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Abstract: Pulmonary arterial hypertension (PAH) is a rare yet serious progressive disorder that is
currently incurable. This female-predominant disease unfolds as a pan-vasculopathy that affects all
layers of the vessel wall. Five classes of pharmacological agents currently exist to target the three major
cellular signaling pathways identified in PAH but are incapable of effectively reversing the disease
progression. While several targets have been identified for therapy, none of the current PAH specific
therapies are curative and cost-effective as they fail to reverse vascular remodeling and do not address
the cancer-like features of PAH. Our purpose is to review the current literature on the therapeutic
management of PAH, as well as the molecular targets under consideration for therapy so as to shed
light on the potential role and future promise of novel strategies in treating this high-mortality disease.
This review study summarizes and discusses the potential therapeutic targets to be employed against
PAH. In addition to the three major conventional pathways already used in PAH therapy, targeting
PDGF/PDGFR signaling, regulators in glycolytic metabolism, PI3K/AKT pathways, mitochondrial
heat shock protein 90 (HSP90), high-mobility group box-1 (HMGB1), and bromodomain and extra-
terminal (BET) proteins by using their specific inhibitors, or a pharmacological induction of the p53
expression, could be attractive strategies for treating PAH.

Keywords: pulmonary arterial hypertension; molecular base pathophysiology; targeted therapy;
Warburg Effect

1. Background

Pulmonary arterial hypertension (PAH) is a rare yet serious progressive disorder that
induces right ventricular failure (RVF) and high mortality as a result of pulmonary mi-
crovasculature remodeling due to an increase in pulmonary vascular resistance (PVR) [1–3].
At the 6th World Symposium on Pulmonary Hypertension, PAH was redefined with the
following hemodynamic criteria: a mean pulmonary artery pressure (mPAP) of >20 mmHg,
pulmonary arterial wedge pressure of >15 mmHg, and pulmonary vascular resistance index
of ≥3 Wood units (WU) [4]. In the classification of pulmonary hypertension (PH), five
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major groups have been identified based on the pathophysiological mechanism. Group 1
refers to pulmonary arterial hypertension and is an uncommon form of PH, which includes
idiopathic PAH, heritable PAH, drug- and toxin-induced PAH, associated PAH (APAH),
persistent PH of the newborn syndrome, etc. Group 2 describes the more common form of
PH due to left heart disease. Group 3 is PH caused by lung diseases and/or hypoxia. Group
4 PH is caused by chronic thromboembolism and other pulmonary artery obstructions.
For those not classifiable into the previous four categories, Group 5 encompasses PH with
unclear and/or multifactorial mechanisms, such as hematological disorders, systemic and
metabolic disorders, renal diseases, and complex congenital heart diseases [5].

The classic clinical symptoms and signs of PAH include fatigue, lethargy, dyspnea,
exertional presyncope/syncope, chest pain, edema/ascites, and lip and skin cyanosis,
depending on the severity of the pulmonary vascular abnormality and right ventricular
dysfunction. As a rare disease, the prevalence of PAH is still estimated to be approximately
26–33/million in the US and 20–40/million in Europe [6]. PAH more commonly affects
females with a female-to-male ratio ranging from 1.9:1 to 4.1:1, with the average age of
diagnosis reported to be about 50 years [7].

Unfortunately, this life-threatening disease is currently incurable. Clinical approaches
in PAH therapeutics merely rely on symptomatic relief, which can only temporarily delay
the deterioration of the disease but are unable to completely cure the disease, especially
in severe cases. We hereby review the current literature on the therapeutic management
of PAH and try to shed light on the potential role and future promise of novel strategies
in treating this high-mortality disease. The research methodology of this study was a
literature review conducted by searching on the PubMed® Database for publications using
the keywords as provided.

2. The Etiology of PAH
2.1. Physiopathogenesis of PAH

PAH manifests as an endothelial dysfunction and a pan-vasculopathy that involves the
entire vessel wall. Pathological abnormalities can be found in all layers of the pulmonary
artery, from the proliferation of vascular endothelial cells in the intima and hypertrophy
due to pulmonary artery smooth muscle cells (PASMCs) in the media to the senescence
of fibroblast cells in the adventitia [8]. More specifically, the constrictive lesions charac-
teristic of PAH are the combined results of intimal and adventitial thickening due to the
proliferation and aggregation of collagen and connective tissue cells, which induce fibro-
sis [9]. Moreover, complement system components, autoantibodies, and inflammatory cells
(neutrophils) in the vessel lumen also deposit in the endothelium to eventually infiltrate
the medial layer [10]. These defects, especially with the hyperproliferation of PASMCs,
contribute to inflammation, vasoconstriction, and fibrotic changes, which then decrease
vascular compliance and, eventually, cause right ventricular failure as a consequence of an
elevated right ventricular afterload [8].

2.2. The Molecular Basis of PAH Pathogenesis

Three major cellular signaling pathways have been identified in PAH: (1) the endothe-
lin pathway, (2) the nitric oxide (NO)/cyclic guanosine, monophosphate (cGMP) pathway,
and (3) the prostacyclin pathway [11], which are documented to be associated with the
regulation of endothelial factors affecting vasoconstriction, vasodilation, proliferation, and
mitogenesis [12]. The endothelin pathway involves vascular endothelial cells that secrete
endothelin-1, which induces the vasoconstriction and proliferation of vascular smooth
muscle cells. An increase in the circulating level of endothelin-1 and its expression in
pulmonary vascularity have been implicated in PAH [12]. Additionally, nitric oxide (NO)
is also considered a vasodilator in PAH treatment. In the NO/cGMP pathway, NO is a
potent endogenous vasodilator that stimulates soluble guanylate cyclase (sGC) that, in
turn, increases intracellular cGMP, which has both vasodilatory and antiproliferative ef-
fects on the smooth muscle of pulmonary vessels [13]. As a result, disruption in NO and
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natriuretic peptide signaling leads to a cGMP deficiency. In the pathogenesis of PAH, an
increased expression of phosphodiesterase (PDE) type 5 can be observed, which is the
main enzyme responsible for degrading cGMP within the pulmonary vascular smooth
muscle [14]. In the prostacyclin pathway, the endothelial metabolism of arachidonic acid
produces prostacyclin, which increases the production of cyclic adenosine monophosphate
(cAMP) in order to relax the vascular smooth muscle to achieve vasodilation. The signaling
of prostacyclin, which hinders the proliferation of endothelial cells and aggregation of
platelets, can decrease intravascular thrombotic events [12]. In the pulmonary vascular
endothelium of PAH patients, there is a decreased expression of the primary enzyme in
charge of prostacyclin synthesis and prostacyclin synthase, thereby reducing prostacyclin
circulating levels [15]. These three conventional pathways are displayed in Figure 1.
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Figure 1. Three conventional pathways in PAH pathogenesis. In the endothelin pathway, vascular
endothelial cells release endothelin-1, which induces vascular smooth muscle proliferation and
vasoconstriction. In the NO/cGMP and prostacyclin pathway, the functional anti-proliferative and
vasodilative ability of NO and prostacyclin signaling are hindered by PDE5 and prostacyclin synthase
deficiency, respectively, which result in vascular smooth muscle proliferation and vasoconstriction,
and further PAH pathogenesis. Red arrow: downregulated; Black arrow: upregulated.

During PAH pathogenesis, the platelet-derived growth factor (PDGF) has been iden-
tified as a major trigger of unregulated PASMCs’ proliferation and migration, leading to
vascular remodeling via highly selective receptor tyrosine kinases [16]. The PDGF is a
major mitogen, which consists of two structurally similar polypeptides (A and B chains) to
form homo- or heterodimers. The PDGF stimulates its tyrosine kinase receptors, including
the PDGFRα and the PDGFRβ, which further promotes the cell growth of the PASMCs
and endothelial cells. Both the PDGF and PDGFR expressions have been confirmed to be
increased in the pulmonary arteries of PAH patients (Figure 2A).

A reduction in the functional protein of the bone morphogenetic protein (BMP) and
mutations of the BMP receptor 2 (BMPR2) have also been suggested to play a crucial role
in PAH development. The BMP and BMPR2 serve as antagonists to transforming the
growth factor β (TGFβ) pathways. The BMP2-BMPR2 counteracts the pro-proliferative
TGFβ1 signaling by physically interacting with Smad3 and Stat3 to disturb the TGFβ1-
Stat3-Forkhead box O1 (FoxO1) axis in PASMCs [17]. Since TGFβ1 signaling was found
to be highly expressed in both experimental animal models and clinical PAH patients,
therefore, deviant BMP signaling and epigenetic dysregulation promote cell proliferation,
which dramatically increases the risk of PAH pathogenesis [18] (Figure 2B).
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3. Similarities between PAH and Cancer
3.1. Warburg Effect

The proliferative properties and mechanisms of PAH were first described to be cancer-
like by Rubin Tuder in 1998. The irreversible microvascular remodeling of PAH consists of
pulmonary arterial wall thickening caused by the uncontrolled proliferation, migration,
and diminished apoptosis of PASMCs [19]. An abnormal metabolic alteration of pulmonary
artery smooth muscle cells (PASMCs), called the Warburg Effect, has been described to re-
semble cancer as the cells are more inclined to enter the anaerobic respiratory pathway with
upregulated glycolysis as opposed to mitochondrial respiration [20]. Proliferating PASMCs
exhibit an upregulated glycolysis for the major source of adenosine triphosphate (ATP)
production instead of suppressed mitochondrial glucose oxidation [21]. The upregulation
of the pyruvate dehydrogenase kinase expression suppresses oxidative phosphorylation
and inhibits pyruvate dehydrogenase (PDH) [22]. The cell metabolism then shifts to rely
more on glycolysis, which accelerates proliferation and evades mitochondrial apoptosis.
Moreover, PAH and cancer cells further achieve proliferation and oppose cell death signals
by way of increasing fatty acid synthesis and glutamine metabolism [23].

3.2. Mitochondrial Dysfunction

In the metabolism of healthy cells, mitochondria are constantly undergoing fusion
and fission. However, mitochondrial fission and fragmentation are observed in PAH cells,
which are patterns similarly seen in various cancer cells [24]. The ratio of dysfunctional
mitochondria is increased in PAH cells, which leads to cellular toxicity [19]. While the
Warburg metabolism is usually associated with the PASMCs of PAH patients, their pul-
monary artery endothelial cells, adventitial fibroblasts, and even cardiomyocytes have also
been observed to undergo similar metabolic alterations [18]. In preclinical studies, positron
emission tomography even revealed an increase in fluorodeoxyglucose uptake in the right
ventricle and lungs of PAH patients, which was attributed to the Warburg metabolism [25].
Dysregulated BMP signaling, due to the mutation of the BMPR2, has been demonstrated to
be the reason for mitochondrial dysfunction in PAH development. The BMP2 serves as an
inhibitory regulator of TGFβ1-induced mitochondrial respiration in PASMCs. Suppress-
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ing the BMPR2 in pulmonary artery endothelial cells induced mitochondrial fission and
triggered enhanced glycolysis [26]. Despite the key difference between PAH from cancer
cells, being the result of the excessive proliferation of endothelial cells, muscle cells, and
fibroblasts, as opposed to cancer cells, the PASMCs in PAH pathogenesis and cancer cells
share numerous similarities (Table 1).

Table 1. Similarities between PASMCs in PAH pathogenesis and cancer cells.

PASMCs in PAH Cancer Cells

Cell proliferation ↑ ↑
Cell migration ↑ ↑
Cell apoptosis ↓ ↓
Glycolysis ↑ ↑
Fatty acid synthesis ↑ ↑
Glutamine metabolism ↑ ↑
Mitochondrial respiration ↓ ↓

4. Current Strategies in PAH Therapeutics
4.1. Conventional Treatment

The conventional treatment of PAH mostly relies on supportive measures, including
supervised rehabilitation, birth control advice, and oxygen supplementation. Patient educa-
tion on salt and fluid restriction is important in decreasing volume overload in the already
compromised ventricular reserve [18]. Rehabilitation through exercise training is highly
encouraged in PAH [27], often in the form of low-intensity aerobic exercises to avoid induc-
ing syncope. When the oxygen saturation level drops below 90%, supplemental oxygen
therapy should be provided to restore exercise capacity [28]. In light of the correlation
between pregnancy and high mortality in PAH, birth control measures are strongly advised
in women in the reproductive age group [29]. With hysteroscopic sterilization being the
favored option for contraception, progesterone-only intrauterine devices, pills, and tubal
ligation can also be considered [30]. However, contraceptives that contain estrogen and
progesterone are contraindicated due to the elevated risk of thrombosis [30].

4.2. Background Therapies

In addition to providing supportive measures, background therapies can be imple-
mented for the management of PAH-related symptoms and signs. With the effect of
decreasing volume overload, diuretics are prescribed to alleviate venous congestion caused
by RVF [31]. In spite of the short-term effects of increasing the right ventricular contractility
and cardiac output seen in hemodynamic studies, digoxin has not yet been proven to be
beneficial for long-term use in PAH [32]. Besides right ventricular dysfunction, vascular
thrombosis can often be found in the small pulmonary vessels of PAH patients [33]. An-
ticoagulation therapy with warfarin has been demonstrated to improve the survival rate
in several prospective and retrospective studies [34]. Long-term use of warfarin therapy
has been recommended in IPAH, heritable PAH, or anorexigen-induced PAH patients to
reach an international normalized ratio goal of 1.5–2.5 [35]. Nevertheless, some registry
studies failed to prove the benefits of anticoagulation therapy, particularly in patients with
associated pulmonary arterial hypertension (APAH) [36].

5. Targeted Therapies in PAH Therapeutics
5.1. Introduction

Targeted therapy is a type of treatment primarily employed in cancer therapy, which
uses drugs or substances designed to precisely “target” specific proteins or genes that are
abnormally altered in pathological aberrant cells during pathogenesis. This therapeutic
modality also serves to influence various cell consequences, including the suppression
of cell proliferation, migration, and/or the promotion of cell apoptosis. In recent times,
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the consideration of resorting to targeted therapy in PAH therapeutics has gained greater
traction and garnered unprecedented attention.

5.2. Pharmacological Agents for the Three Major Cellular Signaling Pathways

Regarding PAH-specific therapies, there are five classes of pharmacological agents
that target the three major cellular signaling pathways: (1) the endothelin pathway, (2) the
NO/cGMP pathway, and (3) the prostacyclin pathway [11]. In the endothelin pathway, as
endothelin-1 induces cell proliferation in vascular smooth muscle cells and further leads to
vascular remodeling, a blockade of this pathway, using endothelin receptor antagonists,
such as ambrisentan, bosentan, and macitentan, can induce pulmonary vasodilation. Simi-
larly, endothelin receptor antagonists (Bosentan) non-selectively target endothelin receptors
type A and B (ETA and ETB) or selectively target ETA receptors (Aambrisentan, Macitentan)
to block this pathway, hence causing pulmonary vasodilation [10,35].

In the NO/cGMP pathway, PDE type 5 inhibitors (Tatalafil and Sildenafil) hamper
the metabolic activity of cGMP so as to enhance the vasodilatory properties of NO and the
natriuretic peptides, while sGC stimulators or activators (Riociguat) increase the activity
of sGC and cGMP synthesis to cause smooth muscle relaxation and vasodilation [12].
From two of our previous studies, we also reported that using the glucagon-like peptide-1
receptor (GLP-1R) agonist, liraglutide, which is widely applied in diabetes therapeutics,
could prevent and reverse monocrotaline (MCT)-induced PAH by suppressing ET-1 and
enhancing the eNOS/sGC/PKG pathways [37]. Interestingly, liraglutide was also disclosed
to ameliorate PAH by interfering with the Drp1/NOX- and Atg-5/Atg-7/Beclin-1/LC3β
pathways, which are involved in autophagy [38].

In the prostacyclin pathway, the prostacyclin serves as a vasodilator with antithrom-
botic properties. The administration of a prostacyclin receptor agonist or a prostacyclin
derivative rescues the decreased prostacyclin synthase and the reduced circulating prosta-
cyclin in PAH and, thereby, is considered a strategy against PAH [11]. Both parenteral
prostacyclin analogues (Epoprostenol, Treprostinil, and Iloprost) and the oral prostacyclin
receptor agonist (Selexipag) serve to increase prostacyclin signaling [10,35].

5.3. Calcium-Channel Blockade

Specific therapy can also target a fourth relevant molecular pathway, namely the
voltage-gated, L-type calcium channels. For idiopathic PAH (IPAH), calcium-channel block-
ers (CCB) proved to be effective in extending long-term survival [39]. CCBs (amlodipine,
nifedipine, and diltiazem) are indicated only in PAH patients with a positive vasodilator
test, who only represent 5–10% of all cases and can have a five-year survival rate of 90%
with CCB monotherapy [40]. During therapy with CCBs, patients are closely monitored
for its therapeutic effect and, if symptoms deteriorate, are timely switched to PAH-specific
therapies [41].

5.4. The Inadequacy of Current PAH Management

The current consensus-based practice recommendations for the management of pa-
tients with PAH were firstly established by the European Society of Cardiology (ESC)
and the European Respiratory Society (ERS) and later renovated in 2018 to include new
evidence [42]. Therefrom, an initial combination therapy, instead of monotherapies, be-
comes the standard approach in newly diagnosed classic PAH patients without significant
cardiopulmonary comorbidities. For instance, oral combination therapy with endothelin
receptor antagonists and PDE type 5 inhibitors, or soluble guanylate cyclase stimulators,
respectively, are recommended to PAH patients with a low or intermediate risk based on the
risk assessment in the European guidelines. For patients who are assessed to be high risk,
triple combination therapy, including a subcutaneous or intravenous prostacyclin analogue,
should be deliberately considered. Furthermore, as reported by clinical trials, improvement
in patient outcomes also demonstrates the necessity of targeting multiple pathways in
PAH via the use of combination drug therapy [43]. Despite the improvement in functional
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capacity and hemodynamics, as well as a reduction in hospital admissions by medical
therapy, the aforementioned vasodilating agents are extremely costly yet still not curative
as they do not target key features of PAH pathogenesis and cannot significantly decrease
mortality [18]. During the past two decades, more than ten drugs have been developed
and approved for the treatment of PAH. However, only intravenous epoprostenol was
reported to be able to reduce mortality [11]. When pharmacological treatment fails, surgical
intervention only by lung transplantation becomes the last resort, which unfortunately
is often unavailable to many patients due to a dearth of organ donors. Therefore, new
promising targets in treating PAH are in urgent need.

6. Targets under Consideration
6.1. Platelet-Derived Growth Factor Receptor

Given the fact that the PDGF is the predominant trigger in PASMCs’ proliferation and
migration [16], it is not surprising that using receptor tyrosine kinase inhibitors, such as
imatinib against the PDGF receptor (PDGFR), has been regarded as an attractive strategy to
treat PAH. Imatinib was reported to not only reverse experimental pulmonary hypertension
in the rat disease model, but also suggested having hemodynamic improvements in patients
with end-stage PAH [44], although the side effects are due to a lack of selective kinase
inhibition narrow the clinical utility of imatinib. Similarly, the Phase II studies initiated
by Novartis of nilotinib, a non-selective PDGFR, were terminated due to the reveal of
significant cardiovascular adverse events [45].

6.2. PI3K/AKT Signaling Cascades

Aberrant cell migration and excessive proliferation of PASMCs are the critical patholog-
ical features of PAH; targeting cell migration and proliferation has been widely recognized
as a therapeutic strategy against PAH. Among these, the published literature highlights
the importance of the phosphoinositide 3-kinases (PI3K)-AKT signaling cascade in the
pathological development of PAH. The PI3K/AKT pathway has been well disclosed to con-
tribute to cell proliferation and cell survival in various cell types, including PASMCs [46].
Suppressing the PI3K/AKT by using the small molecular inhibitor, LY294002, has been
previously demonstrated to reverse hypoxia-induced anti-apoptotic PASMCs proliferation
in response to hypoxic conditions [47]. Pharmacological studies of multi-kinase inhibitors,
such as sorafenib, were also evidenced to show therapeutic benefits in reducing and revers-
ing the progress of MCT-induced PAH in rat models [48]. The knockout of the Akt1 gene in
mice was also reported to attenuate pulmonary vascular remodeling and to reduce the wall
thickness of the pulmonary artery, which reflects its protective effect against the disease
course of hypoxia-induced pulmonary hypertension [49]. Furthermore, the mammalian
target of rapamycin (mTOR), one of the major downstream effectors of the PI3K/AKT path-
way, which implicates cell proliferation, migration, differentiation, and protein synthesis,
was also examined as a target in PAH therapeutics. Strong evidence has highlighted the
pathogenic role of mTOR in promoting PASMCs’ proliferation and pulmonary vascular
remodeling in both clinical and experimental PAH models [50]. Attempting to treat PAH
by using the mTOR inhibitor rapamycin can be traced back to 2001. Administration with
rapamycin at the dose of 1–5 mg/kg/day exhibited a significant inhibitory effect on the
development of MCT-induced PAH in both prevention and reversal models, and the results
were more potent than that treated with imatinib [51]. This result suggests that mTOR
could be the therapeutic target for developing a strategy against PAH if a more specific and
selective drug is to be used.

6.3. Regulators in Glycolytic Metabolism

Notably, a cancer-like transformed glucose metabolism has recently been noticed as
a feature in PAH pathogenesis. A glycolytic gene overexpression has been discovered
in the pulmonary artery fibroblasts of PAH patients [52]. The treatment of PAH, thus,
implicates the importance of targeting the main regulators of glucose uptake as glycolysis-
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related signaling pathways may be the key to suppressing the development of PAH. For
instance, dichloroacetate (DCA), an inhibitor of the pyruvate dehydrogenase kinase, has
been approved to activate pyruvate dehydrogenase (PDH, a gatekeeping enzyme of glu-
cose oxidation) and increase mitochondrial respiration, which further reduces the mean
PA pressure and pulmonary vascular resistance and improves the functional capacity in
idiopathic PAH patients [37]. Similarly, studies revealed that the activity of hexokinase
2 (HK-2) is significantly increased in abnormally proliferating cells rather than in normal
cells [53]. HK-2 plays a first rate-limiting role in glycolysis for energy supply in these
rapid-growing cells. Therefore, using the non-coding micro-RNA, miR125a-5p, to target
HK-2 was also reported to inhibit glycolysis, which further improves PAH [54].

6.4. Heat Shock Protein (HSP) 90

Recently, consideration of targeting heat shock protein 90 (HSP90), an essential molec-
ular chaperone, as a therapeutic strategy against PAH has arisen [55]. HSP90 was observed
to be upregulated in both the plasma and membrane walls of pulmonary arterioles in
PAH patients [56]. The level of HSP90 has been reported to be positively correlated to
not only cell proliferation under stress conditions but also the mean pulmonary arterial
pressure, therefore implying this ubiquitous chaperone protein is also involved in PAH
pathogenesis [56,57]. Using 17-AAG, an HSP90-inhibitor, was evidenced to alleviate an
MCT-induced PAH in vivo by improving pulmonary arteriole remodeling [56]. Intrigu-
ingly, Boucherat et al. reported that mitochondrial, but not cytosolic HSP90 accumulation,
promotes cell survival and vascular remodeling in PAH-PASMCs [57]. This suggests that
mitochondria may play a more critical role in PAH pathogenesis than what we have already
known. According to their report, selectively inhibiting mitochondrial HSP90 by using
gamitrinib, a mitochondrial matrix inhibitor, was demonstrated to reduce cell proliferation
and resistance to apoptosis in PAH-PASMCs in vitro [57]. In an experimental MCT-induced
PAH rat model, the gamitrinib has also been confirmed to improve PAH in vivo [57].

6.5. High-Mobility Group Box-1 (HMGB1)

Aberrantly elevated high-mobility group box-1 (HMGB1), a critical inflammatory
cytokine, with down-regulated BMPR2 and dysregulated mitochondrial fission due to the
excessive activation of the GTPase dynamin-related protein 1 (Drp1) have been observed in
PAH patients [58,59]. While the in vitro incubation of HMGB1 triggers significant cell prolif-
eration and migration in PASMCs, using the HMGB1 inhibitors, saquinavir and glycyrrhizn,
can restore these pathogenic PAH phenotypes [59]. Feng et al. have further demonstrated
that HMGB1 activated ERK1/2 to phosphorylate Drp1 and, subsequently, triggered au-
tophagy, which resulted in the lysosomal degradation of BMPR2, and, eventually, induced
cell proliferation and migration in PASMCs [58]. The pharmacological inhibition of HMGB1
by glycyrrhizin, the suppression of the ERK1/2 activity, and the knockdown of Drp1, or
its disturbed autophagy by chloroquine, either reversed the HMGB1-induced PASMCs’
proliferation/migration in vitro or prevented the MCT-induced PAH development in ani-
mals [58]. This may also explain why liraglutide, a drug in diabetic treatment, exhibited
a therapeutic consequence in PAH, as aforementioned [29,30]. Altogether, these studies
emphatically indicate that targeting HMGB1 and its downstream regulators could be a
novel therapeutic strategy in PAH treatments.

6.6. Bromodomain and Extra-Terminal (BET) Proteins

A bromodomain and extra-terminal (BET) protein binds acetylated lysine residues
on histone via its two N-terminal bromodomains (BD1 and BD2) with an extra-C terminal
domain to recruit transcriptional activators for the initiation of transcription [60]. Therefore,
using BET inhibitors to disrupt the initial binding of BET proteins to acetylated histones
and arrest the transcriptional cascade of oncogenes has been utilized in cancer therapy. The
disruption of BET binding significantly reduces cell proliferation and triggers apoptosis
in various hematologic malignancies [60]. Recently, bromodomain-containing protein-
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4 (BRD4), one of the four conserved mammalian BET members, was identified to be
increased in PAH pathogenesis [61]. A multicenter validation of using RVX208, a clinically
available BET inhibitor, was demonstrated to reveal significant therapeutic benefits in
PAH treatment. The administration of RVX208 not only reversed cell hyperproliferation
but also improved pulmonary hemodynamics and decreased vascular remodeling in both
hypoxia- and MCT-induced PAH models in vivo [62]. Furthermore, an oral administration
of RVX208 (Apabetalone) is currently undergoing a phase one: https://clinicaltrials.gov/
ct2/show/NCT03655704 (accessed on 14 May 2022) and a phase two: https://clinicaltrials.
gov/ct2/show/NCT04915300 (accessed on 14 May 2022) clinical trial to investigate the
efficacy and safety of targeting BRD4 in PAH therapy.

6.7. p53

p53 is a tumor suppressor gene that widely participates in various cellular regula-
tions, including cell cycle coordination, the activation of DNA repair when DNA has
sustained damages, and the initiation of apoptosis, should the damage become irreparable.
Since p53 exhibits activity in the growth-suppressive and pro-apoptotic effects in cancer,
the role of p53 in cancer-like PAH pathogenesis has been noticed. p53 functions as a
transcription factor and was recently observed to be associated with PAH-related DNA
damage in endothelial dysfunction [63]. Disturbed p53 function was noted in pulmonary
artery endothelial cells in clinical PAH, and an experimental murine hypoxia-induced
PH model also revealed that the genetic depletion of p53 resulted in more severe lung
manifestations [42,64]. Silencing p53 in PASMCs has also been documented to result in a
cancer-like proliferative phenotype with enhanced glycolysis and reduced mitochondrial
respiration [53]. A chronic administration of pifithrin-α (PFT, an inhibitor of p53 activity) is
sufficient to trigger PAH development in rat models [65]. Furthermore, p53 was reported to
be able to activate HSP90 via Aha1, the activator of HSP90, and suppress the PDGFR [66,67].
It is expected, therefore, that the pharmacological induction of the p53 expression/activity
by using CP-31398, a p53 stabilizing agent, may be another approach to treat PAH. The
potential targets in PAH-targeted therapy and their clinical significances or therapeutic
benefits are displayed in Table 2.

Table 2. The potential targets in PAH-targeted therapy and their clinical significances. (Numbers in
parentheses denote the reference numbers).

Target Drug Clinical Significance/Therapeutic Benefits

PDGF receptor
[44,45]

Imatinib

RVSP↓
PAP↓
RV hypertrophy↓
Pulmonary vascular remodeling↓

Nilotinib Terminated due to severe adverse events

PI3K/AKT pathway
[47,48]

LY294002 Cell proliferation↓

Sorafenib

RVSP↓
RV hypertrophy↓
Pulmonary vascular remodeling↓
Cell proliferation↓
Cell apoptosis↑

Rapamycin

PAP↓
RVSP↓
RV hypertrophy↓
Pulmonary vascular remodeling↓
Cell proliferation↓

https://clinicaltrials.gov/ct2/show/NCT03655704
https://clinicaltrials.gov/ct2/show/NCT03655704
https://clinicaltrials.gov/ct2/show/NCT04915300
https://clinicaltrials.gov/ct2/show/NCT04915300
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Table 2. Cont.

Target Drug Clinical Significance/Therapeutic Benefits

Glycolytic metabolism
[53,54]

Dichloroacetate
Mitochondrial respiration↑
mPAP↓
PVR↓

miR125a-5p

MCT-induced PASMCs glycolysis↓
MCT-induced PASMCs proliferation↓
RV hypertrophy↓
mPAP↓

HSP90 [56,57]

17-AAG
Pulmonary vascular remodeling↓
Cell proliferation↓
Cell migration↓

Gamitrinib

Cell proliferation↓
Cell apoptosis↑
mPAP↓
RVSP↓
Pulmonary vascular remodeling↓

HMGB1 [58,59]

Saquinavir Hemodynamic parameters↓
Pulmonary vascular remodeling↓

Glycyrrhizn Hemodynamic parameters↓
Pulmonary vascular remodeling↓

BET proteins [61,62] Apabetalone
(RVX208)

Cell proliferation↓
Cell apoptosis↑
Hemodynamics parameters↓
Pulmonary vascular remodeling↓

p53 activation [66] CP-31398 HSP90 activity↓

7. Conclusions

Understanding the pathogenesis of PAH and the underlying pathways that dictate the
progression of this disease is of paramount importance to designing clinical studies in search
of an effective remedy. In this review, we surveyed the current literature investigating PAH
pathogenesis and the therapeutic management of PAH. We conducted an updated literature
review to summarize and discuss the potential therapeutic targets to be employed against
PAH, including PDGF/PDGFR signaling, the PI3K/AKT pathway, regulators in glycolytic
metabolism, HSP90, HMGB1, BET proteins, and p53. In addition to the three major
conventional pathways already used in PAH therapy, targeting PDGF/PDGFR signaling,
regulators in glycolytic metabolism, PI3K/AKT pathways, mitochondrial HSP90, HMGB1,
and BET proteins by using their specific inhibitors, or a pharmacological induction of the
p53 expression, could be attractive strategies for treating PAH (Figure 3). These treatments
not only exhibited antiproliferative effects in vitro, but also revealed a clinical therapeutic
potential in reversing PAH-caused pulmonary vascular remodeling and normalizing the
hemodynamic parameters. We suppose that using clinical drugs, such as liraglutide and
apabetalone, which are currently applied in other diseases, such as cancers and diabetes,
but yet irrelevant to PAH treatments, might be considered in PAH therapeutics, at least
as a part of combination therapy if the targets of the drug are overlapped and involved
in PAH pathogenesis. Hopefully, any efforts made along the way would be beneficial for
developing future strategies to overcome the still insurmountable clinical challenges posed
by this deadly disorder.
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Figure 3. The graphic summary of the pathogenesis of PAH and the potential therapeutic targets
in treating PAH. Three major cellular signaling pathways have been conventionally identified for
targeted therapy in pulmonary arterial hypertension (PAH): (1) The endothelin pathway, (2) nitric
oxide (NO)/cyclic guanosine, the monophosphate (cGMP) pathway, and (3) the prostacyclin pathway.
In combination, abnormalities in these pathways contribute to PAH pathogenesis caused by vascular
remodeling as a result of the proliferation and migration of pulmonary arterial smooth muscle cells
(PASMCs). Receptor tyrosine kinase inhibitors (Imatinib, Nilotinib) are used to reduce the effect of
platelet-derived growth factor receptors (PDGFR), which are the predominant triggers of unregu-
lated PASMCs’ proliferation and migration, leading to vascular remodeling. 17-AAG, a heat shock
protein 90 (HSP90)-inhibitor, and gamitrinib, a mitochondrial matrix inhibitor, can be used to down-
regulate HSP90, thereby reducing cell proliferation. Saquinavir and glycyrrhizn can also decrease
cell proliferation and migration in PASMCs by inhibiting the high-mobility group box-1 (HMGB1).
Pharmacological induction of the p53 expression/activity by using a p53 stabilizing agent, CP-31398,
can also counteract the effect of p53 silencing or deficiency. Apabetalone, the orally available bromod-
omain and extra-terminal motif (BET) inhibitor, blocks the binding between acetylation on chromatin
histones and BET proteins, which normalizes hemodynamics parameters and pulmonary vascular
remodeling in PAH. Suppressing PI3K/AKT by using the small molecular inhibitor, LY294002, may
also reverse hypoxia-induced anti-apoptotic PASMCs’ proliferation, as well as inhibit the mammalian
target of rapamycin (mTOR), one of the major downstream effectors of the PI3K/AKT pathway,
via rapamycin. Dichloroacetate (DCA) and the non-coding micro-RNA, miR125a-5p, targeting
hexokinase 2, can decrease glycolysis while increasing mitochondrial respiration.

Author Contributions: Conceptualization, Y.-C.W.; writing—original draft preparation, M.-C.W.H.
and W.-T.W.; writing—review and editing, M.-C.W.H., J.-L.Y., C.-Y.L., Y.-R.K., S.-S.L. and M.-F.H.;
supervision, Y.-C.W.; funding acquisition, Y.-C.W. All authors have read and agreed to the published
version of the manuscript.



Biomedicines 2022, 10, 1415 12 of 15

Funding: This research was funded by the Kaohsiung Municipal Ta-Tung Hospital, grant number
kmtth-103-001, the Kaohsiung Medical University Hospital, grant number 109-9M29 and kmuh-110-
0T08, and the Ministry of Science and Technology, grant number MOST 109-2314-B-650-010.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Guignabert, C.; Tu, L.; Le Hiress, M.; Ricard, N.; Sattler, C.; Seferian, A.; Huertas, A.; Humbert, M.; Montani, D. Pathogenesis of

pulmonary arterial hypertension: Lessons from cancer. Eur. Respir. Rev. 2013, 22, 543–551. [CrossRef] [PubMed]
2. Humbert, M.; Morrell, N.; Archer, S.L.; Stenmark, K.R.; MacLean, M.; Lang, I.M.; Christman, B.W.; Weir, E.; Eickelberg, O.;

Voelkel, N.F.; et al. Cellular and molecular pathobiology of pulmonary arterial hypertension. J. Am. Coll. Cardiol. 2004, 43,
S13–S24. [CrossRef] [PubMed]

3. Sherman, A.E.; Saggar, R.; Channick, R.N. Update on Medical Management of Pulmonary Arterial Hypertension. Cardiol. Clin.
2021, 40, 13–27. [CrossRef] [PubMed]

4. Galiè, N.; McLaughlin, V.V.; Rubin, L.J.; Simonneau, G. An overview of the 6th World Symposium on Pulmonary Hypertension.
Eur. Respir. J. 2019, 53, 1802148. [CrossRef] [PubMed]

5. Simonneau, G.; Montani, D.; Celermajer, D.; Denton, C.P.; Gatzoulis, M.A.; Krowka, M.; Williams, P.G.; Souza, R. Haemodynamic
definitions and updated clinical classification of pulmonary hypertension. Eur. Respir. J. 2019, 53, 1801913. [CrossRef]

6. Li, L.; Jick, S.; Breitenstein, S.; Hernandez, G.; Michel, A.; Vizcaya, D. Pulmonary arterial hypertension in the USA: An
epidemiological study in a large insured pediatric population. Pulm. Circ. 2017, 7, 126–136. [CrossRef]

7. Benza, R.L.; Miller, D.P.; Gomberg-Maitland, M.; Frantz, R.P.; Foreman, A.J.; Coffey, C.S.; Frost, A.E.; Barst, R.J.; Badesch, D.B.;
Elliott, C.G.; et al. Predicting survival in pulmonary arterial hypertension: Insights from the registry to evaluate early and
long-term pulmonary arterial hypertension disease management (REVEAL). Circulation 2010, 122, 164–172. [CrossRef]

8. Kurakula, K.; Smolders, V.F.E.D.; Tura-Ceide, O.; Jukema, J.W.; Quax, P.H.A.; Goumans, M.J. Endothelial dysfunction in
pulmonary hypertension: Cause or consequence? Biomedicines 2021, 9, 57. [CrossRef]

9. Santos-Ribeiro, D.; Mendes-Ferreira, P.; Maia-Rocha, C.; Adão, R.; Leite-Moreira, A.F.; Brás-Silva, C. Pulmonary arterial
hypertension: Basic knowledge for clinicians. Arch. Cardiovasc. Dis. 2016, 109, 550–561. [CrossRef]

10. Sommer, N.; Ghofrani, H.A.; Pak, O.; Bonnet, S.; Provencher, S.; Sitbon, O.; Rosenkranz, S.; Hoeper, M.M.; Kiely, D.G. Current and
future treatments of pulmonary arterial hypertension. J. Cereb. Blood Flow Metab. 2020, 178, 6–30. [CrossRef]

11. Vazquez, Z.G.S.; Klinger, J.R. Guidelines for the Treatment of Pulmonary Arterial Hypertension. Lung 2020, 198, 581–596.
[CrossRef] [PubMed]

12. Humbert, M.; Sitbon, O.; Simonneau, G. Treatment of pulmonary arterial hypertension. N. Engl. J. Med. 2004, 351, 1425–1436.
[CrossRef] [PubMed]

13. Mehta, S. Sildenafil for pulmonary arterial hypertension: Exciting, but protection required. Chest 2003, 123, 989–992. [CrossRef]
[PubMed]

14. Wharton, J.; Strange, J.W.; Møller, G.M.O.; Growcott, E.J.; Ren, X.; Franklyn, A.P.; Phillips, S.C.; Wilkins, M.R. Antiproliferative
Effects of Phosphodiesterase Type 5 Inhibition in Human Pulmonary Artery Cells. Am. J. Respir. Crit. Care Med. 2005, 172, 105–113.
[CrossRef]

15. Christman, B.W.; McPherson, C.D.; Newman, J.H.; King, G.A.; Bernard, G.R.; Groves, B.M.; Loyd, J.E. An Imbalance between the
Excretion of Thromboxane and Prostacyclin Metabolites in Pulmonary Hypertension. N. Engl. J. Med. 1992, 327, 70–75. [CrossRef]

16. Zhao, F.-Y.; Xu, S.-L.; Zhang, C.-F.; Liu, J.; Zhang, Y.; Yang, J.; Xing, X.-Q. PDGF mediates pulmonary arterial smooth muscle cell
proliferation and migration by regulating NFATc2. Mol. Med. Rep. 2020, 23, 39. [CrossRef]

17. Calvier, L.; Chouvarine, P.; Legchenko, E.; Hoffmann, N.; Geldner, J.; Borchert, P.; Jonigk, D.; Mozes, M.M.; Hansmann, G. PPARγ
links BMP2 and TGFβ1 pathways in vascular smooth muscle cells, regulating cell proliferation and glucose metabolism. Cell
Metab. 2017, 25, 1118–1134.e7. [CrossRef]

18. Thenappan, T.; Ormiston, M.; Ryan, J.J.; Archer, S.L. Pulmonary arterial hypertension: Pathogenesis and clinical management.
BMJ 2018, 360, j5492. [CrossRef]

19. Boucherat, O.; Vitry, G.; Trinh, I.; Paulin, R.; Provencher, S.; Bonnet, S. The cancer theory of pulmonary arterial hypertension.
Pulm. Circ. 2017, 7, 285–299. [CrossRef]

20. Paulin, R.; Michelakis, E.D. The Metabolic Theory of Pulmonary Arterial Hypertension. Circ. Res. 2014, 115, 148–164. [CrossRef]
21. Michelakis, E.D.; Gurtu, V.; Webster, L.; Barnes, G.; Watson, G.; Howard, L.; Cupitt, J.; Paterson, I.; Thompson, R.B.; Chow, K.;

et al. Inhibition of pyruvate dehydrogenase kinase improves pulmonary arterial hypertension in genetically susceptible patients.
Sci. Transl. Med. 2017, 9, eaao4583. [CrossRef] [PubMed]

http://doi.org/10.1183/09059180.00007513
http://www.ncbi.nlm.nih.gov/pubmed/24293470
http://doi.org/10.1016/j.jacc.2004.02.029
http://www.ncbi.nlm.nih.gov/pubmed/15194174
http://doi.org/10.1016/j.ccl.2021.08.002
http://www.ncbi.nlm.nih.gov/pubmed/34809914
http://doi.org/10.1183/13993003.02148-2018
http://www.ncbi.nlm.nih.gov/pubmed/30552088
http://doi.org/10.1183/13993003.01913-2018
http://doi.org/10.1086/690007
http://doi.org/10.1161/CIRCULATIONAHA.109.898122
http://doi.org/10.3390/biomedicines9010057
http://doi.org/10.1016/j.acvd.2016.03.004
http://doi.org/10.1111/bph.15016
http://doi.org/10.1007/s00408-020-00375-w
http://www.ncbi.nlm.nih.gov/pubmed/32671468
http://doi.org/10.1056/NEJMra040291
http://www.ncbi.nlm.nih.gov/pubmed/15459304
http://doi.org/10.1378/chest.123.4.989
http://www.ncbi.nlm.nih.gov/pubmed/12684284
http://doi.org/10.1164/rccm.200411-1587OC
http://doi.org/10.1056/NEJM199207093270202
http://doi.org/10.3892/mmr.2020.11677
http://doi.org/10.1016/j.cmet.2017.03.011
http://doi.org/10.1136/bmj.j5492
http://doi.org/10.1177/2045893217701438
http://doi.org/10.1161/CIRCRESAHA.115.301130
http://doi.org/10.1126/scitranslmed.aao4583
http://www.ncbi.nlm.nih.gov/pubmed/29070699


Biomedicines 2022, 10, 1415 13 of 15

22. McMurtry, M.S.; Bonnet, S.; Wu, X.; Dyck, J.R.; Haromy, A.; Hashimoto, K.; Michelakis, E.D. Dichloroacetate Prevents and
Reverses Pulmonary Hypertension by Inducing Pulmonary Artery Smooth Muscle Cell Apoptosis. Circ. Res. 2004, 95, 830–840.
[CrossRef] [PubMed]

23. Hensley, C.T.; Wasti, A.T.; DeBerardinis, R.J. Glutamine and cancer: Cell biology, physiology, and clinical opportunities. J. Clin.
Investig. 2013, 123, 3678–3684. [CrossRef] [PubMed]

24. Ryan, J.J.; Marsboom, G.; Fang, Y.-H.; Toth, P.; Morrow, E.; Luo, N.; Piao, L.; Hong, Z.; Ericson, K.; Zhang, H.J.; et al. PGC1α-
mediated Mitofusin-2 Deficiency in Female Rats and Humans with Pulmonary Arterial Hypertension. Am. J. Respir. Crit. Care
Med. 2013, 187, 865–878. [CrossRef] [PubMed]

25. Marsboom, G.; Wietholt, C.; Haney, C.R.; Toth, P.T.; Ryan, J.J.; Morrow, E.; Thenappan, T.; Bache-Wiig, P.; Piao, L.; Paul, J.; et al.
Lung18F-Fluorodeoxyglucose Positron Emission Tomography for Diagnosis and Monitoring of Pulmonary Arterial Hypertension.
Am. J. Respir. Crit. Care Med. 2012, 185, 670–679. [CrossRef]

26. Diebold, I.; Hennigs, J.K.; Miyagawa, K.; Li, C.G.; Nickel, N.P.; Kaschwich, M.; Cao, A.; Wang, L.; Reddy, S.; Chen, P.-I.; et al.
BMPR2 Preserves Mitochondrial Function and DNA during Reoxygenation to Promote Endothelial Cell Survival and Reverse
Pulmonary Hypertension. Cell Metab. 2015, 21, 596–608. [CrossRef]

27. Pandey, A.; Garg, S.; Khunger, M.; Garg, S.; Kumbhani, D.J.; Chin, K.M.; Berry, J.D. Efficacy and safety of exercise training in
chronic pulmonary hypertension: Systematic review and meta-analysis. Circ. Heart Fail. 2015, 8, 1032–1043. [CrossRef]

28. Ulrich, S.; Hasler, E.D.; Saxer, S.; Furian, M.; Müller-Mottet, S.; Keusch, S.; Bloch, K.E. Effect of breathing oxygen-enriched air on
exercise performance in patients with precapillary pulmonary hypertension: Randomized, sham-controlled cross-over trial. Eur.
Heart J. 2017, 38, 1159–1168. [CrossRef]

29. Jais, X.; Olsson, K.M.; Barberà, J.A.; Blanco, I.; Torbicki, A.; Peacock, A.; Vizza, C.D.; Macdonald, P.; Humbert, M.; Hoeper, M.M.
Pregnancy outcomes in pulmonary arterial hypertension in the modern management era. Eur. Respir. J. 2012, 40, 881–885.
[CrossRef]

30. Hemnes, A.R.; Kiely, D.G.; Cockrill, B.A.; Safdar, Z.; Wilson, V.J.; Al Hazmi, M.; Preston, I.R.; MacLean, M.R.; Lahm, T. Statement
on Pregnancy in Pulmonary Hypertension from the Pulmonary Vascular Research Institute. Pulm. Circ. 2015, 5, 435–465.
[CrossRef]

31. Ulrich, S.; Saxer, S.; Hasler, E.D.; Schwarz, E.I.; Schneider, S.R.; Furian, M.; Bader, P.R.; Lichtblau, M.; Bloch, K.E. Effect of
domiciliary oxygen therapy on exercise capacity and quality of life in patients with pulmonary arterial or chronic thromboembolic
pulmonary hypertension: A randomised, placebo-controlled trial. Eur. Respir. J. 2019, 54, 1900276. [CrossRef] [PubMed]

32. Rich, S.; Seidlitz, M.; Dodin, E.; Osimani, D.; Judd, D.; Genthner, D.; McLaughlin, V.; Francis, G. The Short-term Effects of Digoxin
in Patients with Right Ventricular Dysfunction From Pulmonary Hypertension. Chest 1998, 114, 787–792. [CrossRef] [PubMed]

33. Fuster, V.; Steele, P.M.; Edwards, W.D.; Gersh, B.J.; McGoon, M.D.; Frye, R.L. Primary pulmonary hypertension: Natural history
and the importance of thrombosis. Circulation 1984, 70, 580–587. [CrossRef] [PubMed]

34. Frank, H.; Ruber, K.; Mlczoch, J.; Schuster, E.; Gurtner, H.P.; Kneussl, M. The Effect of Anticoagulant Therapy in Primary and
Anorectic Drug-Induced Pulmonary Hypertension. Chest 1997, 112, 714–721. [CrossRef] [PubMed]

35. Galiè, N.; Humbert, M.; Vachiery, J.-L.; Gibbs, S.; Lang, I.M.; Torbicki, A.; Simonneau, G.; Peacock, A.; Vonk Noordegraaf, A.;
Beghetti, M.; et al. 2015 ESC/ERS guidelines for the diagnosis and treatment of pulmonary hypertension: The joint task force
for the diagnosis and treatment of pulmonary hypertension of the european society of cardiology (ESC) and the European
Respiratory Society (ERS): Endorsed by: Association for European Paediatric and Congenital Cardiology (AEPC), International
Society for Heart and Lung Transplantation (ISHLT). Eur. Heart J. 2016, 37, 67–119.

36. Preston, I.R.; Roberts, K.E.; Miller, D.P.; Sen, G.P.; Selej, M.; Benton, W.W.; Hill, N.S.; Farber, H.W. Effect of Warfarin Treatment on
Survival of Patients with Pulmonary Arterial Hypertension (PAH) in the Registry to Evaluate Early and Long-Term PAH Disease
Management (REVEAL). Circulation 2015, 132, 2403–2411. [CrossRef]

37. Lee, M.-Y.; Tsai, K.-B.; Hsu, J.-H.; Shin, S.-J.; Wu, J.-R.; Yeh, J.-L. Liraglutide prevents and reverses monocrotaline-induced
pulmonary arterial hypertension by suppressing ET-1 and enhancing eNOS/sGC/PKG pathways. Sci. Rep. 2016, 6, 31788.
[CrossRef]

38. Wu, Y.C.; Wang, W.T.; Lee, S.S.; Kuo, Y.R.; Wang, Y.C.; Yen, S.J.; Lee, M.Y.; Yeh, J.L. Glucagon-like peptide-1 receptor agonist
attenuates autophagy to ameliorate pulmonary arterial hypertension through Drp1/NOS- and Atg-5/Atg-7/Beclin-1/LC3β
pathways. Int. J. Mol. Sci. 2019, 20, 3435. [CrossRef]

39. Sitbon, O.; Humbert, M.; Jais, X.; Ioos, V.; Hamid, A.M.; Provencher, S.; Garcia, G.; Parent, F.; Hervé, P.; Simonneau, G. Long-
Term Response to Calcium Channel Blockers in Idiopathic Pulmonary Arterial Hypertension. Circulation 2005, 111, 3105–3111.
[CrossRef]

40. Rich, S.; Kaufmann, E.; Levy, P.S. The Effect of High Doses of Calcium-Channel Blockers on Survival in Primary Pulmonary
Hypertension. N. Engl. J. Med. 1992, 327, 76–81. [CrossRef]

41. Montani, D.; Savale, L.; Natali, D.; Jaïs, X.; Herve, P.; Garcia, G.; Humbert, M.; Simonneau, G.; Sitbon, O. Long-term response
to calcium-channel blockers in non-idiopathic pulmonary arterial hypertension. Eur. Heart J. 2010, 31, 1898–1907. [CrossRef]
[PubMed]

42. Hoeper, M.M.; Apitz, C.; Grünig, E.; Halank, M.; Ewert, R.; Kaemmerer, H.; Kabitz, H.-J.; Kähler, C.; Klose, H.; Leuchte, H.; et al.
Targeted therapy of pulmonary arterial hypertension: Updated recommendations from the Cologne Consensus Conference 2018.
Int. J. Cardiol. 2018, 272, 37–45. [CrossRef] [PubMed]

http://doi.org/10.1161/01.RES.0000145360.16770.9f
http://www.ncbi.nlm.nih.gov/pubmed/15375007
http://doi.org/10.1172/JCI69600
http://www.ncbi.nlm.nih.gov/pubmed/23999442
http://doi.org/10.1164/rccm.201209-1687OC
http://www.ncbi.nlm.nih.gov/pubmed/23449689
http://doi.org/10.1164/rccm.201108-1562OC
http://doi.org/10.1016/j.cmet.2015.03.010
http://doi.org/10.1161/CIRCHEARTFAILURE.115.002130
http://doi.org/10.1093/eurheartj/ehx099
http://doi.org/10.1183/09031936.00141211
http://doi.org/10.1086/682230
http://doi.org/10.1183/13993003.002762019
http://www.ncbi.nlm.nih.gov/pubmed/31073087
http://doi.org/10.1378/chest.114.3.787
http://www.ncbi.nlm.nih.gov/pubmed/9743167
http://doi.org/10.1161/01.CIR.70.4.580
http://www.ncbi.nlm.nih.gov/pubmed/6148159
http://doi.org/10.1378/chest.112.3.714
http://www.ncbi.nlm.nih.gov/pubmed/9315805
http://doi.org/10.1161/CIRCULATIONAHA.115.018435
http://doi.org/10.1038/srep31788
http://doi.org/10.3390/ijms20143435
http://doi.org/10.1161/CIRCULATIONAHA.104.488486
http://doi.org/10.1056/NEJM199207093270203
http://doi.org/10.1093/eurheartj/ehq170
http://www.ncbi.nlm.nih.gov/pubmed/20543192
http://doi.org/10.1016/j.ijcard.2018.08.082
http://www.ncbi.nlm.nih.gov/pubmed/30190158


Biomedicines 2022, 10, 1415 14 of 15

43. Humbert, M.; Ghofrani, H.A. The molecular targets of approved treatments for pulmonary arterial hypertension. Thorax 2016, 71,
73–83. [CrossRef] [PubMed]

44. Rabinovitch, M. Molecular pathogenesis of pulmonary arterial hypertension. J. Clin. Investig. 2012, 122, 4306–4313. [CrossRef]
45. Norman, P. Evaluation of WO-2014132220, selective PDGFR inhibitors for the treatment of pulmonary arterial hypertension.

Expert Opin. Ther. Patents 2015, 25, 493–499. [CrossRef]
46. Zhang, S.; Wang, J.; Qi, X.; Tao, X.; Xie, W.; Wan, J.; Shen, Y.H.; Zhai, Z. Plasminogen activator Inhibitor-2 inhibits pulmonary

arterial smooth muscle cell proliferation in pulmonary arterial hypertension via PI3K/Akt and ERK signaling. Exp. Cell Res. 2020,
398, 112392. [CrossRef]

47. Hu, Z.; Song, Q.; Ma, H.; Guo, Y.; Zhang, T.; Xie, H.; Luo, X. TRIM32 inhibits the proliferation and migration of pulmonary artery
smooth muscle cells through the inactivation of PI3K/Akt pathway in pulmonary arterial hypertension. J. Bioenerg. Biomembr.
2021, 53, 309–320. [CrossRef]

48. Leong, Z.P.; Hikasa, Y. Effects of toceranib compared with sorafenib on monocrotaline-induced pulmonary arterial hypertension
and cardiopulmonary remodeling in rats. Vasc. Pharmacol. 2018, 110, 31–41. [CrossRef]

49. Tang, H.; Chen, J.; Fraidenburg, D.R.; Song, S.; Sysol, J.R.; Drennan, A.R.; Offermanns, S.; Ye, R.D.; Bonini, M.G.; Minshall, R.D.;
et al. Deficiency of Akt1, but not Akt2, attenuates the development of pulmonary hypertension. Am. J. Physiol. Cell. Mol. Physiol.
2015, 308, L208–L220. [CrossRef]

50. Babicheva, A.; Makino, A.; Yuan, J. mTOR Signaling in Pulmonary Vascular Disease: Pathogenic Role and Therapeutic Target. Int.
J. Mol. Sci. 2021, 22, 2144. [CrossRef]

51. Houssaini, A.; Abid, S.; Mouraret, N.; Wan, F.; Rideau, D.; Saker, M.; Marcos, E.; Tissot, C.-M.; Dubois-Randé, J.-L.;
Amsellem, V.; et al. Rapamycin Reverses Pulmonary Artery Smooth Muscle Cell Proliferation in Pulmonary Hypertension. Am. J.
Respir. Cell Mol. Biol. 2013, 48, 568–577. [CrossRef] [PubMed]

52. Xiao, Y.; Peng, H.; Hong, C.; Chen, Z.; Deng, X.; Wang, A.; Yang, F.; Yang, L.; Chen, C.; Qin, X. PDGF Promotes the Warburg Effect
in Pulmonary Arterial Smooth Muscle Cells via Activation of the PI3K/AKT/mTOR/HIF-1α Signaling Pathway. Cell. Physiol.
Biochem. 2017, 42, 1603–1613. [CrossRef] [PubMed]

53. Wakasugi, T.; Shimizu, I.; Yoshida, Y.; Hayashi, Y.; Ikegami, R.; Suda, M.; Katsuumi, G.; Nakao, M.; Hoyano, M.;
Kashimura, T.; et al. Role of smooth muscle cell p53 in pulmonary arterial hypertension. PLoS ONE 2019, 14, e0212889.
[CrossRef]

54. Luo, L.; Xiao, L.; Lian, G.; Wang, H.; Xie, L. miR-125a-5p inhibits glycolysis by targeting hexokinase-II to improve pulmonary
arterial hypertension. Aging 2020, 12, 9014–9030. [CrossRef] [PubMed]

55. Hu, L.; Zhao, R.; Liu, Q.; Li, Q. New Insights Into Heat Shock Protein 90 in the Pathogenesis of Pulmonary Arterial Hypertension.
Front. Physiol. 2020, 11, 1081. [CrossRef] [PubMed]

56. Wang, G.; Li, S.; Zhao, Z.-M.; Liu, S.-X.; Zhang, G.-X.; Yang, F.; Wang, Y.; Wu, F.; Zhao, X.-X.; Xu, Z.-Y. Inhibition of heat shock
protein 90 improves pulmonary arteriole remodeling in pulmonary arterial hypertension. Oncotarget 2016, 7, 54263–54273.
[CrossRef] [PubMed]

57. Boucherat, O.; Peterlini, T.; Bourgeois, A.; Nadeau, V.; Breuils-Bonnet, S.; Boilet-Molez, S.; Potus, F.; Meloche, J.; Chabot, S.;
Lambert, C.; et al. Mitochondrial HSP90 Accumulation Promotes Vascular Remodeling in Pulmonary Arterial Hypertension. Am.
J. Respir. Crit. Care Med. 2018, 198, 90–103. [CrossRef]

58. Feng, W.; Wang, J.; Yan, X.; Zhang, Q.; Chai, L.; Wang, Q.; Shi, W.; Chen, Y.; Liu, J.; Qu, Z.; et al. ERK/Drp1-dependent
mitochondrial fission contributes to HMGB1-induced autophagy in pulmonary arterial hypertension. Cell Prolif. 2021, 54, e13048.
[CrossRef]

59. Wang, J.; Tian, X.-T.; Peng, Z.; Li, W.-Q.; Cao, Y.-Y.; Li, Y.; Li, X.-H. HMGB1/TLR4 promotes hypoxic pulmonary hypertension via
suppressing BMPR2 signaling. Vasc. Pharmacol. 2019, 117, 35–44. [CrossRef]

60. Alqahtani, A.; Choucair, K.; Ashraf, M.; Hammouda, D.M.; Alloghbi, A.; Khan, T.; Senzer, N.; Nemunaitis, J. Bromodomain and
extra-terminal motif inhibitors: A review of preclinical and clinical advances in cancer therapy. Futur. Sci. OA 2019, 5, FSO372.
[CrossRef]

61. Meloche, J.; Potus, F.; Vaillancourt, M.; Bourgeois, A.; Johnson, I.; Deschamps, L.; Chabot, S.; Ruffenach, G.; Henry, S.; Breuils-
Bonnet, S.; et al. Bromodomain-containing protein 4: The epigenetic origin of pulmonary arterial hypertension. Circ. Res. 2015,
117, 525–535. [CrossRef] [PubMed]

62. Van Der Feen, D.E.; Kurakula, K.; Tremblay, E.; Boucherat, O.; Bossers, G.P.L.; Szulcek, R.; Bourgeois, A.; Lampron, M.-C.;
Habbout, K.; Martineau, S.; et al. Multicenter Preclinical Validation of BET Inhibition for the Treatment of Pulmonary Arterial
Hypertension. Am. J. Respir. Crit. Care Med. 2019, 200, 910–920. [CrossRef] [PubMed]

63. Hennigs, J.K.; Cao, A.; Li, C.G.; Shi, M.; Mienert, J.; Miyagawa, K.; Körbelin, J.; Marciano, D.P.; Chen, P.-I.; Roughley, M.; et al.
PPARγ-p53-Mediated Vasculoregenerative Program to Reverse Pulmonary Hypertension. Circ. Res. 2021, 128, 401–418. [CrossRef]
[PubMed]

64. Mizuno, S.; Bogaard, H.J.; Kraskauskas, D.; Alhussaini, A.; Gomez-Arroyo, J.; Voelkel, N.F.; Ishizaki, T. p53 Gene deficiency
promotes hypoxia-induced pulmonary hypertension and vascular remodeling in mice. Am. J. Physiol. Cell. Mol. Physiol. 2011, 300,
L753–L761. [CrossRef] [PubMed]

http://doi.org/10.1136/thoraxjnl-2015-207170
http://www.ncbi.nlm.nih.gov/pubmed/26219978
http://doi.org/10.1172/JCI60658
http://doi.org/10.1517/13543776.2015.1007042
http://doi.org/10.1016/j.yexcr.2020.112392
http://doi.org/10.1007/s10863-021-09880-w
http://doi.org/10.1016/j.vph.2018.07.002
http://doi.org/10.1152/ajplung.00242.2014
http://doi.org/10.3390/ijms22042144
http://doi.org/10.1165/rcmb.2012-0429OC
http://www.ncbi.nlm.nih.gov/pubmed/23470622
http://doi.org/10.1159/000479401
http://www.ncbi.nlm.nih.gov/pubmed/28738389
http://doi.org/10.1371/journal.pone.0212889
http://doi.org/10.18632/aging.103163
http://www.ncbi.nlm.nih.gov/pubmed/32427576
http://doi.org/10.3389/fphys.2020.01081
http://www.ncbi.nlm.nih.gov/pubmed/33041844
http://doi.org/10.18632/oncotarget.10855
http://www.ncbi.nlm.nih.gov/pubmed/27472464
http://doi.org/10.1164/rccm.201708-1751OC
http://doi.org/10.1111/cpr.13048
http://doi.org/10.1016/j.vph.2018.12.006
http://doi.org/10.4155/fsoa-2018-0115
http://doi.org/10.1161/CIRCRESAHA.115.307004
http://www.ncbi.nlm.nih.gov/pubmed/26224795
http://doi.org/10.1164/rccm.201812-2275OC
http://www.ncbi.nlm.nih.gov/pubmed/31042405
http://doi.org/10.1161/CIRCRESAHA.119.316339
http://www.ncbi.nlm.nih.gov/pubmed/33322916
http://doi.org/10.1152/ajplung.00286.2010
http://www.ncbi.nlm.nih.gov/pubmed/21335523


Biomedicines 2022, 10, 1415 15 of 15

65. Jacquin, S.; Rincheval, V.; Mignotte, B.; Richard, S.; Humbert, M.; Mercier, O.; Londoño-Vallejo, A.; Fadel, E.; Eddahibi, S.
Inactivation of p53 Is Sufficient to Induce Development of Pulmonary Hypertension in Rats. PLoS ONE 2015, 10, e0131940.
[CrossRef]

66. Kochhar, A.; Kopelovich, L.; Sue, E.; Guttenplan, J.B.; Herbert, B.-S.; Dannenberg, A.J.; Subbaramaiah, K. p53 Modulates Hsp90
ATPase Activity and Regulates Aryl Hydrocarbon Receptor Signaling. Cancer Prev. Res. 2014, 7, 596–606. [CrossRef]

67. Zehendner, C.M.; Valasarajan, C.; Werner, A.; Boeckel, J.-N.; Bischoff, F.C.; John, D.; Weirick, T.; Glaser, S.F.; Rossbach, O.; Jaé, N.;
et al. Long Noncoding RNA TYKRIL Plays a Role in Pulmonary Hypertension via the p53-mediated Regulation of PDGFRβ.
Am. J. Respir. Crit. Care Med. 2020, 202, 1445–1457. [CrossRef]

http://doi.org/10.1371/journal.pone.0131940
http://doi.org/10.1158/1940-6207.CAPR-14-0051
http://doi.org/10.1164/rccm.201910-2041OC

	Background 
	The Etiology of PAH 
	Physiopathogenesis of PAH 
	The Molecular Basis of PAH Pathogenesis 

	Similarities between PAH and Cancer 
	Warburg Effect 
	Mitochondrial Dysfunction 

	Current Strategies in PAH Therapeutics 
	Conventional Treatment 
	Background Therapies 

	Targeted Therapies in PAH Therapeutics 
	Introduction 
	Pharmacological Agents for the Three Major Cellular Signaling Pathways 
	Calcium-Channel Blockade 
	The Inadequacy of Current PAH Management 

	Targets under Consideration 
	Platelet-Derived Growth Factor Receptor 
	PI3K/AKT Signaling Cascades 
	Regulators in Glycolytic Metabolism 
	Heat Shock Protein (HSP) 90 
	High-Mobility Group Box-1 (HMGB1) 
	Bromodomain and Extra-Terminal (BET) Proteins 
	p53 

	Conclusions 
	References

