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Since the discovery of three major pathophysiological mechanisms of pulmonary arterial hypertension (PAH),

including prostacyclin, endothelin and nitric oxide pathways, the therapeutic options for PAH have increased.

Nevertheless, despite these advances, the prognosis remains unsatisfactory for many patients with PAH. With the

progress of both pre-clinical and clinical research on PAH, several novel therapeutic targets have been identified for

the treatment of PAH. In this study, we review updated information of novel pathophysiological pathways of

pulmonary hypertension, mainly focusing on WHO Group I PAH. Drugs based on these pathways are currently

under clinical or pre-clinical investigation, however they have been approved for clinical use. Large clinical trials are

required to validate the clinical safety and effects of these novel therapies.
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INTRODUCTION

Since the discovery of three pathways involved in

the pathogenesis of pulmonary arterial hypertension

(PAH), namely prostacyclin, endothelin, and nitric oxide

(NO) pathways, advances in medical therapies have not

only improved functional capacity but also the survival

of patients with PAH.
1

Nevertheless, there remain un-

met needs with regards to treating these patients. With

the discovery of novel mechanisms of PAH, targets in-

cluding immune and inflammation regulation, genetic

therapy, modification of mitochondrial dysfunction, ty-

rosine kinase inhibitors, stem cell therapy, and pulmo-

nary artery denervation therapy (PADN) suggest the po-

tential development of new drugs.
2

In this review, we

briefly summarize updated information on novel medi-

cations and ongoing clinical trials (Figure 1).

SYSTEMIC HYPERTENSION VS. PULMONARY

HYPERTENSION

Despite evidence of the therapeutic effects of �-
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Figure 1. Illustration of novel therapies for pulmonary hypertension.

NO, nitric oxide; PADN, pulmonary artery denervation.



blockers, angiotensin-converting enzyme inhibitors

(ACEis)/angiotensin receptor blockers and aldosterone

antagonists in patients with left heart failure, their ef-

fects on pulmonary hypertension are still under de-

bate.
3

Notably, though ACEis have an important reno-

protective effect in patients with scleroderma, they

have not been shown to be beneficial in patients with

PAH.
2,4

Likewise, a randomized study testing biso-

prolol in patients with idiopathic PAH showed decreases

in cardiac index and exercise capacity.
5

The single-

center, double-blind, randomized controlled PAHTCH

study focused on the effect of carvedilol on pulmo-

nary hypertension-related heart failure. The results

showed that carvedilol did not significantly improve

N-terminal pro-B-type natriuretic peptide (NT-proBNP)

levels or 6-minute walk distance (6MWD) after 24 weeks

of treatment, however larger studies are necessary to

verify the long-term benefits of the use of �-blockers

in pulmonary hypertension.
6

In addition, prospective

studies examining the therapeutic effect of the aldo-

sterone antagonist, spironolactone, are currently un-

derway.
7

IMMUNE/INFLAMMATORY

Recent studies have revealed that immune and in-

flammatory responses play crucial roles in the patho-

genesis of idiopathic and connective tissue disease-as-

sociated PAH.
8

Ubenimex, an inhibitor of the inflamma-

tory mediator leukotriene B4, failed to achieve the pri-

mary end-point in the LIBERTY trial. In patients with

Group I PAH, ubenimex did not significantly improve

pulmonary vascular resistance (PVR) or increased the

6MWD, which was the secondary goal of the study (Ta-

ble 1). Rituximab, a monoclonal antibody targeting

CD20+ B-cells, showed acceptable drug safety. Al-

though in the primary analysis at week 24, the change

in 6MWD showed an insignificant improvement, B-cell

depletion therapy could be a potentially safe and effec-

tive adjuvant treatment for patients with systemic sc-

lerosis-related PAH.
9

From another perspective, cyto-

kines such as interleukins (ILs) have been linked to the

pathogenesis of PAH through their ability to regulate

cell migration, differentiation and proliferation.
10

Ne-

vertheless, tocilizumab, a monoclonal antibody to the

IL-6 receptor, failed to show improvement in PVR, the

primary end-point, in patients with WHO Group 1 PAH

in an open-label phase 2 trial.
11

Despite a reduction in

C-reactive protein and an increase in IL-6, tocilizumab

did not improve functional status, 6MWD or NT-proBNP.

Elafin, an endogenously produced elastase inhibitor, has

now progressed to clinical trials.

MITOCHONDRIAL DYSFUNCTION

Mitochondrial dysfunction may induce PAH devel-

opment through vascular remodeling.
12

In diseased pul-

monary vessels and right ventricle, a shift from mito-

chondrial oxidation to glycolysis has also been observed.
13

Bardoxolone methyl, an Nrf2 activator and inhibitor of

the NF-�B pathway, showed positive results in 6MWD in

a phase 2 study (LARIAT; NCT02036970) on background

therapy (Table 1).
14

However, two subsequent clinical

trials, the RANGER and CATALYST studies, were terminated

due to the COVID-19 pandemic.

GENETIC TARGETS

Genetic studies on familial PAH have revealed hete-

rozygous germline mutations in the bone morphogene-

tic protein 2 receptor (BMPR2), a receptor for the trans-

forming growth factor (TGF)-�/BMP family.
15,16

Nota-

bly, about one fifth of patients with sporadic idiopathic

PAH have been reported to have decreased expressions

of BMPR2.
17

Thus, the critical role of the BMPR2 path-

way in the pathogenesis of PAH implies a treatment

option for PAH. Tacrolimus (FK506), an activator of

BMPR2-mediated signaling, and ataluren, a read-through

of missense mutations, have both been shown to in-

crease BMP expression (Table 1).
18,19

Alternatively, so-

tatercept, a novel activin-receptor fusion protein which

increases BMP signaling through inhibiting TGF-� activ-

ity, was found to reduce pulmonary vascular resistance

in PAH patients receiving background therapy in the

PULSAR Trial.
20

Sotatercept was also associated with a

decrease in NT-proBNP levels. Nevertheless, hemato-

logic adverse events including thrombocytopenia and

increased hemoglobin levels should be evaluated dur-

ing treatment.
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EPIGENETIC MODIFICATION AND DNA DAMAGE

Epigenetic modification indicates changes in pheno-

type by altering the post-transcriptional gene expres-

sion.
21

Epigenetic-sensitive alterations can deregulate

interactome flow leading to vascular remodeling in

PAH.
21,22

In pre-clinical cell and animal models of PAH,

histone deacetylase has shown beneficial effects, how-

ever its potential cardiotoxicity is a concern.
23,24

Also, high

levels of DNA damage were observed in the lungs and

arterial tissues in patients and animal models of pulmo-

nary hypertension.
25

Through binding to DNA strand

breaks, poly(ADP-ribose) polymerase-1 (PARP1) gener-

ates large amounts of poly(ADP-ribose) along the break

site, thereby triggering DNA repair and promoting cell

survival. Also, by producing high levels of IL-6, PARP-1 ac-

tivates the STAT3/NFAT/HIF-1� pathway which promotes

apoptosis resistance in pulmonary smooth muscle cells.
26

PARP1 activates proliferation despite the presence of

DNA-damaging insults, eventually leading to PAH.
25

In

several animal models, the suppression of PARP could

reverse the development of PAH.
25,27

In an open-label

phase 1 study, olaparib, an orally available PARP1 inhibi-

tor which has been approved for the treatment of BRCA

(breast cancer gene)-associated breast cancer, has been

proposed for PAH patients (Table 1).
17,19

TYROSINE KINASE INHIBITORS (TKIs)

The relationship between TKIs and PAH is currently

indeterminate.
28

Nilotinib, which has been approved for

chronic myelogenous leukemia, was shown to prevent

angioproliferation in a rodent model of systemic sclero-

sis-induced pulmonary hypertension.
29

However, a phase

2 trial of nilotinib in patients with PAH was terminated

due to serious adverse events (Table 1).
30

Another TKI,

imatinib, was investigated in a phase 3 trial (IMPRES).
31

Despite significant improvements in 6MWD as well as in

hemodynamic parameters, imatinib treatment was asso-

ciated with high incidence rates of drug discontinuation

and subdural hematoma.
31

To avoid the systemic toxici-

ties of TKIs, inhaled forms have been developed. An-

other phase 1 study focusing on the safety, tolerability

and pharmacokinetics of inhaled imatinib (AER-901) is

ongoing (NCT04903730). Also, GB002, a small molecule
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that targets PDGFR�/�, CSF1R, and c-KIT, and modulates

BMPR2, has been formulated for inhalation delivery to

directly target the diseased lung. A phase 2 study has

been launched to evaluate its efficacy and safety in

adult subjects with Group 1 PAH (NCT04456998). Con-

versely, exposure to dasatinib has been associated with

the development of PAH.
32,33

Similarly, sorafenib, a mul-

tikinase/angiogenesis inhibitor, has also shown contro-

versial findings. In a single-center, open-label trial of 12

patients with PAH, sorafenib worsened pulmonary he-

modynamics and was associated with adverse events.
34

In contrast, in another study of 9 patients who had se-

vere and refractory PAH, as a combination therapy, sora-

fenib had favorable effects.
35

STEM CELLS

Although stem cell therapies targeting the RV have

shown promising results in animal models, the results of

a recent multicenter human trial were indeterminate.
36

A few clinical reports have investigated autologous en-

dothelial progenitor cell (EPC) therapy in patients with

PAH, and they have shown improvements in 6MWD and

hemodynamic variables.
37

For example, using eNOS-

transfected EPCs, the PHACeT study showed good toler-

ance and a short-term hemodynamic improvement.
38

Another type of cardiac stem cell, cardiosphere-derived

cells (CDCs), which are potently angiogenic, antifibrotic

and antiapoptotic, have also shown benefits in animal

models of PAH.
39

A phase 1 trial using allogeneic CDCs

for PAH is ongoing. To date, stem cell therapies seem to

be a double-edged sword for PAH development, and

current evidence is still inconclusive (Table 1).

PULMONARY ARTERY DENERVATION (PADN)

Elevated plasma norepinephrine and muscle sympa-

thetic nerve activity have been reported in several stud-

ies, and the neurohormonal axis is a potential therapeu-

tic target in PAH.
40

The process of PADN involves ablat-

ing the nerves regulating sympathetic tone in the pul-

monary artery, disrupting the non-vagal pulmonary ba-

roreceptor reflex.
40

In small proof-of-concept studies,

PADN showed benefits in targeted medical therapy for

patients with combined pre- and post-capillary pulmo-

nary hypertension (CpcPH) secondary to left-sided heart

failure.
41

An open-label phase 2 trial showed that PADN

improved 6MWD and hemodynamic parameters in pa-

tients with PH, defined as a resting mean PAP (mPAP) �

25 mmHg, as measured by right heart catheterization

(Table 1).
42

Likewise, in another phase 1 study (TROPHY-I)

which used intravascular ultrasound guidance, PADN re-

duced PVR and increased 6MWD at 4 and 6 months fol-

low-up in PAH patients without serious adverse events.
43

Regarding CpcPH, the PADN-5 Study showed that PADN

significantly improved 6MWD in patients with CpcPH as-

sociated with left heart failure.
41

Meanwhile, another

phase 1 study (TROPHY-II) also focusing on the safety of

PADN in WHO Group II PAH is ongoing.

CONCLUSIONS

In this review, we summarized updated information

of both experimental and clinical studies on novel thera-

pies for PAH. However, there is still a large gap between

the experimental data, which focuses on a rather ho-

mogenous animal population, and human clinical data,

which is far more heterogeneous with multiple comor-

bid conditions. Differences in the dose, duration of ther-

apy, and complexities of disease models between hu-

man and animals mean that animal model data cannot

mimic use of the drug in PAH patients. Nevertheless, these

concerns should not cause researchers to abandon test-

ing PAH candidate drugs. In contrast, pre-clinical trials

such as phase 1 and 2 trials should play roles in training

investigators on how to improve the efficiency of the en-

tire process. Rather than using conventional clinical and

hemodynamic end-points such as hemodynamic vari-

ables and 6MWD, the end-points should be tailored to

different groups and their anticipated mechanisms. Lar-

ger clinical trials are still required to validate the clinical

safety and effects of these novel therapies. Emerging evi-

dence will enhance the contents of clinical guidelines on

PAH.
44
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