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Abstract
Pulmonary arterial hypertension is characterized by elevated blood pressure and pathological changes in the pulmonary 
arterioles, leading to the development of right-heart failure and potentially fatal outcomes if left untreated. This review aims 
to provide an overview of novel drugs or formulations and new drug indications for pulmonary arterial hypertension that are 
currently in phases II–III of randomized controlled trials, and describe the rationale for the use of these targeted therapies, as 
well as their efficacy, safety profile, and impact on quality of life and survival. The literature research was conducted using 
data from ClinicalTrials.gov for the period between 1 January 2016 up to 31 December 2022. The population of interest 
includes individuals aged ≥ 18 years who have been diagnosed with pulmonary arterial hypertension. The review selection 
criteria included trials with recruiting, enrolling by invitation, active, terminated or completed status in 2022 and 2023. A 
total of 24 studies were selected for evaluation based on the inclusion and exclusion criteria. This review summarizes the 
updated information from randomized clinical trials involving novel therapies for pulmonary arterial hypertension. However, 
larger clinical trials are required to validate their clinical safety and effects. In the future, clinicians should choose therapies 
based on the patient's individual situation and requirements when developing treatment strategies.

Key Points 

Pulmonary artery hypertension is a chronic disease 
associated with poor prognosis and a 5-year survival rate 
of about 50–60%.

Current treatments improve the prognosis, but they do 
not arrest the progression of disease and they are associ-
ated with significant adverse effects.

There is an immediate need for new clinical trials involv-
ing new drugs with enhanced efficacy and milder adverse 
effects.

1  Introduction

Pulmonary arterial hypertension (PAH) is a severe disease 
characterized by elevated blood pressure and remodeling 
of the pulmonary arterioles, which can rapidly progress to 
right ventricular failure and mortality if not treated [1, 2]. 
PAH is classified as a rare disease (ORPHA number 182090) 
with an estimated prevalence of approximately 5 cases per 
1,000,000 individuals [3]. The 2022 guidelines established 
by the European Society of Cardiology and the European 
Respiratory Society define PAH by a resting mean pulmo-
nary arterial pressure of 20 mmHg, a pulmonary artery 
wedge pressure of 15 mmHg or lower, and a pulmonary 
vascular resistance (PVR) of 3 Wood units or higher.

PAH is a heterogeneous condition, making it challenging 
to treat effectively. The World Health Organization (WHO) 
classifies PAH into five subtypes based on distinct patho-
physiology, etiology and response to treatment. In WHO 
Group 1 PAH, there is a constriction or stiffening of the 
pulmonary arterioles, placing increased strain on the right 
side of the heart. It includes idiopathic PAH (IPAH), herit-
able PAH (HPAH), and PAH associated with conditions like 
congenital heart disease, liver disease, HIV, or connective 
tissue disorders. While treatments exist, there is no cure [4].

 *	 Alessio Provenzani 
	 aprovenzani@ismett.edu

1	 Clinical Pharmacy Service, Mediterranean Institute 
for Transplantation and Advanced Specialized Therapies 
(ISMETT), Palermo, Italy

2	 School of Pharmacy, University of Pittsburgh, Pittsburgh, 
PA 15261, USA

3	 Pneumology Unit, Department for the Treatment and Study 
of Cardiothoracic Diseases and Cardiothoracic Transplantation, 
Mediterranean Institute for Transplantation and Advanced 
Specialized Therapies (ISMETT), Palermo, Italy

http://crossmark.crossref.org/dialog/?doi=10.1007/s40268-024-00453-x&domain=pdf
http://orcid.org/0000-0001-7132-000X


14	 M. E. Novara et al.

Prognosis varies among different subtypes of PAH but is gen-
erally unfavorable, and the estimated 5-year survival rate typi-
cally ranges from approximately 50–60%. However, early thera-
peutic intervention may improve survival rates [5]. Currently 
approved medications target well-known pathways: the endothe-
lin pathway, the nitric oxide/cyclic guanosine monophosphate 
(cGMP) pathway, and the prostacyclin pathway [6]. Although 
these drugs improve the prognosis, they are vasodilators and are 
primarily focused on symptom management and slowing disease 
progression rather than providing curative solutions [7]. Many of 
the existing PAH drugs are associated with significant adverse 
effects, with an increased risk of side-effect amplification and 
drug–drug interactions when used in combination. Moreover, 
due to its rarity, conducting clinical trials for PAH proves chal-
lenging due to the limited number of eligible patients. This, 
consequently, leads to a lack of awareness among healthcare 
professionals and the general population, potentially resulting 
in delayed diagnoses and suboptimal treatments.

Based on recent advances in understanding the molecular 
pathophysiology of this complex and multifactorial disease, 
several new therapeutic targets are under development and 
undergoing testing, with the aim of modifying the disease 
process and ultimately enhancing long-term survival.

There is an immediate need for new clinical trials involv-
ing new drugs with enhanced efficacy and milder side 
effects. This entails targeting the underlying mechanisms of 
PAH more precisely and exploring innovative formulations, 
such as sustained-release or inhalable medications. Investi-
gating optimal combinations of existing drugs or novel com-
pounds can further enhance PAH management, potentially 
resulting in reduced adverse effects compared with high-
dose monotherapies. This approach holds the potential to 
yield more effective and better tolerated treatments.

The primary objective of this review was to conduct a 
comprehensive assessment of novel therapeutics, formula-
tions, and emerging pharmacological indications for WHO 
Group 1 PAH. These interventions are currently undergoing 
phase II–III randomized controlled trials (RCTs), highlight-
ing the need for timely insights.

Our research aims to offer a comprehensive overview of 
potential future therapies for PAH, providing detailed infor-
mation on molecules, pathways, and new formulations cur-
rently under investigation for the treatment of this condition.

2 � Drug Targets and Currently Approved 
Treatment for Pulmonary Arterial 
Hypertension (PAH)

PAH has a multifactorial pathology characterized by an 
increase in pressure in the pulmonary arteries and by a vas-
cular remodeling. The aberrant growth of endothelial cells 

(ECs) and smooth muscle cells (SMCs) in normally non-
muscular compartments or segments of vessel leads to vas-
cular obstruction, causing an increase in right ventricular 
pressure and pulmonary artery pressure.

Vasoconstriction is an early event in pulmonary hyper-
tension and it is related to an overexpression/function of 
the potassium channel and to endothelial dysfunction. 
This involves reduced production of vasodilators (nitric 
oxide and prostacyclin) and an overexpression of vaso-
constrictors (endothelin 1) which also promote vascular 
remodeling [8].

These molecules and their pathways represent the targets 
to treat PAH. Prostacyclin, whose expression and synthe-
sis are reduced in PAH, induces pulmonary vasodilatation 
and inhibits cell proliferation through the cyclic adenosine 
monophosphate (cAMP). Prostacyclin analogs (epopros-
tenol, iloprost, and treprostinil) and prostacyclin receptor 
agonist (selexipag) stimulate this pathway [9, 10].

Nitric oxide causes an increase of cGMP, through solu-
ble guanylate cyclase (sGC), and, by linking with cAMP, 
promotes vasodilation and antiproliferative vascular 
effects. Also, the natriuretic peptide increases cGMP. In 
PAH, altered expression of cGMP is caused by reduced 
expression of nitric oxide synthase and is related to 
impaired vascular vasodilation. There are two classes of 
drugs that act on these pathways: phosphodiesterase type-5 
inhibitors (PDE5i) and sGC activators. The former (such as 
sildenafil and tadalafil) inhibit the enzyme PDE5, prevent-
ing the breakdown and conversion of cGMP into GMP; 
the latter (such as riociguat) directly increase the activity 
of sGC [11].

Endotelin-1 is upregulated in vascular ECs of patients 
with PAH and plays an important role in vascular remod-
eling: binding to endothelin receptor A and B stimulates 
cellular proliferation, fibrosis, and vasoconstriction. 
Endothelin receptor antagonists (ERAs) (ambrisentan, 
bosentan, and macitentan) targeting this pathway cause 
vasodilation [12].

In some cases, a combination of different classes of drugs 
may be prescribed to manage PAH effectively. However, this 
approach increases the risk of experiencing adverse effects 
associated with each individual drug. For example, prosta-
cyclin analogs often lead to common adverse effects like 
flushing, diarrhea, jaw pain, headache, and flu-like symp-
toms. ERAs can result in adverse effects such as liver func-
tion abnormalities, peripheral edema, nasal congestion, and 
headache. PDE-5i commonly induce adverse effects such as 
headache, flushing, nasal congestion, and digestive issues. 
Meanwhile, sGC stimulators may provoke adverse effects 
such as headache, diarrhea, and nausea [13].

Table 1 shows currently approved Food and Drug Admin-
istration medications for PAH along with their associated 
adverse reactions.
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3 � Search Methodology

A comprehensive research was conducted to identify novel 
treatment options for WHO Group 1 PAH currently in the 
pipeline using data available on ClinicalTrials.gov. The 
research strategy involved the use of the words “pulmonary 
arterial hypertension” in the field condition or disease. 
Through different searches, the following sentence was used 
in the field other terms: “treatment” or “novel therapy” or 
“drug, treatment, therapy” or “drug, new treatment, novel 
therapy”. The retrieved records were collected into an 
Excel reference list, and a screening process was performed 
to assess their relevance. Two independent researchers 
reviewed the relevant articles, resolving any discrepancies 
through discussion. The inclusion criteria were as follows:

•	 English-language interventional studies from January 1, 
2016, until December 31, 2022;

•	 population of any ethnic group aged ≥18 years old;
•	 phase II and III RCTs;
•	 studies with a recruitment status of recruiting (currently 

recruiting participants), enrolling by invitation (the study 
is selecting its participants from a population or group of 
people decided on by the researchers in advance), active 
(the study is ongoing, but potential participants are not 
currently being recruited or enrolled), terminated (ter-
minated early without subsequent restart), or completed 
(completed with no additional examinations or treat-
ments on the enrolled patients).

The exclusion criteria were as follows:

•	 studies focused on a different disease;
•	 phase I studies;
•	 pediatric RCTs;
•	 completed or terminated before 2022;
•	 results already published;
•	 drugs and formulations already on the market for this 

indication.

4 � Results

Initially, a total of 400 records were identified applying the 
aforementioned research query and inclusion criteria. Fur-
thermore, after applying the exclusion criteria and eliminat-
ing duplicate trials, 143 studies were included. A full evalu-
ation of the protocols of the RCTs was then conducted, and 
a total of 24 studies were finally analyzed. Of these, there 
were 1 active, 3 completed, 1 enrolling by invitation, 4 ter-
minated, and 19 recruiting RCTs. The main characteristics 
of the selected studies are summarized in Table 2.

5 � Discussion

This review describes new therapeutic approaches for the 
treatment of PAH currently undergoing phase II–III RCTs. 
In the 24 studies analyzed, new medications being investi-
gated include bone morphogenetic protein receptor type 2 
(BMPR2) signaling and activating receptor type IIA/B (Actr 
IIA/B) analogs, prostacyclin receptor agonists, tryptophan 
hydroxylase 1 (TPH1) inhibitors, vasoactive intestinal pep-
tide (VIP) inhibitors, and IL-6 receptor modulators. The 
review also includes RCTs proposing innovative formula-
tions for MK-5475, imatinib, L606, CS1, vardenafil, and a 
Smurf-1 inhibitor. PDE5i, kinase inhibitors, and estrogen 
receptor modulators are included.

Since this is a rapidly evolving field, a weakness of this 
review lies in the inclusion of RCTs whose results are not yet 
published. Consequently, efficacy and safety data for these 
novel therapies could not be obtained or reported. However, 
some of the included drugs work through innovative path-
ways or formulations that enhance their effectiveness, sug-
gesting that the synergy of these medications could play a 
significant role in the treatment of PAH. The list of drugs 
included in our research is provided below.

5.1 � BMPR2 Signaling and Actr IIA/B

5.1.1 � Sotatercept

Sotatercept, acting by suppressing TGF-β signaling and 
rebalancing deficient BMPR2 signaling, has shown promis-
ing results in reversing pulmonary arterial wall and right 
ventricular remodeling in preclinical models of PAH. The 
transforming growth factor-beta (TGF-β) superfamily 
includes mediators that are implicated in cell proliferation, 
differentiation, and apoptosis. In particular, the TGF-β fam-
ily includes the TGF-β group (TGF-β isoforms, activins, 
nodals, and some growth and differentiation factors [GDFs]) 
and the bone morphogenetic protein (BMP) group (BMPs 
and most GDFs). The mechanism of signaling requires that 
TGF-β family members bind to transmembrane receptors. 
The activated receptors transduce the signal to the nucleus 
by phosphorylating Smad (canonical signaling) and binding 
DNA proteins mediate the transcription of target genes. The 
TGF-β group acts through SMAD 2 and 3, and the BMP 
group acts thought SMAD 1, 5, and 8 [60, 61].

In PAH, an imbalance between anti-proliferative signal-
ing and pro-proliferative signaling induces uncontrolled pro-
liferation. The ActrIIs are upregulated in pulmonary arteries 
instead of BMPR2, the expression of which is reduced. The 
dysfunction of these pathways is associated with hyperpro-
liferation and apoptosis resistance of pulmonary arterial ECs 
in PAH [62–64].
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In order, in pulmonary arteries the mutant form of 
BMPR2 stimulates the TGF-β into the medium, thereby 
accelerating SMC growth and hypertrophy. These muta-
tions are associated with an increased risk of death, need 
for transplantation, and overall mortality in individuals with 
PAH [65, 66].

The published results of PULSAR (a phase II trial) and 
STELLAR (a phase III trial) have shown improvement in 
exercise capacity compared with placebo and the longer-
term safety and durability of clinical benefit of sotatercept 
for PAH.

In the PULSAR trial, the safety and efficacy of sotater-
cept were studied using the primary outcome of change 
from baseline to week 24 in PVR. Sotatercept or placebo 
was administered to participants with PAH of WHO Group 
1, functional class II–III plus background therapy. Partici-
pants received placebo, sotatercept 0.3 mg/kg, or sotatercept 
0.7 mg/kg by subcutaneous injection every 21 days for a 
period of 24 weeks. For both doses it was noted that there 
was a reduction in PVR greater than placebo. The most com-
mon adverse event was thrombocytopenia without bleeding 
[67].

This study is supported by data from the primary phase of 
the PULSAR study (Phase II, ClinicalTrials.gov identifier: 
NCT03496207), in which participants taking any approved 
single or combination therapy for PAH were randomized 
to receive additional sotatercept or placebo for 24 weeks. 
The PULSAR study demonstrated a statistically significant 
improvement in its primary endpoint, PVR. The study dura-
tion for a given participant will be approximately 4 years 
with a screening period, treatment period and a follow-up 
period.

In the STELLAR trial, the safety and efficacy of sota-
tercept was studied using the primary outcome of 6-min-
ute walk distance (6MWD) at 24 weeks. Randomly, 324 
adults with PAH (WHO functional class II or III), who 
were already being treated with stable background therapy, 
received subcutaneous sotatercept at a starting dose of 
0.3 mg/kg, 0.7 mg/kg, or placebo every 3 weeks. The median 
change from baseline in the 6MWD was 34.4 m (95% confi-
dence interval [CI] 33.0–35.5) in patients treated with sota-
tercept and 1.0 m (95% CI −0.3 to 3.5) in those treated with 
placebo. The most common adverse events were epistaxis, 
dizziness, telangiectasia, increased hemoglobin levels, 
thrombocytopenia, and increased blood pressure which 
appeared more frequently in the sotatercept group [68].

Currently, there are three other ongoing trials: HYPE-
RION, SOTERIA, and ZENITH. Phase III trial HYPERION 
(NCT04811092) will compare sotatercept with placebo (in 
addition to background PAH therapy) in newly diagnosed 
PAH patients at intermediate or high risk of disease pro-
gression, with the time to clinical worsening as the primary 
outcome. A total of 662 participants will be divided into Ta
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two groups; sotatercept and placebo will be administered 
at a starting dose of 0.3 mg/kg to a final dose of 0.7 mg/kg 
every 21 days [69]. The SOTERIA trial (NCT04796337) 
will analyze the long-term safety, tolerability, and efficacy of 
sotatercept, with primary outcomes including the incidence 
of adverse events (AEs) with detectable anti-drug antibodies, 
abnormal laboratory test results, and assessments of blood 
pressure and electrocardiogram at 200 weeks. Seven hundred 
patients that had completed prior sotatercept studies will be 
treated with a target dose of 0.7 mg/kg plus their background 
therapy [70]. In the ZENITH trial (NCT04896008), the pri-
mary outcome is the time to first confirmed morbidity or 
mortality event (at 46 months), including all-cause death, 
lung transplantation, or PAH worsening-related hospitaliza-
tion of at least 24 hours. Two hundred patients at high risk of 
mortality will be treated with sotatercept (0.7 mg/kg every 
21 days) when added to maximum tolerated background 
PAH therapy [71].

5.2 � Prostacyclin Receptor Agonists

5.2.1 � Ralinepag

Ralinepag is a new oral agonist of non-prostanoid prosta-
cyclin (IP) receptor that has been shown to reduce PVR in 
patients with PAH who are already receiving single or dual 
combination therapy. Its mechanism of action involves act-
ing as a prostacyclin receptor agonist, mimicking the effects 
of endogenous prostacyclin. This leads to vasodilation of 
pulmonary and systemic arterial vessels, inhibition of SMCs 
proliferation, prevention of platelet aggregation, and reduc-
tion of inflammation. These pharmacological effects col-
lectively contribute to the improvement of hemodynamic 
parameters in PAH patients [72]. The results already pub-
lished of the trial NCT02279160 showed that ralinepag 
reduced PVR compared with placebo in PAH patients with 
background therapy. In particular, 61 PAH patients received 
ralinepag at a starting dose of 20 μg to a maximum total 
dose daily of 600 μg for 22 weeks. Ralinepag decreased 
PVR by 163.9 dyn·s·cm−5 (compared with an increase of 
0.7 dyn·s·cm−5 with placebo) and increased 6MWD from 
baseline by 36.2 m (compared with 29.4 m with placebo) 
[73]. There are three trials ongoing: ADVANCE OUT-
COMES (ROR-PH-301), AVDANCE CAPACITY3 (ROR-
PH-302), and ADVANCE EXTENSION (ROR-PH-303). 
The ADVANCE OUTCOMES trial (NCT03626688), a 
phase III trial, will study the efficacy of ralinepag via the 
primary endpoint of time-to-clinical events, defined as 
mortality, unplanned PAH-related hospitalization, disease 
progression, unsatisfactory treatment response, and need 
for intravenous prostacyclin therapy. In this trial, 1000 par-
ticipants will receive 50, 250, and 400 μg of the extended-
release tablets once daily titrated to the highest tolerated 

dose [74]. The ADVANCE CAPACITY 3 (NCT04084678) 
[75] trial aims to assess the impact of ralinepag therapy on 
exercise capacity by measuring the change in VO2 consump-
tion obtained from cardiopulmonary exercise testing. The 
primary endpoint for this trial is the change in baseline VO2 
at week 28. Ralinepag will be administered once a day at 
50, 250, and 400 μg doses up to the individual maximum 
tolerated dose (maximum dose of 1400 μg). Participants 
who successfully complete this 28-week study will have the 
opportunity to receive ralinepag in the ADVANCE EXTEN-
SION (NCT03683186) open-label extension study [76]. In 
this extension trial, the long-term safety and tolerability of 
ralinepag will be evaluated by monitoring the number of 
subjects experiencing treatment-related AEs per expected 
1000 participants over a period of up to 6 years.

5.2.2 � Treprostinil

Treprostinil is a synthetic analog of prostacyclin that causes 
direct vasodilation in the pulmonary and systemic arterial 
circulation, as well as inhibiting platelet aggregation. Cur-
rently, treprostinil is authorized for the treatment of PAH 
in many countries in subcutaneous/continuous formulations 
and in the US it is available in an inhalation solution and 
extended-release oral tablet. Despite the effectiveness of the 
drug, frequent administrations or continuous infusion are 
necessary due to its rapid elimination [77].

Formulations capable of guaranteeing a slower release of 
the drug and a longer duration of action are being studied.

Treprostinil palmitil (TP) is hydrolyzed into treprostinil by 
endogenous esterases and it was study designed to provide 
slow release of treprostinil in the lung [78]. In a phase I study, 
treprostinil palmitil inhalation powder (TPIP) demonstrated 
a safety profile and good tolerability. Also, pharmacokinetic 
studies indicated the potential for once-daily administration 
[79].

The phase IIb clinical trial NCT04791514 [80], which ter-
minated in August 2022 because of low enrollment, aimed to 
evaluate the efficacy, safety, and pharmacokinetics of a single 
dose (112.5 μg) of TPIP for the treatment of PAH. The primary 
objective of the study was to assess the incidence of AEs from 
baseline to day 30 of treatment.

Another trial, NCT05147805 [81], is also evaluating the 
effectiveness, safety, and pharmacokinetics of TPIP in 99 par-
ticipants with PAH. Participants will receive the powder once 
per day, starting at 80 μg and up-titrated to a maximum dose of 
640 μg based on individual tolerance during the first 3 weeks 
of treatment. The primary outcome measure of the study is the 
change in PVR from baseline to week 16 of treatment.

A phase III trial (NCT04691154) will be conducted to 
demonstrate the short-term safety and tolerability of L606 in 
patients who are switching to the treprostinil inhalation solu-
tion dose [82]. This study will monitor the incidence of AEs 
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for up to 12 months, as well as evaluate the steady-state phar-
macokinetics, effects on 6MWD, quality of life (QoL), and 
treatment satisfaction.

5.3 � Serotonin (5‑HT) Signaling Pathway

5.3.1 � Rodatristat Ethyl

Rodatristat ethyl acts as a potent peripheral TPH1inhibitor , 
an enzyme involved in the biosynthesis of serotonin. In PAH, 
TPH1 is overexpressed in the arterial ECs. The excessive 
serotonin production in PAH contributes to the uncontrolled 
growth of SMCs, leading to pulmonary vascular remodeling 
and a reduction in arterial lumen diameter. By inhibiting TPH1 
and subsequently lowering serotonin levels, rodatristat ethyl 
aims to halt or reverse this pathological process. Importantly, 
it has a low potential for drug–drug interactions with other 
approved PAH drugs, making it suitable for evaluation in com-
bination with existing therapies [83].

Its clinical efficacy, safety, pharmacokinetics, and phar-
macodynamics will be studied in the ELEVATE 2 trial 
(NCT04712669) [84]. It is a phase IIb trial in which 90 
patients will be randomized to placebo or oral rodatristat 
ethyl 300 mg or 600 mg twice daily. All subjects will be 
receiving background standard-of-care treatment. The pri-
mary outcome is percentage change from baseline of PVR 
from initiation of treatment to week 24.

5.4 � VIP Pathway

5.4.1 � Pemziviptadil

Pemziviptadil, also known as PB1046, is a prolonged-release 
analog of VIP that has been developed for the treatment 
of PAH. VIP is a neuroendocrine hormone involved in 
regulating water and electrolyte secretion in the intestine. 
In addition to its intestinal functions, VIP is also present 
in the lungs, where it induces vasodilation of the pulmo-
nary arteries. In patients with IPAH, lower serum concen-
trations of VIP and an overexpression of its receptor have 
been observed. By binding to these receptors, pemziviptadil 
mimics the action of VIP and promotes vasodilation of the 
pulmonary arteries, improving cardiac function and hemo-
dynamic parameters such as PVR [85]. Based on these 
promising results, pemziviptadil received FDA approval as 
an orphan drug for the treatment of WHO Group 1 PAH 
in 2015. Ongoing clinical trials, such as the phase II trial 
(NCT03556020), aim to further evaluate the efficacy and 
safety of pemziviptadil, with a focus on assessing its impact 
on PVR [86]. Patients have been randomized in a 2:1 ratio 
to one of two parallel dose groups, a high-dose group where 

the drug is up-titrated from a 0.2 mg/kg minimally effective 
starting dose to a target high dose level of at least 1.2 mg/
kg or higher to a maximally tolerated dose. The period of 
treatment consisted of two phases, an initial 10-week dose 
titration phase to the target dose of at least 1.2 mg/kg and 
a maintenance phase following week 11 and continuing 
for 6 weeks. The study was terminated in January 2022 
because of delayed drug resupply (as a result of the Covid-
19 pandemic).

These trials also include follow-up studies, such as the 
extended phase II trial (NCT03795428), to monitor the long-
term tolerability, incidence, and severity of AEs, as well as 
to assess patients' QoL [87]. This trial was also terminated 
for the same reason.

5.5 � SGC Stimulators

5.5.1 � MK‑5475

MK-5475 is a novel, dry-powder formulation of a small-
molecule stimulator of sGC that has been specifically 
designed for inhaled delivery. This formulation aims to 
enhance deep-lung deposition and enable direct delivery to 
the site of action. By delivering the medication directly to 
the lungs, the inhaled formulation offers several advantages 
over systemic therapy. These advantages include optimized 
drug delivery to the pulmonary arterial circulation at lower 
doses, reduced systemic vasodilation, and minimized AEs.

A phase I trial was conducted to estimate safety, tolerabil-
ity, pharmacokinetics, and pharmacodynamics of a single 
dose of MK-5475 administered to patients with PAH. The 
treatment resulted in improved pulmonary circulation and 
the safety and tolerability of the drug didn’t show dose-lim-
iting systemic toxicities, suggesting a selective action on the 
lungs. Despite several limitations of the study (small sample 
size, short duration of treatment and the potential reporting 
bias of AEs during the open-label portion of the study), this 
trial laid the foundation for the subsequent trials [88].

The INSIGNIA-PAH trial (NCT04732221) [89] is a two-
part study consisting of a phase II and phase III evaluation. 
The trial aims to assess the efficacy and safety profile of 
inhaled MK-5475 compared with placebo. In the first part 
(phase II), the efficacy of three different inhaled doses of 
MK-5475 (32 μg, 100 μg, and 380 μg) will be evaluated in 
comparison with a placebo. The primary endpoint of this 
phase is the reduction in PVR at week 12 compared with 
baseline. Based on the safety profile observed, the dose with 
the most favorable safety profile will be selected for the sec-
ond part (phase III) of the study. Phase III aims to confirm 
the efficacy (measured by the 6MWD), safety, and toler-
ability of MK-5475 versus placebo.
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5.6 � Kinase Inhibitors

5.6.1 � Imatinib

Imatinib is a drug that exerts its therapeutic effects by tar-
geting kinases involved in PAH and, in particular, it acts 
on PDGFR, discoidin domain receptor (DDR), KIT proto-
oncogene receptor tyrosine kinase (KIT), colony stimulat-
ing factor 1 receptor (CSF1R), and Abelson murine leuke-
mia viral oncogene homolog (ABL) kinases. In this way, 
imatinib blocks remodeling and fibrotic signaling, resistance 
to apoptosis of vascular SMCs, and immune dysregulation 
[90–92].

In 2010, a phase II clinical trial suggested the tolerability 
of imatinib in patients with PAH who have not achieved a 
sufficient response to treatment with prostacyclin analogs, 
ERAs, PDE5 inhibitors, or a combination of these. The 
objectives were to evaluate safety using the 6MWD test and 
to study the changes in hemodynamic parameters and func-
tional classes. Although no improvements in 6MWD com-
pared with placebo were observed, probably due the back-
ground therapy reducing this functional capacity, there was 
a decrease in PVR and an increase in cardiac output [93].

The published results of IMPRES, a terminated phase III 
clinical trial, show the ability of the drug to improve exercise 
capacity and hemodynamics in patients with advanced PAH 
already under treatment with a combination of two to three 
drugs. Due to serious adverse events, treatment had to be 
discontinued for several patients [94].

Currently, several trials are underway. The NCT04416750 
trial is a phase II study that aims to determine the highest 
tolerated dose of imatinib (ranging from 100 to 400 mg) 
using a Bayesian continual reassessment method. Over a 
period of 12 months, the trial will identify the maximum 
tolerated dose and assess the PVR after 24 months [95]. In 
the IMPAHCT trial (NCT05036135), which is a phase IIb/
III trial, dry powder inhaled imatinib will be administered. 
The phase IIb portion of the trial will focus on determin-
ing the optimal dosage. Subsequently, in the phase III trial, 
the safety and efficacy of inhaled imatinib will be evalu-
ated compared with placebo. The primary endpoints for 
the respective phases are the change from baseline in PVR 
(phase IIb) and the change from baseline in the 6MWD at 
24 weeks (phase III) [96].

The IMPAHCT-FUL trial (NCT05557942) [97] is a fol-
low-up study to the previous IMPAHCT trial, investigating 
the safety and efficacy of inhaled imatinib in treating PAH. 
The trial will follow 462 participants who completed the 
previous study for an additional 48 weeks. The primary out-
come measure is the incidence of AEs.

5.6.2 � Seralutinib

Similarly to imatinib, seralutinib (formerly known as 
GB002) is a kinase inhibitor that targets multiple recep-
tors including PDGFR, colony stimulating factor 1 receptor 
(CSF1R), and c-KIT.

It is the first tyrosine kinase inhibitor specifically 
designed for inhalation therapy in the treatment of PAH. 
This approach allows for potential optimization of therapeu-
tic efficacy while minimizing systemic exposure and associ-
ated adverse effects [98].

Two phase Ia randomized, double-blind, placebo-con-
trolled studies involving healthy volunteers were conducted 
to assess the safety and tolerability of various doses of sera-
lutinib [99]. These single and multiple-ascending dose stud-
ies demonstrated a dose-dependent increase in seralutinib 
exposure. Seralutinib exhibited rapid absorption and clear-
ance from the systemic circulation. Doses of seralutinib, 
including the highest tested dose of 90 mg twice daily, were 
well tolerated.

A phase II trial (NCT04816604) will analyze change from 
baseline in the 6MWD and emergent AEs from first dose of 
study drug up to 148 weeks [100].

5.7 � Estrogen Receptor Modulators

5.7.1 � Tamoxifen

Tamoxifen, a selective estrogen receptor modulator (SERM), 
exerts its mechanism of action in PAH by binding to estro-
gen receptors and blocking their activation. By inhibiting 
estrogen signaling, tamoxifen helps counteract the enhanced 
estrogen signaling observed in PAH patients. Furthermore, 
it inhibits SMCs proliferation and migration and exerts 
anti-inflammatory effects, which can help mitigate inflam-
mation and tissue damage in PAH [101]. The T3PAH study 
(NCT03528902) is a phase II clinical trial comparing the 
effects of tamoxifen 20 mg daily with placebo in patients 
with PAH. All subjects will also be treated with background 
standard-of-care therapy at the discretion of their PAH care 
physician. The study will assess changes in tricuspid annu-
lar plane systolic excursion and other parameters measured 
through transthoracic echocardiography. Additionally, the 
study will evaluate changes in the 6MWD test, assessments 
of QoL, and hormone levels [102].

5.8 � PD5i

5.8.1 � TPN171H (simmerafil)

TPN171H (simmerafil) is a novel and selective PDE5i 
designed for the treatment of PAH. PDE5, the primary iso-
form in the lung, is upregulated in conditions associated with 
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PAH. Simmerafil exerts its therapeutic action by selectively 
inhibiting PDE5, which leads to an increase in intracellular 
levels of cGMP. Elevated cGMP levels promote vasodila-
tion of the pulmonary arteries and relaxation of the PASMC 
within the vessel walls. By enhancing the NO/cGMP signal-
ing pathway, simmerafil promotes pulmonary vasodilation 
and reduces PVR [103]. Preclinical studies have demon-
strated that TPN171H exhibits good selectivity, satisfactory 
safety and pharmacokinetic profiles, and a longer-lasting 
effect compared with sildenafil in animal models [12].

In a phase IIa trial (NCT04483115) included in our 
research, the effect of single-dose TPN171H tablets on 
acute hemodynamic parameters will be studied. The trial 
is expected to include 60 participants, divided 1:1:1:1:1:1 
into six groups: placebo; the test drugs 2.5 mg, 5 mg, and 
10 mg; and tadalafil tablets 20 mg and 40 mg, with each 
group comprising 10 cases. The primary outcome of the 
trial is the percentage of the maximum change in PVR [104].

5.8.2 � Vardenafil

Vardenafil is another selective PDE5i that has demonstrated 
efficacy in improving exercise capacity in patients with PAH 
when used as oral monotherapy for a duration of 12 weeks. 
RT234 (vardenafil inhalation powder) possesses a slow dis-
sociation rate and rapid clearance, which make it well suited 
for as-needed (PRN) use [105].

A phase I study, RT234-CL101, has been completed for 
RT234 [106], which compared the pharmacokinetic pro-
files of RT234 and oral vardenafil in healthy volunteers. 
The maximum concentration of vardenafil was reached rap-
idly (time to Cmax [Tmax] = 2 min), there were no serious 
treatment-emergent AEs, and the drug was well tolerated.

The phase IIb study VIPAH-PRN 2B (NCT04266197) 
included in our research is currently recruiting. It is a 
clinical trial designed to evaluate the safety and efficacy of 
inhaled vardenafil on exercise capacity in 86 patients with 
PAH. By administering vardenafil via inhalation, the study 
aims to optimize drug delivery directly to the pulmonary 
vasculature, where it can exert its vasodilatory effects and 
improve exercise performance. Indeed, the primary objective 
of this study is to assess the impact of a single inhaled dose 
of vardenafil on key measures of cardiorespiratory fitness 
during exercise. Furthermore, the study will closely monitor 
the safety profile of inhaled vardenafil in PAH patients [107].

6 � Aberrant Epigenetic Changes

6.1 � CS1

The balance between acetylation/deacetylation of histone 
controls the transcription of genes, regulating the structure 

of chromatin. In particular, histone acetyltransferases add 
acetyl groups from histones, relaxing chromatin structure 
and increasing accessibility to transcription enzymes; in 
contrast, histone deacetylases (HDACs) remove acetyl 
groups from histones inducing condensation and transcrip-
tional repression [108].

HDACs are involved in many different disease such as 
diabetes, Parkinson disease, and in cancer progression [109, 
110]. Recent studies have identified an over-expression of 
HDCA1 and HDCA5 in human lung from IPAH patients 
and the role of HDACs in RV failure across various models 
of PH. This suggests that HDACs may serve as a promising 
therapeutic target for PAH [111, 112].

Valproic acid (VPA), used as an antiepileptic agent, 
is shown to inhibit class I HDAC activity. VPA has been 
investigated for its benefits in a hypoxia-induced pulmonary 
hypertension rat model [111].

CS1 is a novel controlled-release formulation of valproic 
acid that possesses anti-thrombotic, anti-inflammatory, and 
anti-fibrotic properties. It has shown efficacy in reducing 
pulmonary pressure and vascular remodeling in patients 
with PAH [113]. A phase II trial (NCT05224531) is cur-
rently underway to evaluate the safety and tolerability of 
three different doses of CS1 for up to 22 weeks; 30 patients 
will be enrolled and will be treated with 480 mg, 960 mg, 
or 1920 mg of CS1 twice daily, with one third of the dose in 
the morning and two thirds in the evening. The trial will uti-
lize the CardioMEMS HF System to obtain repeated meas-
urements of hemodynamic parameters, providing valuable 
insights into the drug's effects [114].

7 � IL‑6 Receptor Modulator

7.1 � Satralizumab

The mechanism of action of satralizumab for PAH involves 
targeting the interleukin-6 (IL-6) receptor, a pro-inflam-
matory cytokine implicated in various inflammatory and 
autoimmune pathways such as pulmonary vascular remod-
eling in PAH. By blocking the IL-6 receptor, satralizumab 
interferes with IL-6 signaling and can reduce inflammation 
and immune activation that contribute to the progression of 
PAH. This may potentially lead to improvements in symp-
toms and associated pathology in PAH patients [115].

An ongoing phase II randomized controlled trial, SAT-
ISFY-JP (NCT05679570), is currently investigating the effi-
cacy of satralizumab in patients with PAH who exhibit an 
immune-responsive phenotype characterized by serum IL-6 
levels ≥ 2.73 pg/mL. The study aims to enroll 24 patients 
who have shown an inadequate response to currently avail-
able medications. The primary outcome measure of the trial 
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will be the percentage change in total PVR from baseline to 
the end of the 24-week treatment period [116].

8 � Smurf‑1 Inhibitor

8.1 � LTP001

LTP001 is a Smurf-1 inhibitor under study [117]. Smad 
ubiquitination regulatory factor 1 (Smurf-1) is a E3 ubiquitin 
ligase involved in degradation of many regulatory proteins. 
In particular, Smurf-1 marks BMPRs I and II, smad 1 and 
5 and its elevated levels have been observed in the chronic 
hypoxia and monocrotaline preclinical in vivo models of 
PAH. These levels result in a down-regulation of BMPR-I 
and -II, suggesting a potential role of Smurf-1 in vascular 
cell proliferation and remodeling in PAH. Thus, blocking 
could represent a treatment strategy for the disease [118].

NCT05135000 [119] is an ongoing trial designed to 
evaluate the efficacy and safety of orally administered 
LTP001 over a duration of approximately 24 weeks. This 
trial involves 44 participants who have been diagnosed with 
PAH. The primary outcome being assessed is the change 
in PVR, measured through right heart catheterization, from 
baseline to week 25.

9 � Conclusions

Over the past three decades, advanced treatment 
approaches have emerged as the next frontier in address-
ing PAH, driven by a more precise diagnosis and an 
enhanced understanding of the molecular pathogenesis. 
The recent development of novel molecules targeting spe-
cific pathobiological PAH pathways has revolutionized 
the treatment landscape. This pipeline offers an overview 
of innovative PAH therapies derived from RCTs. Certain 
included drugs operate through innovative pathways or 
formulations, amplifying their effectiveness and suggest-
ing a potential synergy that could significantly impact 
PAH treatment. The inhalation route of PAH therapy 
holds promise, facilitating a gradual drug delivery to the 
lungs and potentially allowing less frequent dosing per 
day, thereby improving the side-effect profile. As ongo-
ing trials are completed, new data will emerge to inform 
clinical decision making. Although currently available 
drugs have led to significant progress in slowing disease 
progression and improving quality of life, further clinical 
trials are needed to interrupt the progression and poten-
tially cure this disease. Notably, PAH remains an incur-
able condition to date, with existing treatments failing to 
confer significant benefits to patients, and the long-term 
survival rate remains unsatisfactory.

The mortality rate persists unchanged despite intensive 
treatments and drug combinations. Looking ahead, we 
hope that these findings in the pipeline, once approved 
and marketed, will ensure more effective and safe treat-
ments for patients with PAH, improving the prescribed 
choices of clinicians.
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