hemodynamic parameters and func-

tional exercise capacity in a concentration-dependent man-

ner in patients with PAH, but no clear relationship is seen 

between safety parameters and macitentan concentrations.55 

Macitentan (10 mg PO once daily) in general was well toler-

ated in SERAPHIN.10 Increases in levels of AST or ALT to 

more than triple the upper limit of normal (ULN) occurred 

in 3.4% of patients receiving macitentan (10 mg once daily) 

and in 4.5% of the placebo group, whereas increases in lev-

els of AST or ALT to more than triple ULN associated with 

bilirubin to more than double ULN occurred in 1.7% in both 

groups. Massive increases in levels of liver enzymes were 

more frequent in macitentan patients (levels of transaminases 

more than eight times ULN were 2.1% in the treatment arm 

and 0.4% in the placebo group, which was fivefold greater).

With regard to all ERAs, the most important adverse 

effects are hepatotoxicity, peripheral edema, and anemia. 

Increases in levels of AST or ALT levels are associated with 

PAH and with ERA therapy. Treatment discontinuation due 

to hepatic adverse events occurred in 3.3% of macitentan 

and 1.6% of placebo arms in SERAPHIN, thereby showing a 

much better tolerability profile than Bosentan.10 Currently, it 

is recommended to monitor levels of liver enzymes before ini-

tiating macitentan treatment, and then upon clinical findings 

not to measure them monthly (as recommended for Bosen-

tan). Therapy discontinuation is recommended if patients 

develop sustained, unexplained, clinically relevant increases 

in levels of aminotransferase, bilirubin above double ULN, 

or severe liver injury.43,44 Peripheral edema is more common 

and pronounced in patients on ET
A
-receptor-specific medica-

tions than dual RAs. In SERAPHIN, a significant difference 

in the incidence of peripheral edema was not observed with 

macitentan compared with placebo (18.2% versus 18.1%). 

Only a subgroup analysis on older patients showed a greater 

development of peripheral edema in the macitentan group 

(25.9% versus 18.2%).10

The third common side effect of ERAs is anemia. In 

general, anemia stabilizes in the first few weeks of therapy 

and does not necessitate treatment discontinuation. In 

SERAPHIN, anemia was seen in 13.2% in the 10 mg group 

versus 3.2% in the placebo group, with hemoglobin levels 

<8 mg/dL in 4.3% versus 0.4%, respectively.10 Only two 

patients, one in each group, discontinued therapy for severe 

anemia, and complete recovery was observed with cessation 

of the drug. It is recommended to measure the hemoglobin 

concentration before starting treatment with macitentan 

and during treatment if clinically indicated. Finally, there 

may be some minor respiratory and neurologic side effects. 

The most common is infection of the upper respiratory tract 

(15.3% versus 13.3%), followed by nasopharyngitis (14.0% 

versus 10.4%), headache (13.6% versus 8.8%), and bronchitis 

(11.6% versus 5.6%).

The safety profile of macitentan in the real-world post-

marketing setting is now evaluated in the OPUS registry. 
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OPUS is an ongoing (estimated completion April 2018), 

long-term, prospective, multicenter, observational drug reg-

istry of patients newly treated with macitentan (≤30 days of 

enrollment) in the US. In January 2016, OPUS included 416 

patients with PAH newly treated with macitentan. The safety 

profile of macitentan in OPUS is similar to that reported in 

SERAPHIN, including hepatic adverse events related to 

macitentan therapy not observed until that date.56 Macitentan 

can be taken with or without food, and dose adjustment is 

not needed in those aged >65 years, but caution is advised 

in patients aged >75 years, because data are limited in these 

patients. The safety and efficacy of macitentan in the pedi-

atric population have not been studied, and so its use is not 

approved in these patients.

Based on pharmacokinetic data, a dose adjustment is not 

required in renal impairment, but caution is recommended in 

severe forms, because data are lacking. It is contraindicated 

in those undergoing dialysis. Macitentan may cause harm 

to a fetus, so its use is contraindicated during pregnancy 

and in women of childbearing age who are not using reli-

able contraception. Pregnancy must be excluded before 

initiation, monthly during treatment, and 1 month after 

treatment has been discontinued. Patients must be advised 

to use contraception while taking macitentan, as well as 1 

month after discontinuation of the drug. Macitentan is also 

contraindicated in women who are breastfeeding.43,44 Just 

two small studies (on 40 and 24 patients) have assessed the 

safety of switching from Bosentan to macitentan. Neither 

study showed a significant change in levels of liver enzymes, 

peripheral edema, nor anemia in patients who had switched 

treatment.57,58

Randomized clinical trials and long-term extension
Macitentan (10 mg PO once daily) has been approved (class 

I, level B) in monotherapy and combination therapy for 

the long-term treatment of PAH in adult patients in WHO 

functional classes II/III in the European Union and for the 

treatment of WHO group I PAH to delay disease progres-

sion and reduce hospitalization in the US. The efficacy 

of macitentan has been demonstrated in idiopathic PAH, 

hereditary PAH, CTD-PAH, and PAH related to repaired 

congenital systemic-to-pulmonary shunts. The efficacy of 

macitentan was investigated in SERAPHIN, a multicenter, 

double-blind, randomized, placebo-controlled, event-driven, 

Phase III trial.10 This trial marked a new era in the study of 

PAH, because of the large number of patients enrolled (742 

patients randomized in three arms (1:1:1) to receive placebo, 

macitentan (3 mg), or macitentan (10 mg once-daily), the long 

duration of the trial (median duration of treatment of 115 

weeks), and the composite primary end point of morbidity 

and mortality (death, atrial septostomy, lung transplantation), 

initiation of treatment with prostanoids (intravenously, sub-

cutaneously), or worsening of PAH. SERAPHIN was unlike 

previous PAH trials, which had been characterized by small 

samples, short duration, and improvement of 6MWD as the 

primary end point.28,59–63

SERAPHIN enrolled patients with idiopathic PAH (55%), 

hereditary PAH (1.8%), or CTD-PAH (30.5%), repaired 

congenital systemic-to-pulmonary shunts (8.4%), HIV infec-

tion (8.4%), using drugs (1.4%), or toxin exposure (3%) in 

WHO functional class II/III (only 14 patients [1.9%] were 

in WHO functional class IV). Also, 63.7% of these patients 

were stably treated with oral or inhaled therapy for PAH 

(PDE5I in almost all cases). Patients receiving prostanoids 

(intravenously, subcutaneously) were excluded. SERAPHIN 

showed that macitentan significantly reduced the composite 

primary end point of morbidity and mortality among patients 

with PAH at a once-daily dose of 10 mg versus placebo (HR 

0.55, 97.5% CI 0.39–0.76; P<0.001). The effect of macitentan 

on the primary end point was observed for both patients who 

had not received treatment previously and for both cases 

receiving therapy for PAH at baseline. Worsening of PAH 

was the most frequent primary end-point event. Also, the 

secondary composite end point was reached with a reduction 

in the prevalence of death due to PAH or hospitalization for 

PAH for a 10-mg dose versus placebo (HR 0.50, 97.5% CI 

0.34–0.75; P<0.001), with hospitalization being the most 

common end-point event.

Macitentan therapy was approved only for PAH group 

1, but several other randomized trials are trying to show its 

efficacy in other PAH groups and outside PAH. Several tri-

als are ongoing (Table 3), but one, MERIT-1, has finished. 

MERIT-1 was a Phase II, double-blind, randomized, placebo-

controlled trial in which macitentan (10 mg PO once daily) 

was assessed versus placebo in patients with inoperable 

chronic thromboembolic pulmonary hypertension (PAH 

group IV). The primary end point (pulmonary vascular resis-

tance at rest at week 16, expressed as a percentage of baseline 

resting pulmonary vascular resistance) and some secondary 

end points were achieved. Significant improvements were 

also observed in other clinically relevant variables: exercise 

capacity, cardiac output, and NT-pro-BNP concentration. 

The treatment effect was consistent across the prespecified 

subgroups, including naïve patients and patients receiving 

other PAH treatments at baseline (eg, PDE5Is and oral/

inhaled prostanoids).64
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Macitentan substudies
SERAPHIN also included a hemodynamic substudy.65 It 

showed that patients with a cardiac index >2.5 L/min/m2, right 

atrial pressure <8 mmHg, or NT-pro-BNP <750 fmol/mL at 

month 6 had a lower risk of morbidity/mortality than those 

not meeting these cutoff values (HR 0.49, 95% CI 0.28–0.86; 

HR 0.72, 95% CI 0.42–1.22; HR 0.22, 95% CI 0.15–0.33, 

respectively). Hence, macitentan can increase the chance of 

reaching the cutoff values associated with the best prognosis 

for PAH patients.

In a post hoc analysis, Channick et al showed that 

macitentan (10 mg once daily) reduced the risk, prevalence, 

and number of days of hospitalization significantly. These 

treatment effects were driven by reductions in the risk and 

prevalence of PAH-related hospitalization. Macitentan 

reduced the risk of PAH-related hospitalization regardless 

of background PAH-specific therapy, but patients not receiv-

ing PAH therapy at baseline displayed a more pronounced 

reduction in risk.66

Another post hoc analysis was conducted on a subgroup 

of treatment-naïve patients enrolled in SERAPHIN. Patients 

allocated to placebo or macitentan groups were classified 

by time from the diagnosis to enrollment as “incident” (<6 

months) or “prevalent” (>6 months). Macitentan (10 mg) 

reduced the risk of a morbidity/mortality event versus placebo 

by 60% in incident patients significantly (HR 0.40, 95% CI 

0.20–0.79) and by 53% in prevalent patients (HR 0.47, 95% 

CI 0.24–0.92). Macitentan (10 mg) also reduced the risk of 

PAH-related death/hospitalization significantly by 77% in 

incident patients (HR 0.23, 95% CI 0.09–0.57) and by 62% in 

prevalent patients (HR 0.38, 95% CI 0.16–0.92). This analysis 

supports the use of macitentan as effective first-line therapy 

for delaying disease progression in incident and prevalent 

patients with PAH.67

The effect of macitentan (10 mg) versus placebo on long-

term outcomes according to baseline WHO functional class 

has also been examined. As expected, the two subgroups 

differed at baseline in 6MWD and cardiac index, which 

were higher in patients in WHO functional class I/II than 

in III/IV, and pulmonary vascular resistance, which was 

lower. The interaction-test P-values were 0.64 and 0.60 for 

morbidity/mortality and death/hospitalization due to PAH, 

respectively. These values suggested the consistent efficacy 

of macitentan in reducing the risk of events irrespectively of 

WHO functional class at baseline.68

In another post hoc analysis of SERAPHIN, the effect of 

macitentan (10 mg) on the risk of morbidity and mortality was 

assessed in PAH patients with baseline hemodynamic values 

suggestive of impaired right-ventricle function. Macitentan 

(10 mg) reduced the risk of morbidity and mortality versus 

placebo significantly irrespectively of the presence or absence 

of right-ventricle impairment.69

Health-related quality of life was also evaluated in 

SERAPHIN by compiling the 36-item Short Form survey 

(SF36). At month 6, macitentan (10 mg) improved health-

related quality of life, with significant effects observed 

for seven of eight SF36 domains for scores for physical 

component summary and mental component summary 

versus placebo. Furthermore, macitentan reduced the risk 

of a clinically meaningful deterioration in the scores for the 

physical component summary (HR 0.60, 95% CI 0.47–0.76; 

P<0.0001) and mental component summary (HR 0.76, 95% 

CI 0.61–0.95; P=0.0173) significantly until treatment ces-

sation versus placebo.70

Besides SERAPHIN, there have been two small obser-

vational studies. One, by Herbert et al, assessed 15 patients 

with CHD-PAH (patients with complex CHD and patients 

with Down syndrome). Some of these patients were naïve and 

some shifted from Bosentan to macitentan. 6MWD increased 

from a median of 286 m to 360 m (P<0.05), most notably 

in those who were treatment-naïve.71 In another prospective 

observational study on a heterogeneous population of 40 

adult CHD-PAH patients (including patients with Down 

syndrome or complex CHD) in treatment for many years 

with Bosentan (median 7.2 years), switching from Bosentan 

to macitentan showed an improvement in WHO functional 

class (the number of patients in WHO functional class III/IV 

decreased from 48% to 23%, P=0.004), NT-pro-BNP level 

(from 723 ng/mL to 488 ng/mL, P=0.019) and tricuspid 

Table 3 Ongoing studies using macitentan

Studies Participants

TOMORROW, NCT 02932410 Pulmonary arterial hypertension in 
pediatric population

PORTICO, NCT 02382016 Portopulmonary hypertension
OPUS,56 Registry
SYMPHONY, NCT 01841762 and
ORCHESTRA, NCT 02081690

Validation of quality-of-life 
questionnaire

REPAIR, NCT 02310672 Right-ventricle remodeling
RUBATO, NCT 03153137 Fontan circulation
MELODY, NCT 02070991 Combined pre- and postcapillary 

pulmonary hypertension
TRITON, NCT 02558231 Macitentan and tadalafil in upfront 

combination versus macitentan, 
tadalafil, and selexipag in upfront 
combination
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annular plane systolic excursion (from 19 mm to 21 mm, 

P=0.002) at 6-month follow-up. Despite improvement in 

WHO functional class, 6MWD did not change, possibly due 

to the relatively high number of patients with Down syndrome 

(40%) in the cohort.57

Pizarro et al studied the effect of macitentan on right-

ventricle myocardial function using speckle-tracking analysis 

in 16 patients with PAH. After 12 weeks of treatment with 

macitentan, global longitudinal (but not regional longitudi-

nal) strain revealed significant improvement. Comparison 

of strain adaptation between the macitentan group and 

control group identified macitentan patients as experienc-

ing a superior relative gain in global, basal septal, and basal 

lateral strain, whereas controls manifested deterioration of 

myocardial strain.72

Meta-analyses
Duo-Ji and Long carried out a network meta-analysis for mul-

tiple comparisons among PAH therapies: in 2,172 patients, 

all four ERAs increased mean 6MWD significantly in com-

parison with placebo.73 Moreover, Bosentan and ambrisentan 

showed a significant association with a reduction in risk of 

clinical worsening compared with placebo. With regard to 

all-cause discontinuation, ambrisentan was the only therapy 

associated significantly with a risk reduction compared with 

placebo. As such, ambrisentan could be considered the most 

appropriate therapy among the four ERAs for PAH patients, 

followed by Bosentan.

Wei et al undertook a meta-analysis on the clinical safety 

of ERAs. They noted that the incidence of abnormal hepatic 

function, peripheral edema, and anemia was significantly 

higher in the ERA group compared with placebo. Bosentan 

(but not macitentan) increased the risk of abnormal hepatic 

function significantly, whereas ambrisentan decreased that 

risk significantly. Bosentan and ambrisentan (but not maci-

tentan) increased the risk of peripheral edema significantly. 

Bosentan and macitentan (but not ambrisentan) increased 

the risk of anemia significantly.74

Another meta-analysis from Zheng et al evaluated the effi-

cacy and safety of oral targeted therapies in PAH and focused 

on overall survival. Compared with placebo, ERAs, PDE5Is, 

and riociguat reduced clinical worsening, ameliorated WHO 

functional class, and increased 6MWD significantly. How-

ever, prostanoids given via the oral route had only a mild 

effect on 6MWD, and did not reduce mortality or clinical 

worsening. ERAs and riociguat can reduce clinical worsen-

ing and ameliorate exercise capacity. Prostanoids have more 

significant adverse effects and weak therapeutic effects.75

Special guidelines
Current guidelines recommend the use of ambrisentan, 

Bosentan (recommendation I, level of evidence A) and 

macitentan (I, B) in patients with PAH and WHO functional 

class II and III. In WHO functional class IV, the first-line 

drug is Epoprostenol and the recommendation for ERAs 

is weaker (IIb, C).32 Combination therapy using two or 

more classes of drugs simultaneously (eg, β-blockers plus 

angiotensin-converting enzyme inhibitors) has been used 

for the treatment of systemic hypertension and heart failure. 

The experience with combination therapy in PAH, however, 

is increasing, and it may be applied sequentially or initially 

(upfront). In sequential therapy from monotherapy, there is 

addition of a second and then a third drug in cases of inad-

equate clinical results or in cases of deterioration.  Current 

guidelines suggest several possible associations for sequen-

tial combination therapy,32 whereas in upfront combination 

therapy, the recommendation is I, B for ambrisentan plus 

tadalafil and IIa for ERAs plus PDE5Is.

Future developments
Several ongoing studies are assessing macitentan, the last 

ERA approved for PAH treatment (Table 3). Future per-

spectives beyond simple improvement in hemodynamics 

will focus on utilization of right-ventricle substrates and the 

effects of ERAs on right-ventricle remodeling and biven-

tricular fibrosis.76,77 In the near future, assessment of ERA 

efficacy on right-ventricle remodeling will rely increasingly 

on cardiac magnetic resonance imaging. Moreover, new 

ERAs will be tested (eg, HJP272), and other ERAs will be 

tested in diseases other than PAH (eg, chronic kidney disease, 

mainly for diabetic nephropathy).78,79

Conclusion
The introduction of ERAs for PAH has changed its natural 

history and improved patient survival. The encouraging 

results arising from SERAPHIN and AMBITION with the 

introduction of upfront combination therapy (with PDE5Is) 

has shown new ways for clinical research. However, less 

exciting results with combination therapy (COMPASS-2, 

sildenafil plus Bosentan) have raised doubts about the efficacy 

of combination therapy, but might be linked to specific drugs, 

rather than to a class effect.80 Larger studies are warranted 

to assess the efficacy of three possible strategies with triple-

combination therapy.
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