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ABSTRACT

Pulmonary arterial hypertension is a rare and devastating disease characterized by an
abnormal chronic increase in pulmonary arterial pressure above 20 mmHg at rest, with a poor
prognosis if not treated. Currently, there is not a single fully effective therapy, even though a
dozen of drugs have been developed in the last decades. Pulmonary arterial hypertension is a
multifactorial disease, meaning that several molecular mechanisms are implicated in its
pathology. The main molecular pathways regulating the pulmonary vasomotor tone -
endothelin, nitric oxide and prostacyclin — are the most biologically and therapeutically
explored to date. However, drugs targeting these pathways have already found their
limitations. In the last years, translational research and clinical trials have made a strong effort
in suggesting and testing novel therapeutic strategies for this disease. These approaches
involve targeting the main molecular pathways with novel drugs, drug repurposing for novel
targets and also using combinatorial therapies. In this review, we summarize current strategies
and drugs targeting the endothelin, nitric oxide and prostacyclin pathways, as well as, the
emerging new drugs proposed to cope with vascular remodelling, metabolic switch,
perivascular inflammation, epigenetic modifications, oestrogen deregulation, serotonin and
other neurohumoral mechanisms characteristic of this disease. Nowadays, pulmonary arterial
hypertension remains an incurable disease, however the incoming new knowledge makes us

believe that new promising therapies are coming to the clinical arena soon.



Pulmonary arterial hypertension (PAH) is an aggressive rare condition with a poor prognosis
— its prevalence ranges from 15 to 60 cases per million in Europe — and a high morbidity and
mortality rate — more than 40% over 5 years after diagnosis'™. According to the last
consensus reached at the Sixth World Symposium on Pulmonary Hypertension in 2018°, PAH
— also called pre-capillary Pulmonary Hypertension (PH) — is defined by an abnormal chronic
increase in the mean pulmonary arterial pressure (mPAP) >20 mmHg, together with a
pulmonary capillary wedge pressure (PCWP) <15 mmHg and a pulmonary vascular resistance
(PVR) >3 Woods units at rest’. Such a chronic increase in mPAP and PVR is originated by
functional and structural changes in the small pulmonary arterioles — endothelial damage,
media thickening and inflammation — causing an aberrant vascular remodelling together with
the increase in vascular tone® (Figure 1). Anomalous production of different endothelial
vasoactive mediators, for instance nitric oxide (NO), prostacyclin or endothelin (ET-1) are
common characteristics of PAH” * (Figure 2). As a consequence, chronic pressure overload
progressively affects the right ventricle (RV), inducing in a first instance a compensatory RV
hypertrophy, and eventually RV dysfunction followed by failure and premature death within 5

years if not treated” '°.

Based on the latest classification, PH is classified into 5 groups. Among them, PAH is
classified within group 1 (Figure 1). At the same time, group 1 PAH can be considered either
idiopathic, heritable, associated with other diseases such as congenital heart disease,
connective tissue disease, portal hypertension, or associated with exposure to certain toxins
and drugs and even related to HIV infection. In addition, depending on the symptoms,
pathophysiology, response to drug treatment, and clinical situation, PAH is classified into four
different clinical categories — from mild to severe — according to the World Health
Organization (WHO)> . According to the guidelines for its management, the diagnosis of PH
requires clinical suspicion based on symptoms — shortness of breath, fatigue, weakness,
angina and syncope — and physical examination — electrocardiogram, chest radiograph, lung
computed tomography scan, pulmonary function and 6-minutes walking distance test.
Additionally, confirmation of haemodynamic values is essential for the diagnosis and for a
better description of its severity. This is normally done by right heart catheterization and

vasoreactivity, echocardiography and cardiac magnetic resonance”.

Several drugs have been developed in the last decades giving a considerable improvement in
the life quality and expectancy of PAH patients. Current drugs are able to improve physical

exercise tolerance — the 6-minutes walking distance test — and pulmonary circulation



haemodynamics up to some point, aiming to reduce vascular tone and remodelling®. However,
these therapies normally focus on controlling symptoms and signs, which can extend and
improve life of patients, but the disease still remains incurable. The most common current
therapeutic strategies seek to restore the appropriate balance between vasoconstriction and
vasodilatation, and also to have an anti-proliferative effect, which mitigates the anomalous
proliferation of pulmonary endothelial and smooth muscle cells (SMCs)''. Although there is
currently no fully effective treatment for PAH, novel strategies are continuously emerging to
cope with other pathological signs such as metabolic switch, inflammation, or epigenetics
among others. This review aims to bring together current available treatments, and some of

the new potential targets and emerging therapies under investigation to fight PAH.

Current drug targets and treatments

The exact mechanisms that trigger the onset of PAH still remain undefined. Nonetheless, it is
well established that endothelial dysfunction is one of the hallmarks of the disease (Figure 1).
Endothelial cells (ECs) play an important role in regulating vascular tone, vascular
remodelling and inflammation through the expression of vasoactive mediators. The three
main pathways regulating the pulmonary vasomotor tone are presented in the Figure 2: ET-1,
NO and prostacyclin pathways. EC dysfunction leads to increased vascular tone by reducing
the production of vasodilators (prostacyclin and NO), while increasing the production of ET-
1, a potent vasoconstrictor. At the same time, it stimulates perivascular inflammation and
SMC proliferation in pulmonary arteries through a cascade of molecular and cross-cellular

6
responses .

Currently, specific FAD-approved PAH therapies target these three pathways and, depending
on their activity, are classified into four distinct classes: endothelin-receptor antagonists,
phosphodiesterase type 5 (PDES) inhibitors, soluble guanylate cyclase (sGC) stimulators, or
prostacyclin analogues. ET-1-mediated vasoconstriction can be inhibited by selective or
nonselective ET-1 receptor antagonists. The NO pathway can be modulated by the use of
PDES inhibitors, as well as stimulators of the sGC, both increasing cyclic guanosine
monophosphate (cGMP) levels, and therefore stimulating vasodilation'’, or even by
exogenous NO therapy®. The prostacyclin pathway can be enhanced by the administration of
prostanoid compounds, which act as powerful vasodilators or nonprostanoid IP receptor

agonists'”. Additionally, certain patients with acute vasoreactivity are recommended to



receive Ca™ channel blockers. Therapies, both current and emerging, blend with distinct

targets in SMCs in the pulmonary arteries (Figure 2).
Endothelin receptor antagonist

The discovery of increased ET-1 levels, a potent vasoconstrictor, among PAH patients was
the initial reason to consider endothelin receptor antagonists (ERAs) as a potential therapy'.
Endothelins encompass three similar 21-amino acid peptides (ET-1, ET-2 and ET-3) derived
from a 212 amino acid precursor that undergoes successive proteolytical cleavages by furin-
type proprotein convertase'* and endothelin converting enzymes (ECE1 and ECE2)"’. These
active 21-amino acid peptides can be stored or secreted in response to a stimulus. ET peptides
act on two individual membrane receptors, ET, and ETs'® "7 — widely expressed across the
body and first described in the lungs — with ETA having equal affinity to isoforms ET-1 and
ET-2, and ETg presenting affinity to all three isoforms'®. ET-1 is the most abundant ET and is
a potent vasoconstrictor as it binds to smooth muscular ET, and ETg receptors, especially
during PAH. On the other side, stimulation of the endothelial ETgp receptor releases
vasodilators such as NO and prostacyclin (prostaglandin 12) causing vasodilation, but also
possibly contributing to cell proliferation. In addition, pre-clinical research on ERAs has
demonstrated numerous benefits ranging from improved haemodynamics, right ventricular
hypertrophy and survival to a reduction in vascular remodelling, fibrosis and even improved

endothelial function of pulmonary vessels'”.

Altogether, the vasodilatory effect of ERAs has been considered a relevant way to fight PAH.
In this context, bosentan, a mixed ETA/ETg antagonist was the first FDA-approved drug in
WHO functional class II-IV PAH patients®. More recently ETs-selective antagonists such as
ambrisentan and macitentan have been also approved for patients at class II-III. Ambrisentan
is a highly selective ET4 antagonist, which is characterized by a long half-life that allows for
a single daily dose and with less liver toxicity than bosentan. Macitentan is a lipophilic, dual
ETx and ETg antagonist, which presents better tissue penetration and prolonged binding to the
receptors in pulmonary artery SMCs reduces vascular resistance, decreasing the mortality rate
during treatment and improving the results of the 6-minutes walking distance test'” *'.

Currently, clinical trials to assess combination therapy with PDE-5 inhibitors are ongoing™.
Prostanoids

Prostanoids are arachidonic acid-derived eicosanoids that act as vasoactive mediators by

binding and activating G protein-coupled receptors, which fall into three functional



categories: relaxant receptors (DP, EP2, EP4 and IP), contractile receptors (EP1, FP and TP)
and the inhibitory receptor EP3. Prostacyclin 12 (PGI,), is an endogenous prostanoid with
vasodilation, anti-proliferative and anti-thrombotic properties. PGI2 is released mainly by
ECs in pulmonary arteries and binds to its receptor, IP, leading to SMC relaxation and
vasodilation via adenylate cyclase-mediated increase in cyclic adenosine monophosphate
(cAMP) levels. Intracellular prostacyclin has also been shown to activate the nuclear receptor
peroxisome proliferator-activated receptors (PPAR)™ to inhibit SMC proliferation by cAMP-
mediated inhibition of extracellular signal-regulated kinase 1/2 (Erk1/2) signalling®*. It is also
known to avoid thrombocyte aggregation by inhibiting platelet activation. Production of

prostacyclin has been reported to be downregulated in PAH patients *°

. Therefore, several
therapeutic strategies are based on administration of prostacyclin analogues to reestablish
prostacyclin signalling and thereby, counteract the deleterious vasoconstrictive effect of ET-1

activity” .

Stable prostanoid analogues are available as drugs, such as epoprostenol, a highly efficient
drug with undesirable effects due to its short half-life and its requirement for continuous
intravenous infusion; treprostinil with greater stability and longer half-life so it can be
administered by subcutaneous, inhaled, intravenous or oral routes; beraprost (oral
administration but with moderate efficacy); iloprost can be inhaled or applied intravenously
with a similar efficiency to intravenous epoprostenol but longer half-life (30-45 minutes)™®.
The limitations of therapies based on prostacyclin analogues, particularly their short half-life,
has led to the development of non-prostanoid prostacyclin receptor agonists, such as

*% 3 Its oral administration causes rapid absorption and hydrolization to its more

selexipag
active metabolite, ACT-333679, by carboxylesterase in the liver. Although both selexipag and
ACT-333679 present a high degree of affinity to the IP receptor, the latter is 37 times more
potent in activating IP receptors. This is an important advantage in relation to nonselective
prostanoids, which are known to have a shared affinity for a variety of prostanoid receptors,

incluiding contractile receptors’>>

. Promising results have been obtained with selexipag, as it
considerably decreases the risk of death, hospitalization, long-term oxygen therapy and lung
transplantation®*. In addition, retrospective studies have shown that combination of selexipag
with other established PAH therapies stabilizes exercise capacity, right ventricular function

and life quality life, while also reducing arterial pressure and symptoms™">".



Phosphodiesterase type 5 inhibitors

The endothelial dysfunction characteristic of PAH affects NO that is the main physiological
regulator of vasodilation. In healthy conditions, NO is synthetized in the vascular endothelium
by the nitric oxide synthase (eNOS) (Figure 2). Once synthetized, its diffusion towards SMC
activates the sGC that converts GTP into cyclic GMP, thus activating the intracellular cascade
leading to vasodilation via protein kinase G and Rho GTPases among others. The lack of NO
during PAH favours the increase in vascular tone, therefore maintaining an adequate
intracellular cGMP concentration was an obvious therapeutic target to explore®. In addition
to its vasodilatory effect, cGMP has a role on SMC proliferation, with increased cGMP levels
having been demonstrated to inhibits proliferation in cultured cells’®. Among the regulators of
this pathway, PDE-5 is an enzyme highly present in pulmonary arteries, specifically in SMCs.
PDE-5 hydrolyses cGMP into GMP, thus regulating the vasodilatation induced by NO. PDE-
5, which is overexpressed in lungs and RVs of PAH patients®*, has been demonstrated to play
an important role in PAH. Inhibition of PDE-5 results in an intracellular rise of cGMP levels
and has been therefore proved to enhance vasodilation, reduce proliferation and improve RV

. 33,35
function™ ~".

Presently, three selective PDE-5 inhibitors - sildenafil, tadalafil and vardenafil - have been
approved for the treatment of PAH. Administration of these inhibitors results in a decrease of
mPAP and PVR, and a better functional test. Additionally, tadalafil has been proved to delay
disease progression. In a recent metanalysis including 36 clinical trials — 19 of them on PAH
— involving around 3.000 patiens with all PH groups, PDE-5 inhibitors were more likely to
improve their WHO functional class, to walk 48 metres further in 6-minutes walking distance
tests, and mortality was decreased compared to placebo’®. While there is no clear benefit of
PDE-5 inhibitors in other forms of PH, and a recent trial even found a deleterious effect in
group 2 PH?’, the metanalysis mentioned above concluded that this drug family has clear
beneficial effects in group 1 PAH. Sildenafil, tadalafil and vardenafil are all efficacious in this
clinical setting, and clinicians should consider the side-effect profile for each individual when

choosing which PDES inhibitor to prescribe®.
Soluble guanylate cyclase stimulator

Still within the same cellular NO pathway, other strategies have been demonstrated useful for
treating PAH. Riociguat is a stimulator of sGC, therefore improving cGMP synthesis even in

the absence of NO (Figure 2). Apart from directly stimulating sGC, riociguat also stabilizes



its bond with NO, which increases considerably the consequent production of cGMP. The
result of this combination is vasodilation and thereby reduction on PVR. Additionally,
riociguat induces anti-aggregation and anti-proliferation thanks to increasing the
concentration of ¢cGMP and reacting synergistically with NO. Unlike previous PDE-5
inhibitors, riociguat is independent of endogenous NO. In addition, riociguat showed a
superior effect when compared with sildenafil as it not only reduces RV hypertrophy and
vascular remodelling but also exhibits an anti-fibrotic, anti-inflammatory and anti-proliferative

effect, improving RV function and pulmonary haemodynamics in animal models of PAH'*>*
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Nowadays in the clinics, riociguat is the only drug approved both for PAH (group 1 PH), and
for patients suffering chronic thromboembolic pulmonary hypertension (group 4 PH)**. Since
a proportion of patients under PDE-5 inhibitors do not reach the goals, selected patients with
PAH may benefit from switching to riociguat. However, this strategy needs to be further
investigated since there are still few large, randomised and controlled trials comparing drugs

alone or in combination™.
Calcium channel blockers

An acute increase of intracellular Ca** occurs in SMCs as the last step on which all
vasoconstrictive signals converge. Calcium channel blockers (CCBs) were therefore initially
introduced as systemic anti-hypertensive drugs because of their ability to reduce intracellular
Ca®", thus avoiding vasoconstriction. However, evidences on their use in PAH suggest several
limitations. In fact, generalized use of these drugs are avoided and only recommended in PAH
patients with positive acute vasoreactivity test and that do not present low cardiac output
states or elevated right atrial pressure, as CCBs can lead to haemodynamic compromise®'. In
that context, the three main classes of CCBs — such as nifedipine, diltiazem or amlodipine —
differ in terms of their chemical composition and display distinct effects determined by
biophysical and conformation-dependent synergy with the L-type Ca®" channel. CCBs
constrain inflow of calcium into SMCs, resulting in vasodilatation®. However, according to
current standards this treatment is applied only if the PAH patient exhibits an appropriate
systemic blood pressure (>90 mmHg), belonging to functional class I-III before the initiation
of therapy™. Although CCBs can only be used in a limited number of PAH patients and its
benefits are still under consideration, certain groups of PAH patients receive some benefit and

therefore, it might be worth to further explore its use as adjunctive therapy.



Emerging therapies and targets

Undoubtedly, the research community has achieved an immense progress in tackling PAH
over the last decade. Novel aspects of PAH are known to be #-at the origin of the disease:
from the initial endothelial damage, followed by perivascular inflammation, together with a
sustained cellular stress being all responsible for the vascular remodelling. All these
environmental changes induce a cellular and metabolic switch that enable pulmonary vascular
cells to acquire a cancer-like phenotype, characterized both by a pro-proliferative and an anti-
apoptotic status that pushes vascular cells to proliferate massively, and thus having an
important role on the reduction of the lumen size, flow increase and consequently rise of PAP.
Indeed, the cancer theory of PAH has been in place for several years offering an opportunity
to exploit therapeutic strategies used currently in cancer: either avoiding proliferative
pathways, regulating mitochondrial metabolism, reducing oxidative stress and DNA
instability, deregulating epigenetics, or avoiding excessive inflammatory response, among
others®. Herein, we summarize these cellular and molecular deregulations that are becoming
more relevant as new targets for potential therapeutic avenues against PAH and their most

relevant drugs (Table 1).



Dysfunctional

Emerging target Altered pathways Pharmacological strategy Relevant drugs
consequences
Mitochondrial dysfunction +« Mitochondrial metabolic  « Resistance to apoptosis  « Falty acid oxidation * Allopurinol
pathways * Cellular proliferation inhibitors * Bardoxolone
* MPDK * Oxidative stress * Free radical scavengers  * Dichloroacetate
* MROS * Metabolic switch * Cardiolipin modulators * Elamipretide
* PMGlycolysis » Xanthine oxidase * Metformin
inhibitors * Ranolazine

* Antidiabetic drugs
* GLP-1 receptor agonist

Rosiglitazone
Trimetazidine

Perivascular Inflammation « PIL-6, IL-1B, MIF, CX3CL1, + Endothelial dysfunction * Anti-CD20 monoclonal * Anakinra

CCLS, IL-1, * SMC proliferation antibody * Corticosteroids
autoantibodies * Inflammatory cell * Anti-IL-6 antibody * Cyclophosphamide
* Lymphoid neogenesis recruitment * IL-1 receptor * Colchicine
» Defects in NK-, B-, T- cells, * Immunosuppressant * Rapamycin
dendritic cell function. * Leukotriene A4 hydrolase + Rituximab
inhibitor * Tocilizumab
* mTOR inhibition * Tacrolimus
Genetic mutations & * Mutation in BMPR2, ALK1, < Endothelial cell * Molecular chaperones * Ataluren
damage endoglin, Smad-9 proliferation and * PARP inhibitors * Chloroguine
* DNA damage/PARP-1 apoptosis resistance * Gene therapy/repair * Olaparib
* TGFB/BMP imbalance * Dysregulated damage-  * BMPR2 increase » Sotatercept

repair mechanism

Epigenetic modifications + Histone deacetylase * Apoptosis resistance * HDAC inhibitors * Apabetalone
(HDAC) « Cell proliferation * Micro-RNAs * mMiR-143/145
)( * Micro RNAs (miR-143/145 * BET inhibitors * Tubastatin A
\¥ cluster) * Vorinostat
* U
Growth factors * MPDGF * Endothelial cell and * Inhibition of kinase * Elafin
* MEGF smooth muscle cell tyrosine receptor * Imatinib
* MFGF proliferation, growth and Elastase inhibitors
* MVEGF survival
* c-kit « Stimulate deposition of
ECM
Serotonin, other mediators « 4 Serotonin * Excessive  Serotonin receptor * Fluoxetine
* PMXA2 vasoconstriction antagonist * Rodatristat
* Apelin  Vascular remodelling * SSRIs * Terguride
m" « TPH-1 inhibitors
Neuronhumoral modulation * TSympathetic activation < Endothelial apoptosis * AR-ll receptor blockers * Bisoprolol
* MRAAs axis upregulation resistance * Aldosterone antagonist  « Carvedilol
) » | Vasoactive intestinal * SMC proliferation * Beta-blockers * Eplerenone
'_ » -'\t‘ﬂ‘f peptide * Right heart dysfunction » vasoactive intestinal * Losartan
N o AT-Il peptide * Mirabegron
e * ACE » ACE inhibitors * Nevibolol
* Spironolactone
Oestrogen signalling * 1 Oestrogen * PRight ventricular systolic  « Oestrogen inhibition * Anastrozole
OH pressures « Selective oestrogen * DHEA
Q - * Pulmonary artery receptor modulator * Fulvestrant
| d remodelling * Oestrogen & testosterone « Tamoxifen
e precursors
Stem cells * Dysfunctional endothelial < Disruption of blood * Stem cell-based therapy <+ CDCs
progenitor cells vessels infima layer with endothelial * EPCs
P N * RV dysfunction * Cardiomyocytes progenitor cells and
‘. damage mesenchymal stem cells
- » Cardiosphere-derived
cells

Tablel. Selected emerging therapeutic agents in PAH. Promising novel pathways are

presented in the table together with dysfunctional consequences and possible therapeutic

in



manipulation according to erroneous functions. ACE, angiotensin-converting enzyme; ALK,
activin receptor-like kinase 1; AT-2, angiotensin 2, BMPR2, bone morphogenetic protein
receptor type 2; CDCs, cardiosphere-derived cells; DHEA, dehydroepiandrosterone; ECM,
extracellular matrix; EGF, epidermal growth factor; EPCs, endothelial progenitor cells; FGF,
fibroblast growth factor; HDAC, histone deacetylase; IL, interleukin; mTOR, mammalian
target of rapamycin; MIF, macrophage migration-inhibitory factor; PARP, poly-ADP ribose
polymerase; PDGF, platelet-derived growth factor; PDK, Pyruvate dehydrogenase kinase;
ROS, reactive oxygen species; RAAS, renin-angiotensin-aldosterone system; SSRIs, selective
serotonin reuptake inhibitor; TXA2, thromboxane A2; VEGF, vascular endothelial growth

factor. Individual illustrations were kindly provided by Dr Carlos Galan-Arriola.

Mitochondrial metabolism and oxidative stress

Mitochondria regulate many environmental and molecular cues and as oxygen sensors, can
alter the production of mitochondria-derived ROS and cause oxidative stress. Because lungs’
main function is the distribution of oxygen, the pulmonary vasculature and in particular ECs
that are at the front line, are very sensitive to the slightest changes in oxygen levels™.
Accordingly, higher ROS production and mitochondrial dysfunction is observed in patients
with PAH®. Since mitochondrial metabolic alterations have been mostly studied in the
oncology field, the knowledge acquired in the treatment of these metabolic alterations is now
being applied to PAH. Here we will approach several drugs — elamipretide, dichloroacetate,

bardoxolone and allopurinol — that are being investigated as promising PAH therapies.

Elamipretide, a novel mitochondrial-targeted drug, is a cell-permeable tetrapeptide that can
selectively bind to cardiolipin. Cardiolipin is the main phospholipid of the inner mitochondria
membrane (IMM) and has recently been described to play central roles in mitochondrial
metabolism, biogenesis, dynamics and mitophagy™®. Cardiolipin has been shown to interact
with cytochrome C*”*® which is indispensable for the OXPHOS system and also acts as a
radical scavenger. By binding cardiolipin, elamipretide inhibits the formation of the
cardiolipin-cytochrome C complex and its underlying peroxidase activity*’, and consequently,
reduces ROS production™. This peptide is also of interest in PAH since it has been
demonstrated to attenuate transverse aortic constriction-induced PAH in mice”'. In addition, it
is the first in its class to enter clinical trials and has been shown to improve mitochondrial

function in the failing heart>*,
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Pulmonary vascular cells also undergo metabolic changes during PAH, with a shift from
oxidative phosphorylation to glycolysis and lactate production, a phenomenon known as the
Warburg Effect. Although aerobic glycolysis is less efficient in the production of energy, it
leads to increased generation of metabolites that benefit cell proliferation, and SMC
hyperproliferation is a key process in the development of PAH. In this context,
dichloroacetate (DCA) has been found useful in patients suffering idiopathic PAH. DCA
inhibits mitochondrial pyruvate dehydrogenase kinase (PDK), therefore reversing this

53, 54

metabolic switch and re-establishing glucose oxidation™ *". In the rat model, DCA treatment

reverted monocrotaline-induced PAH and RV remodelling, while also preventing the

formation of neointimal lesions>> > %,

The nuclear factor erythroid 2-related factor 2 (Nrf2) is a key regulator of cellular responses
to oxidative damage. Under conditions of reduced oxidative stress, Nrf2 associates to Kelch-
like ECH-associated protein 1 (Keapl) that acts as a E3 ubiquitin ligase substrate adaptor and

57-59

targets NRF2 for rapid proteasomal degradation” ™ . However, Keapl also acts as a redox

sensor and upon increased oxidative stress frees Nrf2, allowing it to translocate to the nucleus

and activate transcription of downstream antioxidant gene targets®” '

. During recent years,
bardoxolone, a small electrophile compound that is in advanced stages of clinical trials
(NCT03068130 and NCT0203697), has been found to act as a positive modulator of Nrf2
function by releasing it from the inhibitory Nrf2-Keap1 complex.

Another example of therapies that are currently under investigation against the metabolic
dysfunction in PAH> ®* is allopurinol, a drug that has been vastly used to inhibit uric acid and
that is being repurposed for PAH to reduce oxidative stress. By inhibiting xanthine oxidase,
allopurinol limits the generation of both ROS and uric acid. Finally, pre-clinical data also
support the use of insulin resistant drugs such as rosiglitazone, metformin, and glucagon-like

peptide 1 (GLP-1) receptor agonists as a potential therapeutic strategies for PAH®.
Perivascular inflammation

Perivascular infiltration of inflammatory cells (macrophages, B and T lymphocytes and

6466 "as well as the

dendritic cells) has been described in pulmonary vessels of PAH patients
presence of autoantibodies, autoimmune disorders (e.g. HIV) and increased levels of many
cytokines (IL-1B, IL-6, IL-18, TNFa and MCP-1)""°. Altogether, these several evidences

highlight the importance of an altered immune response in PAH.
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In this context, the inflammasome, a key regulator of innate immune response, has received
special attention. Inflammasomes are a family of multiprotein complexes - present mostly in
macrophages but also ECs, neutrophils and dendritic cells — that activate in response to
pathogen-associated molecular patterns (PAMPs) or danger-associated molecular patterns
(DAMPs) generated by the host cell. Examples of DAMPs include the production of ROS,
release of oxidized mitochondrial DNA, mitochondrial stress and changes in intracellular
calcium levels. Activation of the inflammasome leads to increased expression of pro-
inflammatory IL-1B and IL-18, which then promotes the release of several secondary
cytokines, including IL-2, IL-6 and IL-127'. Several approaches aimed at modulating
inflammasome activity at distinct levels of the signalling cascade have been employed.

Examples of such targets are IL-1, IL-6.

Repurposing of anakinra, a recombinant IL-1 receptor antagonist used for rheumatoid
arthritis, inhibits both IL-1a and IL-1f function and has been shown to be beneficial for PAH
patients’*. Tocilizumab, an IL-6R-blocking monoclonal antibody, also used for rheumatoid
arthritis”*, is currently in clinical trials for its repurposing for PAH. In 2015, a selective
NLRP3 inhibitor, MCC950"*, was described and has revealed promising results in several

animal models of cardiovascular and lung disease’>"® but remains to be tested in humans.

Since autoantibodies have a high prevalence in PAH, one other therapeutic strategy that has
been used is the administration of rituximab, an anti-CD20 monoclonal antibody, that
selectively targets B lymphocytes inducing its lysis. When administered in rat models of
SU5416-induced PAH, rituximab led to decreased PASMC proliferation, lower mPAP and
decreased RV remodelling”. Although few studies support the efficacy of
immunosuppressants in humans®’, some have recently shown the concomitant use of
immunosuppressant together with PAH-specific therapy as a bridge therapy in severe

systemic lupus erythematosus associated PAH (cyclophosphamide and corticosteroids)®'.
DNA damage accumulation and mutations

As mentioned above, the primary mechanisms that trigger the onset of PAH still remain
undefined. However, it is known that oxidative stress and inflammation are a hallmark in the
development and progression of PAH and that these factors pose a threat to DNA integrity.
Accordingly, high levels of DNA damage are observed in PAH patients and may potentiate

82-84

the hyperproliferative and apoptosis-resistant phenotype of these vascular cells"". In this

regard, anticancer drugs have been assessed as a potential new treatment. For instance, two

12



clinically available inhibitors of poly-ADP-ribose polymerase (PARP), olaparib and veliparib,
promote cell death by preventing the repair of DNA damage. Inhibition of PARP significantly

mitigated PAH in several animal models of PAH®" *

and therefore, olaparib is currently in
clinical trials for repurposing for PAH patients (NCT03782818)”. However, these drugs
normally exhibit strong side effects and further clinical trials will bring more evidences about

risk/benefit balance in patients.

On the other side, deregulation of the transforming growth factor-B/bone morphogenetic
protein (TGFB/BMP) signalling pathway, which controls cell proliferation, may be due to
pathogenic mutations. This is the case of the bone morphogenetic protein receptor type II
(BMPR?2) signalling impairment, which is present in 80% of patients with a family history of
PAH and 25% of idiopathic PAH®. BMPR2 is a serine/threonine receptor kinase that receives
signals from BMPs and induces several cellular functions such as osteogenesis, cell growth
and cell differentiation. Although BMPR2 is expressed in a wide number of cells types, it is
especially highly expressed in the pulmonary vascular endothelium. Loss
of BMPR2 promotes endothelial-to-mesenchymal transition and favours endothelial

dysfunction** *

. Regulation of the TGFB/BMP signalling pathway is very complex and
includes interaction with Smad complexes, a family of transcription factors that regulates the
expression of several genes related to the mentioned cellular functions controlled by this
pathway. Through loss of antiproliferative Smadl/5 signalling, pulmonary artery SMCs
with BMPR2 mutations become hyperproliferative and resistant to the growth-suppressive
effects of bone morphogenetic proteins®’. A few therapeutic strategies have been developed to
reverse impairment of BMPR2 function, such as gene therapy via intravenous adenoviral
BMPR2 gene delivery, which proved to be efficient in murine models of PAH®*. Other
strategies such as chloroquine, which is supposed to inhibit BMPR2 lysosomal degradation
exerted a positive effect in rats®’; BMP9 administration in heterozygous BMPR2 knockout
mice also had a beneficial effect °°; ataluren, that renders ribosomes less sensitive to stop-
codons, has been used to restore full-length BMPR2 protein thus reestablishing the pathway”".
Lastly and very promising, are drugs that regulate the TGF-B/BMP pathway, such as
sotatercep. Sotatercep is a recombinant human ActRIIA IgG1 Fc fusion protein that acts as a
TGFp ligand trap and thereby inhibits TGFf signalling and has been found useful in
inhibiting cell proliferation. Indeed, very recently sotatercept was shown to have a potent
effect in avoiding vascular remodelling, by inhibiting Smad2/3-mediated cell proliferation and

by enhancing apoptosis of pulmonary vascular cells in animal models”’®, and is currently
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enrolled in phase 2 clinical trials (NCT03738150 and NCT03496207). Altogether, there are
significant evidences to consider these regulators of the TGF-B/BMP pathway as potential

therapies for human PAH in the near future.
Epigenetic modifications

Nowadays, there is a rising interest in epigenetics as epigenetic modifications on cellular
DNA or histones that affect gene expression are reversible and do not change the gene
sequence™®. Clearly, it may allow finding new therapeutic targets in many different diseases.
Even though the role of histone modification is still poorly understood in PAH, histone
deacetylase (HDAC) inhibitors have been used in PAH due to their favourable effects in
inflammation and cancer””. While research results have been mixed, studies performed on rat
models produced positive outcomes in pulmonary vascular remodelling®. This new,
innovative strategy needs further assessment with more selective HDAC inhibitors or genetic
manipulations”. Vorinostat, is one of the most representative HDAC inhibitors, however it is
a general inhibitor that acts on class I, II and IV of HDACs. A selective inhibition of HDAC-6
by tubastatin A has been suggested to be more specific and to have less undesirable effects’.
It is also interesting to bring attention to Bromodomain-containing protein 4 (BRD4)
inhibitors, such as apabetalone. BRD4 is a member of the bromodomain and extra terminal
domain family (BET) that recruits transcriptional regulatory complexes to acetylated
chromatin®’ and that is upregulated in PASMCs isolated from PAH patients’®. By binding to
BRD4, apabetalone has been shown to reversed vascular remodelling in animal models by
repressing pathways that contribute to the hyperproliferative, apoptosis-resistant and
proinflammatory phenotype of ECs and PASMCs”™. In addition, the next promising
epigenetic targets will also be miRNAs as they are involved in the pathogenesis of PAH, even
though the exact side effects are still unknown®. In this regard, the miR-143/145 family has

received special attention since it seems useful in controlling PPAR expression””.
Growth factors and vascular remodelling

As mentioned before, there is high resemblance between tumour growth and the aberrant
vascular cell proliferation characteristic of PAH: both cancer and pulmonary vascular cells
share a metabolic switch towards a glycolytic pathway — the so called Warburg effect — that
increases proliferation and inhibits apoptosis of the SMCs, fibroblasts and ECs, driving thus
towards an aberrant vascular remodelling®. In this field, research on several growth factors,

including platelet-derived growth factor (PDGF), epidermal growth factor (EGF), and
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vascular endothelial growth factor (VEGF), has demonstrated these growth factors to be
related not only to pathological proliferation but also to the migration of pulmonary vascular
cells during PAH'®. PDGFR is heavily upregulated in small pulmonary arteries and induces
proliferation. This has opened an opportunity for research on drug repurposing of the
oncology therapeutic arsenal. This is the case for the tyrosine kinase receptor inhibitor —
including PDGFR — imatinib, which leads to extensive reversal of pulmonary arterial
remodelling’. Although very promising results were initially obtained from several clinical
trials, long-term treatment with imatinib led to a significant incidence of severe subdural

hematoma'®!

. Although contradictory, it is also worth mentioning that some cancer patients
receiving dasatinib, another tyrosine kinase inhibitor, have developed PAH as a rare side
effect. All the accumulated evidence has led the classification of the association of dasatinib
with PAH as definite by the Sixth World Symposium on Pulmonary Hypertension 2018,

which in turn has introduced new doubts on the use of this drug family”.

Other oncological drugs tested in PAH include elastase inhibitors such as elafin. Elafin is an
endogenous human protein that plays a direct role in tumour suppression. Additionally, elafin
has been found, on several animal models, to be an effective strategy in the treatment of
inflammatory vascular, systemic and pulmonary diseases'’>. Regarding PAH, it has been
found to induce apoptosis of SMCs by promoting the interaction between BMPR2-Caveolin-
I, which enhances this signalling pathway, and thus prevents and reverses vascular
63, 103

remodelling in experimental models of PAH

of clinical trials of elafin for PAH (NCT03522935).

. These findings have encouraged initiation

Serotonergic system

An unexpected secondary effect found with the use of appetite suppressive drugs, that operate

as serotonin transporter substrates and serotonergic agonists (e.g. aminorex, benfluorex and

104

dexfenfluramine), was the sudden occurrence of PAH ™. This event pointed researchers

towards the involvement of the serotonergic system in PAH pathogenesis. Serotonin is a

pulmonary vasoconstrictor and leads to SMC proliferation. These serotonin-driven processes

are mediated by serotonin receptors 5-HT and serotonin transporters (SERT), respectively'®™

1% In response to serotonin stimulation, SMCs show increased expression of SERT and
increased cell proliferation, with more serotonin secretion by pulmonary ECs, reduced platelet
storage of serotonin and increased peripheral blood serotonin levels'”’. Additionally, it is also
known that serotonin induces 5-HTg-dependent ROS production, Nrf-2 dysfunction and Rho-

108

kinase activation in SMC that contribute to vascular injury . All these evidences pointed out
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the potential use of either 5-HT receptor antagonists, SERT inhibitors or even inhibitors of
serotonin synthesis by the tryptophan hydroxylase 1 (TPHI), which has been studied in
animal models and may prove to be a valid therapeutic strategy against PAH'™.
Nevertheless, to date clinical trials have been disappointing in this strategy, as was the case
with the 5-HT»a /2B receptor antagonist terguride, which despite its promising results in animal

109, 110

models showed no benefit in a phase 2 clinical trial. Similarly, the use of fluoxetine, a

selective serotonin reuptake inhibitor, was not associated with any improvement in PAH
patients (NCT03638908)''°, despite positive results in murine preclinical models''".
However, there is still hope for new strategies targeting serotonin signalling. Rodatristat, an
inhibitor of TPH1, seems to be a promising emerging therapy in this regards and the future

development of new 5-HTp receptor antagonists might also be beneficial'™*,
Neurohumoral modulation

Increased neurohumoral activation during PAH is supporting the idea of using aldosterone
antagonists (spironolactone or eplerenone), angiotensin Il receptor blockers (losartan), -
blockers (bisoprolol, nebivolol, or carvedilol) and other relevant strategies such as the
vasoactive intestinal peptide (VIP)’. However, the use of these strategies still generates
uncertainty due to their unclear pathological or compensatory role and safety. Even though
these drugs are generally well tolerated, severe adverse effects occur in some patients due to
their systemic effect, such as: bradycardia, hypotension, hypoxaemia, worsening of right

ventricular function and death.

The renin-angiotensin-aldosterone system plays a major role not only in regulating blood
pressure but also in the regulation of inflammation, proliferation and fibrosis in pulmonary
diseases. Despite some promising evidences of the anti-inflammatory properties of inhibiting
the angiotensin converting enzyme (ACE)/angiotensin (Ang) II/AT1 receptor (R) axis in lung
diseases, ACE inhibitors have not been shown to be beneficial in PAH patients''>.
Nevertheless, the stimulation of the angiotensin-converting enzyme 2 (ACE2)/Ang (1-7)/Mas
receptor pathway, which counteracts the ACE/Angll/ATIR pathway by catalysing the
hydrolysis of Angll into the vasodilator angiotensin-(1-7), has been demonstrated in murine
models to be a potential strategy to treat PAH. On the other hand, the aldosterone antagonist,
eplerenone, has demonstrated a good reduction of PVR in preclinical models, together with

other improvements in proliferation and extracellular matrix deposition'"”. More research is

needed to clarify the potential use of this pathway as a target in PAH.
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Since their discovery, B-blockers have revolutionized the field of cardiovascular therapies,
being widely used for left ventricle failure management, systemic hypertension, arrhythmia
and other non-cardiovascular diseases''*. However, current guidelines do not recommend

their use in PAH patients to avoid the negative inotropic and chronotropic effects that will

115,116

result in systemic hypotension and a decreased exercise capacity . Nevertheless, some f3-

blockers have been shown to improve RV function. While results in PAH patients with

bisoprolol (a selective Bl-blocker) suggest a deteriorated cardiac function driven by a

117

decrease in heart rate, cardiac index and 6 min walking test ', others -blockers are showing

better outcomes. For instance, nebivolol (a third generation Bl-blocker with 2/B3-agonist

114

activity that confers a NO-dependent vasodilation effect) ™ has been found to be promising

compared to other B-blockers since it improves endothelial dysfunction, vascular remodelling

and RV function in animal models''®. Additionally, carvedilol (a P1/2-blocker with

114

vasodilation properties due to its ability to block al-adenergic and to release NO) ™ has been

recently associated to an improvement in patients suffering PAH, without any evidence of

decrease exercise capacity, RV functional deterioration and well tolerated systemic effects'"”.

In the same line, mirabegron (not a B-blocker but a P3-agonist)'*

, known to produce
vasodilation and prevention of ventricular remodelling in different conditions, has
demonstrated to reduce PVR and improved RV performance in a porcine model that

120

resembles certain aspects of post-capillary PH *". The same drug is currently in phase 2

clinical trial [NCT02775539] as a potential treatment for PH secondary to chronic heart

121

failure ='. Further research on mirabegron is needed to clarify whether or not this drug might

also be a potential treatment for PAH.

In addition, new clinical studies suggest that administration of VIP, an inhibitor of SMC
proliferation and pulmonary vasodilation that is downregulated in pulmonary arteries of PAH

122

patients, yields positive results in PAH “°. Further research to fully understand VIP’s positive

effects in PAH is being performed (NCT03315507)'*. All these strategies are therefore still

being investigated in order to assess the optimal dose and time of treatment™ ',

Oestrogen signalling

PAH is observed more frequently in women than in men, and men suffering PAH have an
increased level of oestrogen'**. Oestrogen is a hormone found in every important organ such
as lung and heart in both genders. Women that metabolize oestrogen to 16-oestrogens, suffer
from PAH more often than women that metabolize oestrogen to 2- or 4-oestrogens. The

metabolism of oestrogen drives penetrance in men, although not to the same extent as in
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women. In clinical trials, inhibiting oestrogen signalling as a therapeutic strategy has
displayed a positive effect on RV hypertrophy in animal models'*. Reducing oestrogen levels
with drugs like anastrozole, which inhibit the conversion from androgen to oestrogens, or
blocking the oestrogen receptor with drugs like fulvestrant or tamoxifen may be new
promising therapeutic targets. In addition, dehydroepiandrosterone (DHEA), an steroid
hormone which modulates endothelial function, has anti-inflammatory effects, promotes
pulmonary vasodilation, normalize the apoptosis/proliferation balance, improves RV function
by reducing oxidative stress is currently being investigated in clinical trials, and represents a

promising therapy”.
Stem cells

Cardiac and vascular stem cells have been suggested before to be potential new therapies for
cardiovascular regeneration'*® '*’. Some investigations in the field of PAH have also shown
potentially positive results of stem cell-based therapy with endothelial progenitor cells (EPCs)
— able to partially rescue endothelial function — and cardiosphere-derived cells (CDCs), which
have demonstrated to ameliorate both vascular and ventricular remodelling and no adverse
effects were reported'>”"'*. In addition to these cell types, some other cell types have been
explored in stem cell therapy animal models of PAH — few of them directly targeting the RV

for RV failure prevention — with modest but promising results'**.

Regarding the use of EPCs, the phase 1 PH and Angiogenic Cell Therapy (PHACeT) trial
(NCT00469027) demonstrated that the delivery of EPCs overexpressing eNOS was well-

tolerated haemodynamically in patients with PAH'*®

. However, this trial showed very modest
improvement on haemodynamic variables. Further trials on EPCs (NCT00257413 and
NCT00641836) — based on previous experimental data suggesting that transplantation of
autologous EPCs attenuates monocrotaline-induced PH in rats'* — also showed that this
therapy might have beneficial effects on exercise capacity and pulmonary haemodynamics in

patients with idiopathic PAH"

_In this line, other studies also demonstrated that idiopathic
PAH patients had reduced numbers of EPCs with a clear correlation with invasive
haemodynamic parameters. In addition, the same study found increased levels of circulating

EPCs in patients treated with sildenafil"’

. More recently, a trial on children with PAH caused
by congenital heart disease, found that EPCs may become an effective treatment and a
protective factor in children with higher mPAP values'”’. However, further research is
required in order to understand the full mechanism and confirm the beneficial results of this

therapylzé’ 127,
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CDCs are cardiac progenitor cells with potent anti-inflammatory and immunomodulatory

® that have demonstrated to attenuate haemodynamic changes, perivascular

properties'?
inflammation and pulmonary arteriolar remodelling in animal models. In addition, an
improvement of RV systolic function and a decrease of RV hypertrophy were found either as
a consequence of a reduction in occlusive arteriopathy or even as an additive effect directly
over the RV'"**. Currently, the ALPHA (Allogeneic CDCs for PH therapy; NCT03145298)
phase 1 clinical trial is investigating the safety and feasibility of intravenous administration of
CDCs to be further studied as an adjunctive therapy in PAH patients in which inflammation
and immune dysfunction are key pathophysiologic drivers. However, studies performed in a
large animal model of overloaded RV dysfunction tested the feasibility and effects of CDC
therapy on the RV failure secondary to chronic overload found modest effects'”.
Nevertheless, a reduction in RV fibrosis and a protection against arrhythmia was found after

intraepicardial administration'>>. This could represent promising results targeting the
p p p g geung

transition from RV hypertrophy to RV failure that needs to be deeply explored.

Although some results are promising, more research is needed to clarify whether stem cells

could represent a potential therapy on PAH.

FUTURE DIRECTIONS

Even though in the last 20 years several new drugs have been suggested, developed and
approved for use against PAH, a fully efficient treatment for this disease has still not emerged.
Current drug therapies aim both to slow down the processes responsible for the occlusion of
pulmonary arteries, such as vasoconstriction and vascular remodelling, which are the main
reasons of the increased blood pressure. However, fully effective drugs still do not exist since
the ones currently in place are only partially able to attenuate symptoms and signs but none of

these diverse therapeutic strategies have been able to cure or stop the disease.

PAH is a multifactorial disease and no single pathway exhibits a dominant pathogenic role,
therefore there is no separate class of drugs with unvarying capability to treat all the pathways
and all affected patients. Medical advances over the last decade have enabled a better
understanding and a significant improvement in therapeutic strategies as we have described
herein. Apart from the main vascular pathways involved in vasoconstriction and vascular
remodelling, other targets emerged from the basic knowledge to the clinics. A new set of

incoming drugs is targeting metabolic dysfunction, perivascular inflammation, excessive cell
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proliferation, fibrosis, neurohumoral imbalance, genetic damages and epigenetic
modifications, among others. All of these are important pieces of the big puzzle of PAH. It is
unlikely that only one of those potential therapies will be the cure for the disease. In addition,
new drugs still have to display additional benefit to the current optimized treatments'*’.
Nevertheless, in case emerging therapies come to the clinical arena, a combination of new and

currently used drugs might be able to multi-target the disease if strategically used from early

stages.

In this regard, the use of monotherapy has been significantly reduced because of its lower
capacity to improve symptoms and life expectancy, and is being replaced by the combination
of two or even three of the available drugs. Hundreds of clinical trials are currently on-going
and most of them are focused on new drugs being applied to old families within a multi-

therapy approach”l, 132, 110

. However, single therapy is still used in early-stage patients with
low cardiovascular risk. It is also worth noting that most data regarding the use of
combination therapy is obtained from sequential additions to the continuing single data
therapy rather than from the inception of such therapeutic treatment, which is not helping to

achieve solid conclusions.

Although the field is progressing quickly in the last years, there is still room for
improvements in many other aspects. First of all, animal models need to better resemble all
aspects of the disease not only in small but also larger animals. In addition, standardization of
late stage preclinical multicentre-trials with comparison of current and emerging therapies for
testing reproducibility'”® might help to increase the chances of success. Furthermore, a deep
focus into the different steps of the disease might also be important to adapt therapeutic
approaches with clearly different targets. In early stages preserving endothelium might be the
main focus, in intermediate stages stopping vascular remodelling and perivascular
inflammation could be key, while in more advanced stages the focus lies in preservation of
RV function. In this regard, further basic research on the endothelial-to-mesenchymal
transition within the pulmonary vasculature or on the fatal progression from RV hypertrophy
to failure — that is the main mortality predictor of PAH — will be invaluable. Additionally,
more knowledge coming from multi-omic approaches, non-invasive and radio-ligand imaging
techniques will probably help us to understand in the near future how and when these changes
occur, therefore helping to better adapt the administration of incoming therapies to the right
moment. Finally, the knowledge acquired from other diseases that share some common

characteristics such as metabolic disorders, mitochondrial disease, cardiac toxicity,
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inflammatory diseases or aberrant cell growth will be continuously helping the research
community in suggesting drug repurposing and assessing new potential therapies, which will

eventually open new unexplored avenues and hopes.

CONCLUSIONS

Despite recent pharmacological advancements, PAH still remains an incurable disease. Future
basic research in this field will improve our knowledge and understanding about the
molecular basis behind PAH and will probably shed light on new pathways to further explore.
In addition, thanks to translational research, a considerable number of potential therapies are
continuously emerging and some are now ready to be tested. Finally, forthcoming clinical
studies will clarify whether these emerging innovative strategies are safe and effective to treat
PAH patients. Notwithstanding, substantial collaborative research from multiple perspectives

1s still needed before a final cure for PAH is reached.
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FIGURE LEGENDS

Figure 1. Hallmarks of PAH. The initial endothelial dysfunction compromising vascular
dilation and permeability, is followed by perivascular inflammation, fibrosis, metabolic
dysfunction and vascular remodelling, all contributing to the rise in mPAP, RV hypertrophy,
failure and premature death. mPAP, mean pulmonary arterial pressure; RV, right ventricle;
PH, pulmonary hypertension, PAH, pulmonary arterial hypertension; CTEPH, chronic
thromboembolic PH; PVR, pulmonary vascular resistance; PCWP, pulmonary capillary

wedge pressure. Individual illustrations were kindly provided by Dr Carlos Galan-Arriola.

Figure 2. Current targets and therapies in PAH. ET, indicates endothelin; ET4, endothelin
receptor type A; ETg, endothelin receptor type B; PGI2, prostaglandin 12; IP, PGI2 receptor;
NO, nitric oxide; PDES, phosphodiesterase type 5; sGC, soluble guanylate cyclase; GMP,
guanosine triphosphate; cGMP, cyclic guanosine triphosphate; cAMP, cyclic adenosine
monophosphate; ATP, adenosine triphosphate; AC, adenyl cyclase; Ca-Ch, calcium channel.

Individual illustrations were kindly provided by Dr Carlos Galan-Arriola.
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ABBREVIATIONS

AC, adenyl cyclase;

ATP, adenosine triphosphate;

ACE, angiotensin-converting enzyme;
ALK1, activin receptor-like kinase 1;
ATII, angiotensin II;

BRD4, bromodomain-containing protein 4;
BMPR2, bone morphogenetic protein receptor type 2;
CDCs, cardiosphere-derived cells;
Ca-Ch, calcium channel.

cGMP, cyclic guanosine triphosphate;
cAMP, cyclic adenosine monophosphate;
DHEA, dehydroepiandrosteron;

ECM, extracellular matrix;

EGF, epidermal growth factor;

EPCs, endothelial progenitor cells;

ET, endothelin;

ERAs, ET receptor antagonists;

ETa, endothelin receptor type A;

ETg, endothelin receptor type B;

FGF, fibroblast growth factor;

FDA, Food and Drug Administration.
GMP, guanosine triphosphate;

HDAC, histone deacetylase;
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IL, interleukin;

IP, PGI2 receptor;

mTOR, mammalian target of rapamycin;
MIF, macrophage migration-inhibitory factor;

mPAP, mean pulmonary arterial pressure

NO, nitric oxide;

PAH, pulmonary arterial hypertension;
PCWP, pulmonary capillary wedge pressure;
PH, pulmonary hypertension;

PVR, pulmonary vascular resistance;

RV, right ventricle;

SMC, smooth muscle cells;

PDES, phosphodiesterase type 5;

PARP, poly-ADP ribose polymerase;

PGI2, prostaglandin 12;

PDGF, platelet-derived growth factor;

PDK, pyruvate dehydrogenase kinase;

ROS, reactive oxygen species;

RAAS, renin-angiotensin-aldosterone system;
SSRIs, selective serotonin reuptake inhibitor;
sGC, soluble guanylate cyclase;

TXA2, thromboxane A2;

VEGF, vascular endothelial growth factor;

WHO, world health organization;
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SYNOPSIS

In this graphical abstract we represent the current hallmarks of PAH, a rare and incurable

disease with not a single fully effective therapy yet developed. PAH is characterized by

endothelial damage, followed by vasoconstriction, perivascular inflammation, fibrosis,

metabolic dysfunction and vascular remodelling, all responsible for the rise of pulmonary

arterial pressure that ultimately causes right ventricular hypertrophy and premature death (all

on the grey background). In the last years, translational research has allowed an important

number of novel targets to emerge. Therefore, we also represent all the emerging targets

against PAH that are fully described within this review.
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Figure 1
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Figure 2

PULMONARY VASCULAR CELL PATHWAYS
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