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Abstract: Pulmonary arterial hypertension is a chronic, progressive disorder of the pulmonary vascu-
lature with associated pulmonary and cardiac remodeling. PAH was a uniformly fatal disease until
the late 1970s, but with the advent of targeted therapies, the life expectancy of patients with PAH has
now considerably improved. Despite these advances, PAH inevitably remains a progressive disease
with significant morbidity and mortality. Thus, there is still an unmet need for the development of
new drugs and other interventional therapies for the treatment of PAH. One shortcoming of currently
approved vasodilator therapies is that they do not target or reverse the underlying pathogenesis of
the disease process itself. A large body of evidence has evolved in the past two decades clarifying the
role of genetics, dysregulation of growth factors, inflammatory pathways, mitochondrial dysfunction,
DNA damage, sex hormones, neurohormonal pathways, and iron deficiency in the pathogenesis of
PAH. This review focuses on newer targets and drugs that modify these pathways as well as novel
interventional therapies in PAH.

Keywords: pulmonary arterial hypertension; novel treatments; novel therapies; new drug
targets; pathogenesis

1. Introduction

Pulmonary arterial hypertension (PAH) is a chronic, progressive, pan vasculopathy
affecting the pulmonary vasculature, with predominant pathology initiated in the pre-
capillary pulmonary vascular tree, culminating in an elevated pulmonary vascular load [1].
Pulmonary hypertension (PH), in general, consists of a mixed group of disorders, all of
which eventually lead to an elevation in pulmonary arterial pressure [2]. PAH is clinically
classified by the 6th World Symposium on Pulmonary Hypertension (WSPH, 2018) as
Group 1 Pulmonary Hypertension, based on the underlying etiology. Other clinical
subgroups include Group 2 PH, which develops due to underlying heart failure (reduced
or preserved ejection fraction), valvular heart disease, or congenital heart diseases. Group
3 PH arises due to lung diseases or hypoxia. Group 4 PH evolves due to pulmonary artery
obstructions, which also includes chronic thromboembolic PH (CTEPH) [3]. CTEPH is
characterized by chronic thrombi organization in the pulmonary arterioles with subsequent
fibrosis and stenosis of the vessels [4]. Group 5 PH is a complex cohort often caused by
multifactorial etiologies [3].

PAH, when defined hemodynamically, is classified as pre-capillary PH given that
the underlying hemodynamic changes affect mainly the pre-capillary pulmonary vas-
culature [5]. The numeric threshold for defining PH was initially arbitrarily defined
as per expert consensus at the 1st WSPH (1973) as mean pulmonary artery pressure
(mPAP) ≥ 25 mm Hg. However, further studies by Kovacs et al. [6,7], analyses on scle-
roderma patients [1,8], and a large retrospective review by Maron et al. noting elevated
all-cause mortality and hospitalization for mPAP ≥ 19 mmHg [9], provided evidence that
mPAP threshold for disease causation was much lower than the previously defined 25 mm
Hg. The 6th WSPH in 2018 redefined PH as mPAP ≥ 20 mm Hg, twice the upper limit of
a normal mPAP of 14.0 ± 3.3 mm Hg as reported by Kovacs et al. in 2018 [7]. The 2022
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European Society of Cardiology (ESC)/European Respiratory Society (ERS) guidelines
have defined PH as mPAP > 20 mm Hg at rest, and pre-capillary PH in Group 1 PAH as
both pulmonary vascular resistance (PVR) < 2 Wood units (WU) and pulmonary artery
wedge pressure (PAWP) < 15 mm Hg [3].

2. Pathophysiology of Pulmonary Arterial Hypertension

The pathophysiology of PAH is complex and variable given the multiplicity of molec-
ular mechanisms and the underlying disorders implicated in the pathogenesis. Intricate
crosstalk among various signaling pathways involving nitric oxide, prostacyclin, serotonin
along with neurohumoral and hormonal pathways, genetic predisposition with epigenetic
modifications, mitochondria related metabolic milieu dysregulation, and environmental
and inflammatory insults, all participate to form a complex endophenotype resulting in
the pathological changes noted in PAH [10]. However, the most common pathological
features, irrespective of the initial instigating injury, are pulmonary artery endothelial
cell (PAEC) dysfunction, pulmonary artery smooth muscle cell (PASMC) proliferation
and migration, and dysregulated fibroblast activity [11]. These lead to a phenotype of
dysregulated vasoconstriction, micro and in-situ vascular thrombosis, vascular fibrosis, and
pathogenic remodeling of pulmonary vessels. These processes have been mainly reported
to affect the small and medium sized precapillary arterioles, which are 50–500 µm in diame-
ter. Smooth muscle cell migration leads to muscularization of otherwise non-muscularized
distal capillaries [12].

PAEC dysfunction has been widely reported as a key prong in PAH pathogene-
sis [11,13]. PAEC dysfunction causes an increased adhesive capacity, along with a pro-
liferative and anti-apoptotic phenotype in the endothelium, thus increasing the burden
of micro-thromboses and vessel wall hyperplasia [14,15]. The consequent smooth mus-
cle dysfunction with excessive proliferation and migration leading to muscularization
of arterioles further exacerbates the disease phenotype with ensuing luminal narrow-
ing [11,16]. In addition, aberrant mitochondrial metabolic milieu secondary to aerobic
glycolysis further promotes a pro-proliferative endophenotype. This Warburg effect, such
as the one described in cancer, occurs due to upregulation of pyruvate dehydrogenase ki-
nase (PDK) that phosphorylates and inactivates the pyruvate dehydrogenase (PDH) [17,18].
Calcium ion mishandling is seen in PAH and causes the subsequent downregulation of
potassium Kv.1.5 channels and activation of the nuclear factor of activated T-cells (NFAT).
The former furthers the vasoconstrictive phenotype, while the latter results in apoptosis
resistance with upregulation of bcl-2 [17,19,20]. Dysregulated calcium handling has also
been reported due to impaired calcium uptake via the mitochondrial calcium uniporter
(MCU) and hyperactive RhoA/Rho kinase pathway [21,22].

A nitric oxide (NO) pathway has been widely reported as an important mediator of
PAH pathogenesis. Decreased bioavailability of NO and decreased expression of endothe-
lial nitric oxide synthase (eNOS)—or rather dysfunctional eNOS—results in an imbalance
favoring vasoconstriction, dysregulation of smooth muscle cell proliferation, in-situ platelet
thrombosis, and overproduction of collagen products. Vasoconstriction has also been
reported in PAH secondary to the imbalance between thromboxane A2 (TXA2) and prosta-
cyclin (PGI2), and the role of prostanoids is thus established in the treatment of PAH. On
similar lines, endothelin (ET) dysfunction, secondary to inflammatory insults, hypoxia,
and hormonal factors, also predisposes to a vasoconstrictive phenotype in the pulmonary
vessels. These pathways form the basis of the currently approved therapies for PAH.

Neurohumoral pathways with increased activity of angiotensin converting enzyme
(ACE), elevated aldosterone levels [10], and with the role of estrogen in the downregulation
of the BMPR2 gene have also been reported in PAH pathogenesis [10,23]. Furthermore,
an expanding body of evidence reports on the role of inflammation and elevated levels of
circulating cytokines and chemokines (interleukin (IL)-1β, IL-6, IL-8, monocyte chemoat-
tractant protein (MCP)-1, fractalkine, CCL5/RANTES, and tumor necrosis factor (TNF)-α).
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The pathology of PAH lesions show perivascular infiltrate comprising of T-cells, B-cells,
macrophages, dendritic cells, and mast cells [13,16].

These pathways show the development of occlusive arteriopathy, with elevated pul-
monary vascular load and subsequently elevated right ventricular pressure overload.
Maladaptive right ventricular (RV) dilation ensues, with right ventricular (RV)-pulmonary
artery (PA) uncoupling and RV failure [24]. Figure 1 describes multiple pathogenetic
pathways noted in PAH and their relevant therapeutic interventions.
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Figure 1. Pulmonary arterial hypertension (PAH) is the result of complex interplay between
multiple pathways and environmental and genetic stressors. This figure is a pictorial repre-
sentation of the multiple pathogenetic pathways observed in PAH, with the novel therapeutic
options available to target the disease process. Green arrow = activator of the pathway, red
arrow = inhibitor of the pathway, blue box = pathway, red box = inhibitor of the pathway, green
box = activator/modulator of the pathway. 16αOHE = 16 Alpha Hydroxyestrone, 2-ME2 = 2 Methoxy
estradiol, 2OH-E2 = 2-hydroxyestrone, 5-HT = 5-Hydroxy Tryptamine, ANS = Autonomic Nervous
System, BMP = Bone Morphogenetic Protein, BMPR2 = Bone Morphogenetic Protein Receptor Type 2,
CoQ = Coenzyme Q, DCA = Dichloroacetate, DHA = Dihyrodroatremisinin, DNA = Deoxyribonu-
cleic Acid, GF = Growth Factor, IL = Interleukin, NF-κB = Nuclear Factor Kappa B, Nrf-2 = Nuclear
Factor E2-related factor 2, PDGF = Platelet-Derived Growth Factor, PDGFR = Platelet-Derived Growth
Factor Receptor, RAAS = Renin-Angiotensin-Aldosterone System, ROS = Reactive Oxygen Species,
TGF β = Transforming Growth Factor beta, TK = Tyrosine Kinase, TNF = Tumor Necrosis Factor,
VIP = Vasoactive Intestinal Peptide, VPAC = Vasoactive Intestinal Peptide Receptor.
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3. Current FDA Approved Therapies for Pulmonary Arterial Hypertension

The latest ESC/ERS guidelines recommend a step-wise approach to the treatment of
PAH, and triaging therapy decisions using initial analysis with World Heart Organization
(WHO) functional staging [3,25]. Primary staging is recommended using the various risk
stratification tools (Registry to Evaluate Early and Long-Term PAH Disease Management
(REVEAL) risk scores, ESC/ERS risk-stratification table) that incorporate cardiopulmonary
hemodynamic measurements. Diagnosis is established through a three-pronged approach
with clinical suspicion, supportive imaging evidence (echocardiogram, cardiac MRI), and
confirmation with right heart catheterization in specialized PH centers.

Patients with idiopathic PAH (iPAH), hereditary PAH (hPAH), or drug/toxin in-
duced PAH are recommended to first undergo vasoreactivity testing (VT), which—if
positive—merits an initial trial with calcium channel blockers (CCBs) [3]. However, less
than ten percent of patients in these PAH subtypes respond positively to VT. Further-
more, an initial positive vasodilation response does not predict long term responsiveness
CCBs. Less than five percent of the initially VT responsive patients sustain the response
at one year [26]. There are no randomized controlled trials (RCT) evaluating the mortality
in VT responsive patients treated with CCBs, and thus it has been a clinical uncertainty if
CCB therapy ameliorates the PAH disease process or if the presence of vasoreactivity is in
itself a positive prognostic marker [27].

Ten pharmaceuticals have been approved by the Food and Drug Administration
(FDA) of the United States for the treatment of PAH. They can be grouped under five drug
classes [28]. Endothelin-1 binds to endothelin receptors A and B (ETA, ETB) on PASMCs
and induces both vasoconstriction via phospholipase C-B and inositol triphosphate in-
duced elevation in intracellular calcium. In addition, endothelin-1 has also been reported
to induce fibrogenesis, which has been observed in PAH secondary to its action on matrix
metalloproteinases and smooth muscle hypertrophy that occurs in concert with micro-
environmental factors such as hypoxia, oxidative stress, inflammatory mediators, and
hormonal agents [19]. Ambrisentan, bosentan, and macitentan are three endothelin re-
ceptor antagonists (ERAs) approved by the FDA [2]. Sitaxentan, previously approved, has
been banned after reports of fulminant hepatotoxicity observed with it [29,30].

Nitric oxide acts on soluble guanylate cyclase (sGC) in the pulmonary vascular smooth
muscle, and stimulates cyclic guanosine monophosphate (cGMP) production, that in a
cascade of events, brings about vasodilatation [31]. cGMP is degraded by the phosphodi-
esterase (PDE) enzymes, with PDE5 being majorly expressed in the pulmonary vasculature.
PDE5 inhibitors, namely sildenafil and tadalafil, exert their therapeutic effect via stimulat-
ing pulmonary vasodilation [32]. Riociguat is a sGC stimulator that acts independently of
NO. These group of agents also increase sensitivity of sGC to NO, and the latter might be
diminished or insufficiently produced in PAH [33,34].

As described previously, prostacyclin pathways are dysregulated in PAH with a
decrease in levels of PGI2 and decreased excretion of prostacyclin urinary metabolites, with
consequent elevated elevation of TXA2, and exacerbation of the vasoconstrictive phenotype
in PAH [10]. Prostacyclin analogs approved by the FDA include epoprostenol, iloprost,
treprostinil, beraprost and selexipag.

Current guidelines recommend initiation of combination therapy in patients diagnosed
with low to intermediate risk of death and not qualifying for VT [35]. Figure 2 describes
the latest evidence-based guidelines for the treatment of PAH.



Int. J. Mol. Sci. 2023, 24, 5850 5 of 39
Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 6 of 41 
 

 

 
Figure 2. University of Louisville School of Medicine approach to pulmonary arterial hypertension 
treatment. PAH = Pulmonary Arterial Hypertension, 6MWD = 6Minute Walk Distance, BNP = Brain 

 Patients with PAH

Negative vasoreactivity testing 

Patients without cardiopulmonary
comorbiditiesa

Patients with cardiopulmonary
comorbiditiesa, all risk categories 

Low or intermediate
risk High risk

Initial ERA + PDE5i therapy 
(Class I recommendation)

Initial ERA + PDE5i and  
i.v. or s.c. PCAb 

(Class IIa recommendation)

Initial oral monotherapy with ERA or
PDE5i  

(Class IIa recommendation)

Regular follow-up assessment and
risk stratification* Periodic follow-up 

Intermediate-lowLow Intermediate-high or
high

Continue initial therapy 
(Class I recommendation) 

Add PRA  
(Class IIa

recommendation)

Switch from PDE5i
to sGCs 

(Class IIb
recommendation)

Add i.v. or s.c. PCA and/or evaluate
for lung transplantation  

(Class IIa recommendation) 
Or

Determinants of
prognosis Low risk Intermediate-low risk Intermediate-high risk High risk

Points 
assigned

1 2 3 4

WHO-FC I or IIa - III IV

6MWD, m > 440 320-440 165-319 < 165

BNP, ng/L < 50 50-199 200-800 > 800

NT-pro BNP, ng/L < 300 300-649 650-1100 > 1100

Figure 2. University of Louisville School of Medicine approach to pulmonary arterial hypertension
treatment. PAH = Pulmonary Arterial Hypertension, 6MWD = 6Minute Walk Distance, BNP = Brain
Natriuretic Peptide, DLCO = Lung Diffusion Capacity for Carbon Monoxide, ERA = Endothelin
Receptor Antagonist, i.v. = Intravenous, NT–pro BNP = N–Terminal Pro–Brain Natriuretic Peptide,
PCA = Prostacyclin Analogue, PDE5i = Phosphodiesterase 5 Inhibitor, PRA = Prostacyclin Receptor
Agonist, s.c. = Subcutaneous, sGCs = Soluble Guanylate Cyclase stimulator, WHO–FC = World
Health Organization Functional Class, ng = Nanogram, L = Liter. * Risk is calculated by dividing the
sum of all grades by the number of variables and rounding to the next integer. a Cardiopulmonary
comorbidities are conditions associated with an increased risk of left ventricular diastolic dysfunc-
tion, and include obesity, hypertension, diabetes mellitus, and coronary heart disease; pulmonary
comorbidities may include signs of mild parenchymal lung disease and are often associated with a
low DLCO (<45% of the predicted value). b Intravenous epoprostenol or i.v./s.c. Treprostinil.
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Until two decades back, treatment of PAH was based on best clinical decision due
to a paucity of evidence, the majority of it based only on scattered case reports [28]. With
better understanding into the pathophysiology of PAH and its underlying mechanisms, the
last twenty years have seen the arrival of multiple PAH specific therapies. In more recent
years, there have been significant changes in the designing of the clinical trials to provide
more clinical relevance to the trial findings. Firstly, the RCTs now categorize end points in
a more composite fashion (a combination of disease process worsening, hospitalizations,
therapy escalation and mortality) instead of more discrete functional end points such
as improvement in 6 min walk distance (6MWD) test, as this purports higher clinical
relevance and generalizability to the study outcomes. Furthermore, RCTs are increasingly
evaluating the action of combination therapy or add-on therapy to established background
treatment [12]. Prior to the approval of epoprostenol for treatment of PAH in 1995, no
disease specific targeted therapy existed [36]. However, despite this ascent and evolution of
research into the pathology and clinical treatment of PAH, the survival data still shows poor
prognoses, and PAH continues to remain a fatal disease [37]. An important reflection about
current PAH therapies is that they focus predominantly on the vasodilation of partially
occluded vessels, despite reports that less than ten percent of patients afflicted with PAH
have a dominant vasoconstrictive endophenotype [17]. In addition, with the recognition of
BMPR2 variants in PAH pathogenesis, it was noted that less than thirty percent of these
patients have single causative gene variations, thus indicating the role of multiple micro-
environmental, inflammatory, hormonal, metabolic and post-translational mechanisms in
the causation of PAH [38]. These speak to a pressing need for disease-modifying therapies
targeting relevant pathophysiological pathways for PAH.

4. Novel Therapies
4.1. BMPR2 Pathway

Genetic pathways are known to play a large role in the pathogenesis of PAH and
the bone morphogenetic protein receptor 2 (BMPR2) gene is well established as the most
common site of mutations implicated in PAH. Although the REVEAL registry lists the
incidence of heritable PAH at less than 5% of known cases, mutations in the BMPR2 gene
(a member of the transforming growth factor-β superfamily) have been identified in up
to 40% of non-heritable PAH cases along with 80% of heritable cases [3,39]. PAH patients
with a BMPR2 mutation are also known to present at a younger age with a more severe
phenotype and an increased risk of death [40]. Mutations at this gene carry variable
penetrance, approximately 27%, but this number differs by sex with female occurrences
predominant (40%) to male occurrences (14%) [17]. The presence of a BMPR2 mutation
increases an individual’s chance of developing PAH from approximately 1 in 100,000 to
1 in 4 [17]. However, these mutations still require further inciting factors to permit disease,
such as epigenetics, acquired mutations, or environmental factors.

Back in 2000, with the advent of rapid and financially feasible genome sequencing
technology, the BMPR2 gene was discovered to be involved in the pathogenesis of familial
PAH, with germline mutations noted throughout families with a strong inheritance pattern
of PAH [39]. Since then, more than 300 different BMPR2 mutations have been identified.
Genetic sequencing of the BMPR2 receptor and its associated downstream signaling cas-
cade have revealed sequence variants related to BMPR2 signaling in ALK1, CAV1, ENG,
SMAD4, SMAD8, SMAD9, BMPR1, and BMP9 genes [41]. A large study cohort found CAV1
mutations in BMPR2-negative individuals with more than one family member diagnosed
with PAH. Caveolin-1 functions to physically colocalize BMP receptors [42].

The BMPR2 receptor is a serotonin/threonine kinase receptor in the transforming
growth factor-B (TGF-β) superfamily that activates different signaling cascades. Many of
these cascades occur through either SMAD 2/3 (TGF-β) or SMAD 1/5/8 (BMP) [43]. Muta-
tions at the BMP receptor cause loss-of-function and dysregulated downstream signaling
of this gene. Though the BMPR2 gene can be found many places in the body, much of its
expression is found in the pulmonary vasculature in PAECs and PASMCs. Loss of signaling
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here results in greater TGF-β activity, promoting both proliferative and anti-apoptotic
responses in PAECs and PASMCs with increased inflammatory cytokine production. This
further cascades into loss of regulated cellular apoptosis, maladaptive vascular remodeling,
and endothelial inflammation [43]. Dewachter et al. showed a lower mRNA expression of
BMPR2 in isolated PASMCs in both hPAH and iPAH patients [44]. These findings place
BMPR2 expression at the center of the pathophysiology of PAH and makes it a critical
target for therapy.

4.1.1. BMP Ligands

BMP receptors require ligand binding for activation of their intracellular MAP-
kinase functions, given that therapeutic targets of PAH are geared towards restoration of
BMPR2 function.

Once such compound is FK506, or tacrolimus, an FDA-approved calcineurin in-
hibitor used for postoperative immunosuppression and management of autoimmune
diseases. Tacrolimus indirectly activates BMPR2 by removing an inhibitory binding
protein from BMPR1 that restores normal MAP-kinase function to this complex. A
separate mechanism of the action of the drug works by inhibiting a phosphatase that
phosphorylates both the type 1 receptors and downstream SMAD signaling [45]. Mouse
models with tacrolimus have shown reversal of RV fibrosis and endothelial dysfunction.
A single center, phase IIa randomized controlled trial (TransformPAH) with 23 patients
showed enhanced BMPR2 expression after tacrolimus administration [46]. This study
investigated tacrolimus to achieve three separate serum levels over 16 weeks. Tacrolimus
was found to be safe and well tolerated in patients on current-guideline-directed PAH
therapy, but it was not powered to evaluate for efficacy [46]. More trials are needed to
examine the efficacy of tacrolimus.

Another molecule acts on BMPR2 signaling through its balance with TGF-β. TGF-β
activity is known to be increased in the pulmonary vasculature in mouse models of PH [47].
Increased TGF-B signaling decreases BMP signaling and vice versa, thus imbalancing
and over-promoting TGF-β, leading to endothelial dysfunction and inflammation [48].
Sotatercept (ActRIIa-Fc) utilizes a TGF-β ligand trap to inhibit TGF-β activity and rebalance
BMPR2 activity. The phase II PULSAR trial reduced PVR and improved 6MWD, N-Terminal
pro-Brain Natriuretic Peptide (NT-proBNP), and WHO functional class [28,45]. Phase
III trials (STELLAR) are being conducted in FC-III patients along with more phase II
(SPECTRA) trials investigating RV function and exercise tolerance, using cardiopulmonary
rehab and cardiac MRI to evaluate these parameters [45].

4.1.2. Other BMPR2 Modulating Therapies

There are many other investigational drugs that target various mechanisms to increase
BMPR2 signaling. Chloroquine inhibited the development and progression of pulmonary
hypertension in monocrotaline-exposed rats [49]. Monocrotaline (MCT) is an alkaloid
derivative that can cause PH [50]. Chloroquine has the proposed effect of preserving
lysosome-targeted degradation of BMPR2 by blocking the last step in the autophagy
pathway. Rat models confirmed that chloroquine both inhibited proliferation and increased
apoptosis of PASMCs, assumed to be from increased BMPR2 expression [49].

Ataluren (PTC124) is a small molecule that is under investigation for the treatment of
multiple inherited disorders such as Duchenne muscular dystrophy, cystic fibrosis, and
PAH. Ataluren are proposed to interact with ribosomes and suppress nonsense mutations
through tRNA activity to allow synthesis of full-length proteins without affecting normal
translational stop signals [51]. In vitro studies of explanted lungs from hPAH patients
showed increasing BMPR2 protein levels and increased SMAD phosphorylation [51,52].
Clinical trials investigating Ataluren in PAH are needed.
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4.2. Inflammation and Immunity

In recent years, ample literature has reported on the role of inflammation and dysreg-
ulated immune response in the causation of PAH. In fact, authors have likened PAH to an
autoimmune disease itself [53]. PAH is frequently observed in patients with systemic au-
toimmune diseases, notably, systemic sclerosis, systemic lupus erythematosus, and mixed
connective tissue disease. Right heart catheterization data reports the presence of elevated
mPAP, establishing the diagnosis of PAH in 8–12% of patients with systemic sclerosis [54].
On the flip side, a significant proportion of patients with idiopathic PAH report the pres-
ence of Raynaud’s phenomenon. Similarly, the pulmonary vascular pathology—namely
the plexiform lesions—observed in autoimmune diseases and viral infections are akin
to the ones observed in idiopathic PAH, suggesting comparable if not consistent under-
lying mechanisms affecting both the etiologies of PAH [55]. These pathological lesions
seen in PAH have been observed to have variable degrees of perivascular inflammatory
infiltrate comprising of T-cells, B-cells, macrophages, dendritic cells, and mast cells. In
addition, recent studies on a scoring system analyzing the relationship between mPAP and
average perivascular inflammation and pulmonary vessel wall thickness report a positive
correlation between pulmonary vascular remodeling and perivascular inflammation [56].

Elevated levels of circulating cytokines and chemokines, such as interleukin (IL) -1β
(IL-1β), IL-6, and tumor necrosis factor (TNF)-α have been measured in patients with
PAH [11]. Furthermore, higher levels of such inflammatory mediators have been associated
with poorer prognoses [57,58]. This might be secondary to the observation that higher
levels of chemokines and cytokines exaggerate vasoconstriction, vascular proliferation,
and fibrosis, exacerbating the vascular remodeling [16]. Various autoimmune antibodies
such anti-nuclear, anti-endothelial cells, and anti-fibroblast antibodies are seen in iPAH
and systemic sclerosis [59,60]. The T-regulatory cells (Treg) have been long associated with
maintenance of self-tolerance and protection against autoimmunity [16]. The absence of
Treg cells has been noted in patients with PAH [61]. Athymic hypoxia model rats were
noted to develop perivascular inflammation and vascular remodeling with severe PAH
phenotypes, which was otherwise averted by Treg cells’ reconstitution [62,63].

Several clinical studies are currently evaluating the role of immunoregulatory agents
in the treatment of PAH.

4.2.1. Interleukin-6 (IL-6)

Elevated IL-6 has been implicated in the cytokines involved in the pathogenesis of
PAH. Inept p38 signaling due to loss of BMPR2 in pulmonary vascular cells results in
augmented IL-6 production. Heightened IL-6 levels in preclinical studies have been asso-
ciated with PAH. Rodent models lacking IL-6 have shown decreased inflammation and
pulmonary vascular phenotype of PAH, while IL-6 antagonists have abated the develop-
ment of pulmonary vascular remodeling and PH (PAH is still called PH in animal models).
Human studies have reported elevated IL-6 levels in pulmonary vasculature of patients
with PAH [11].

Tocilizumab is a monoclonal antibody against the IL-6 receptor, and it is used to treat
systemic inflammatory conditions such as rheumatoid arthritis, systemic sclerosis, giant cell
arteritis, and cytokine release syndrome. Anecdotal data from case reports have reported
clinical improvements in patients with PAH treated with the anti-IL-6 antibody [64–66].
Given this evidence, TRANSFORM-UK (Therapeutic Open-Label Study of Tocilizumab
in the Treatment of Pulmonary Arterial Hypertension, NCT02676947) was conducted as a
phase II open label clinical trial evaluating the safety and efficacy of tocilizumab (8 mg/kg)
over 6 months in 29 patients (23 patients received study drug) with PAH. In addition,
a separate mendelian randomization study was also conducted on 11,744 patients of
European ancestry regarding the occurrence of the IL-6 receptor (IL-6R) variant (rs7529229).
The primary outcomes were safety and change in pulmonary vascular resistance. The
study, however, failed to show any consistent treatment effect, and adverse events observed
were consistent with the hitherto known side effect profile of tocilizumab. In the study,
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the inflammatory markers (IL-6 and C-reactive protein (CRP)) were not predictive of the
treatment response, as despite a positive trend in both the markers, there was no significant
change observed in the PVR. Furthermore, mendelian randomization did not show any
association of the IL-6R variant with the risk for developing PAH [67].

4.2.2. Interleukin-1 (IL-1)

Elevated levels of IL-1 have been noted in PAH. Osteoprotegerin (OPG) was noted to
be elevated in human PAH lesions. It was also observed that recombinant OPG stimulation
resulted in PASMC proliferation and migration in vitro. OPG protein is closely regulated
by BMP, IL-1, and serotonin signaling [68]. Voelkel et al. reported in the 1990s on elevated
levels of IL-1 mRNA in the lungs of monocrotaline (MCT) treated rats, with ‘ubiquitous
staining’ noted in alveolar structures, pulmonary vascular cells, and bronchial smooth
muscle cells. In addition, the authors also accounted for improvement in mPAP with IL-1
receptor (IL-1R) antagonist and reduction in RV hypertrophy in MCT models. This effect
was not true for hypoxia rodent models [69,70].

Anakinra is an interleukin-1 receptor (IL-1R) antagonist used in the treatment of
rheumatoid arthritis. Case reports have described an improvement in PAH associated with
other inflammatory conditions when treated with anakinra [71]. Trankle et al. devised a
single group open label phase IB/II pilot study including six patients with group 1 PAH
evaluating the role of anakinra as an add-on therapy to a hitherto established standard of
care therapy for PAH. The patients were noted to have significant improvements in heart
failure symptoms as assessed by the Minnesota Living with Heart Failure Questionnaire
and improvement in disease severity as assessed with Duke Activity Severity Index scores.
Study patients also reported a reduction in high-sensitivity CRP as compared to the baseline.
However, no significant changes were reported in exercise time, NT-pro BNP, change in RV
fractional area, or tricuspid annular plane systolic excursion [72].

4.2.3. Tumor Necrosis Factor-α (TNF-α)

Overexpression of TNFα has been reported in PAH animal models and in human
subjects [73,74]. TNFα has been noted to lead to increased pulmonary vascular reactivity by
attenuating prostacyclin production in PASMC. TNFα stimulates PASMC proliferation via
the platelet derived growth factor (PDGF) pathway [75,76]. Studies have also reported an
improvement in pulmonary vascular resistance by suppressing TNF production with high
doses of pentoxifylline [77]. TNFα mediated subverted signaling of BMP2 pathways, and
has been described to be responsible for PASMC proliferation. TNFα is also responsible
for increasing pro-proliferative NOTCH-2 gene signaling via Src kinases in PASMC with
impaired BMPR2 gene expression [78].

Etanercept is a biologic fusion protein that is a TNFα inhibitor. It is used, akin to the
previously described biologics, to treat systemic inflammatory conditions such as rheuma-
toid arthritis, psoriatic arthritis, juvenile idiopathic arthritis, and ankylosing spondylitis.
Etanercept has shown a deterrence of pulmonary hypertension in endotoxemic pig mod-
els [79]. Etanercept has also been observed to prevent and revert monocrotaline-induced
pulmonary hypertension in rats. Immunohistochemistry staining reported exaggerated
IL-6 and TNFα in model rats and decreased expression of the inflammatory cytokines
in the etanercept treatment groups [80]. Currently, no active clinical trial is under effect
evaluating the efficacy and safety of etanercept in PAH, but results from animal studies are
promising and might pave the path to a clinical trial in the future.

4.2.4. Nuclear Factor κβ

NF-κβ has been implicated as the underlying regulator of various immune path-
ways [11,81]. Studies on monocrotaline rat models have shown that nuclear localization of
the p-65 subunit of NF-κβ with downstream vascular cell adhesion molecule (VCAM)-1
expression was temporally and spatially associated with the development of PH in these
animals [82]. Similarly, human studies showed increased nuclear p65+ in macrophages
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of iPAH patients as compared to macrophages in control patients. Additionally, NF-κβ
activation was increased in PAEC and PASMC in iPAH patients [83].

Bardoxolone methyl is a Nuclear factor E2-related factor 2 (Nrf2) activator and sup-
presses NF-κβ in human cell lines [84]. LARIAT (NCT02036970) was a phase-II randomized
controlled trial recruiting 22 patients with PH associated with idiopathic pulmonary fibro-
sis, connective tissue disease associated interstitial lung disease, or non-specific interstitial
pneumonia or Group III or V PH. Patients on bardoxolone methyl showed significant
improvement in 6MWD at 16 weeks [85]. CATALYST (NCT02657356) was a double-blind,
randomized, placebo-controlled trial that studied the safety and efficacy of bardoxolone
methyl in patients with PAH related to connective tissue disease, however, the study was
terminated prematurely due to the COVID-19 pandemic. Similarly, long term extension
study RANGER (NCT03068130) evaluating long term effects in patients with PAH who
had previously participated in clinical trials with bardoxolone methyl too was terminated
prematurely in the light of exposure risk to these patients due to the COVID-19 pandemic.

Fumaderm was an oral formulation used in Germany to treat psoriasis. Dimethyl
fumarate (DMF), which was approved in the US, is a reformulation of fumaderm. DMF
is well-known for its effect on Nrf2, activating the transcription of detoxification en-
zymes and curbing oxidative damage. In addition, DMF also suppresses TNFα and
IL-6 by decreasing the oxidative stress. In this regard, DMF is also acts as an immune
modulator. Studies on the role of DMF in the treatment of PH using murine models
have shown effectiveness in reversing the pulmonary vascular remodeling and hemo-
dynamic changes in these animal models. The mechanism was postulated to be via
inhibition of NF-κβ, STAT3, cJUN signaling, and degradation of pro-fibrogenic me-
diators such as β-catenin [86]. An investigator-initiated, double-blind, randomized,
placebo-controlled clinical trial evaluating the role of DMF in PAH due to systemic
sclerosis (NCT02981082) was terminated due to low recruitment. The results posted
report recruitment of 6 patients, randomized to either DMF or placebo group. One par-
ticipant in each group completed the protocol. The subjects in the DMF group showed
a non-significant reduction in decline in the 6MWD test, however the study was not
effectively powered to assess for efficiency. Thus, Nrf2 remains a therapeutic target that
needs further studies assessing its role in the treatment of PAH [87].

Rituximab, is a monoclonal antibody against the CD20 receptor, targeting the B-
cells of the immune system. Several incidental reports mentioned improvement of PAH
with rituximab. Following this, an NIH-funded multicenter, double-blinded, random-
ized, placebo-controlled, proof-of-concept trial (NCT010865400) recruited 57 patients with
systemic-sclerosis-related PAH on standard-of-care medical therapy, and were randomized
to receive two infusions of rituximab (1000 mg) versus placebo, two weeks apart. The
patients in the rituximab group showed an improvement in 6MWD at the 24 weeks follow
up, but the data did not reach significance. While it was a negative study, evaluation of
data collected through week 48 showed improvement in 6MWD at week 24 (rituximab
25.5 ± 8.8 m and placebo 0.4 ± 7.4 m, p 0.03). Rheumatoid factor, IL-12 and IL-17, were
favorable predictors of response to the therapy. Further trials are required to corroborate
the therapeutic response to B-cell depletion therapy [88].

4.3. GF/TK Signaling Pathway

Pulmonary vascular remodeling has now been described through various mechanisms
in PAH; Not only proliferation of PAECs and PASMCs, but also abnormal increases in the
production of growth factors such as vascular endothelial growth factor (VEGF) and PDGF.
These changes ultimately lead to blood vessel narrowing, increased PVR, and increased
pulmonary pressures [28]. The increased production of these growth factors, specifically
PDGF, has researchers thinking of PAH as a neoplastic process. PDGF receptor activation
stimulates fibroblasts and PASMCs proliferation. Previous animal models highlight that
inhibiting the PDGF pathway may prevent or reverse the maladaptive proliferation of
the intimal lining of the pulmonary arteries found in PAH [11]. PDGF and other growth
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factors exert their effect by binding to transmembrane tyrosine kinase receptors (TKRs)
to activate tyrosine kinases (TKs). These enzymes trigger phosphorylation of tyrosine
residues of specific proteins to either activate or inhibit several cellular functions, including
the vascular remodeling in PAH [28]. Since therapies already exist to target these enzymes,
some have been repurposed to explore their potential to treat PAH.

Imatinib is an oral chemotherapy agent used to treat various cancers such as chronic
myeloid leukemia and gastrointestestinal stromal tumors. Imatinib inhibits several tyrosine
kinase enzymes and was shown to reverse PDGF induced arterial remodeling in mice
models [11,45]. Imatinib was the first TK inhibitor used in PAH clinical trials and showed
promising results in the IMPRES trial, a phase III RCT on PAH patients currently on
guideline recommended treatment. Results showed improvement in 6MWD and PVR.
Unfortunately, high rates of serious adverse events, including subdural hematomas in
patients on anticoagulation have halted further studies with oral imatinib [28,37,89]. An
inhaled form of the drug was also developed to reduce systemic exposure. It is now being
investigated in a phase II/III trial (IMPAHCT) (NCT05036135). AV-101, a dry powdered
inhaler form of imatinib, will be investigated for safety and efficacy along with change in
PVR over 24 weeks in this trial. The FDA granted AV-101 an orphan drug status in 2021.

The success of imatinib proved that tyrosine kinase inhibitors (TKI) have promise as a
PAH treatment, but a more favorable profile was needed. Seralutinib was then developed
specifically for PAH treatment. Seralutinib is a selective TKI that not only targets the PDGF
cascade, but also increases BMPR2 expression. The dry powdered inhaler has shown
reversal of PAH vascular remodeling and significant improvement in right ventricular
systolic pressure in animal studies [90]. Seralutinib is now enrolling a phase II RCT trial
(TORREY) evaluating its safety and efficacy in PAH FC-1 patients [90] (NCT04456998).

Other TKIs have been tested in PAH with high hopes, but none have had more
favorable profiles [37]. Sorafenib is a multikinase inhibitor approved for treatment of
renal cell carcinoma, acute myeloid leukemia, and other cancers [11]. Sorafenib has been
repurposed due to its ability to inhibit angiogenesis of PDGF and VEGF receptors in
rat models [91]. The rat models also showed improvement in cardiac and pulmonary
functions [91]. A 16-week Phase Ib study showed PAH patients had a significant increase
in their 6MWD with Sorafenib treatment but also demonstrated a decrease in their cardiac
output, raising questions about the drug’s safety [92]. Significant side effects have been
reported with sorafenib administration other than cardiac adverse events common to
most TKIs, including serious skin reactions [92]. Nilotinib is another oral TKI used for
gastrointestinal stromal tumors that blocks signaling specifically in the BCR-ABL signal
transduction system [28]. The potency of nilotinib is 20–50 times greater than imatinib, and
a phase II study to establish safety with this drug was terminated due to serious adverse
events [11,28]. Dasatinib, a PDGF receptor inhibitor, was the only member of the TKI
family to have a negative effect on PAH treatment [11,93]. This drug has been reported to
induce PAH in multiple cases [28]. Regorafenib, an oral multi-targeted TKI, also showed
promise in mouse models, but went on to show life-threatening cardiotoxicity in multiple
case reports in humans [92]. Approximately 25% of patients treated with this drug had
to discontinue due to cardiotoxicity [94]. The search for a viable TKI in PAH treatment
without serious adverse reactions continues.

4.4. RhoA/Rho Kinase Pathway

RhoA is a guanosine-5′-triphosphate (GTP) binding protein that brings about
its action via the Rho kinase pathway. RhoA-GTP complex stimulates phosphatase
action of PTEN, a human tumor suppressor protein, which then prevents inappropriate
cell mitogenesis and proliferation. Rho kinase participates in the calcium sensitiza-
tion and homeostasis, and subsequently plays a role in the pathogenesis of PAH via
impaired calcium regulation and PASMC proliferation [21]. Rho associated protein
kinase (ROCK) also plays roles in cell cycle signaling, insulin signaling pathway, and
regulation of membrane blebbing in apoptosis [95–99].
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In vitro studies have noted increased rho kinase activity in circulating neutrophils
in human PAH subjects as compared to healthy controls (p < 0.0001), and this rho kinase
activity was also positively correlated with PAH severity and duration in these patients. In
addition, the rho kinase pathway has also been implicated in the vasoconstrictive pheno-
type of PAH, with observations that endothelium-driven vasodilation diminished while
serotonin-induced vasoconstriction (in the absence of endothelium) was accentuated in
these patients. Researchers also reported improvement in serotonin-induced vasoconstric-
tion with hydroxyfasudil, which is a rho kinase inhibitor [22]. 5-hydroxy tryptamine (5-HT)
or serotonin mediated PASMC proliferation and platelet activation also converges via the
rho kinase pathway [100].

Fasudil, also known as HA1077 or AT877, is a nonselective ROCK inhibitor. It is
metabolized hepatically and converted into the active metabolite hydroxyfasudil [101].
It has been clinically used to prevent vasospasm after a subarachnoid hemorrhage [102].
In addition to fasudil, three other ROCK inhibitors have been evaluated in the treatment
of PH. Y-27632 was noted to result in vasodilation in hypoxic rat models with PH [103].
Azaindole-1 was observed therapeutically beneficial in MCT, and hypoxia induced PH ani-
mal subjects, with improvement in right ventricular hypertrophy and pulmonary vascular
hemodynamics [104]. SB-772077 showed significant decrease in mPAP in MCT-induced
PH in animal models [105].

Multiple trials have shown the short-term efficacy of intravenous and inhaled fa-
sudil in in patients with PAH. Fukomoto et al. studied nine patients with severe PH
(undiagnosed etiology) already on standard of care therapy to trial the acute effects of
intravenous fasudil on pulmonary circulation. While effects on mPAP and cardiac index
did not reach significance, all nine patients showed a 17% reduction in PVR (p < 0.05) [106].
Ishikura et al. studied the effects of intravenous fasudil injected over 30 min in eight female
patients with PAH. Authors observed significant reductions in total pulmonary resistance
and mPAP, with the lowest total pulmonary resistance noted from 30–60 min of drug
administration [107]. Fujita et al. studied the efficacy of inhaled fasudil and inhaled ni-
tric oxide in two protocols in fifteen patients with PAH. They observed that fasudil and
nitric oxide both decreased mPAP (p < 0.01), but positive correlation with serum levels
for high sensitivity CRP was noted only for fasudil [108]. Finally, Jiang et al. randomized
50 patients in a cross-over design to receive iloprost inhalation and intravenous fasudil.
A comparable improvement in mPAP and PVR was observed with both the medications
with fasudil, resulting in greater improvement in mean cardiac output, and mixed venous
oxygen saturation [109].

Fukomoto et al. studied the mid-term effects of oral extended-release formulation
of fasudil hydrochloride in 23 patients with PAH. This was a phase IIa double-blind,
placebo-controlled pilot efficacy clinical trial. Patients were randomized per their 6MWD
and received either fasudil or placebo in doses varying from two to six capsules daily for
three months. While improvement in pulmonary hemodynamics and 6MWD did not
reach significance, likely due to the inadequate power of the study, the improvement in
cardiac index for the fasudil cohort as compared to placebo reached significance. The
serum levels of hydroxyfasudil positively correlated with improvement in cardiac index
in these patients [110].

4.5. Mitochondrial Dysfunction

Mitochondrial dysfunction is increasingly purported as a causative factor in PAH
pathogenesis. Mitochondria are responsible for cellular redox reaction, oxidative glycolysis,
regulation of cellular proton gradient and calcium homeostasis. Mitochondrial DNA lacks
histone and thus has a higher susceptibility to oxidative damage [111]. Dysfunctional mito-
chondrial metabolism results in ‘aerobic’ glycolysis. PAEC, PASMC and even ventricular
cardiomyocytes in PAH depart from normal coupled oxidative metabolism to the said
aerobic glycolysis. This is also known as the ‘Warburg Effect’ and is a result of upregulation
of pyruvate dehydrogenase kinase, upregulation of glucose transporters on cell membrane,
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increased activity of a variant pyruvate kinase, and mitochondrial hyperpolarization. Epige-
netic silencing of the superoxide dismutase (SOD)-2 gene due to DNA methylation impairs
antioxidant pathways in cells and activates hypoxia inducing factor (HIF)-1α, which is also
incriminated in the said mitochondrial dysfunction [10]. This normoxic upregulation of
HIF-1α is also responsible for neoangiogenesis and vasomotor dysregulation.

Dichloroacetate (DCA) is a pyruvate dehydrogenase kinase (PDK) inhibitor that
is observed to reverse the glycolytic shift in mitochondrial glucose metabolism. By
inhibiting PDK, DCA activates pyruvate dehydrogenase. In rodent studies, DCA has
been shown to ameliorate the PH phenotype [112,113]. In MCT rats, DCA at therapeutic
levels decreased RV fibrosis and hypertrophy [114]. A phase-I, two-center study recruited
30 patients with PAH functional class III-IV who were already established on standard of
care therapy for 8 weeks prior to recruitment. The study was completed, but no results
are available online (NCT01083524). Another 4-month, open-label study administered
DCA to patients with iPAH already established on standard of care treatment, and they
showed improvement in their mPAP, PVR and functional status, however the individual
responses varied widely [115].

Selonsertib is an apoptosis signaling kinase (ASK)1 inhibitor. Mitogen activated pro-
tein (MAP) kinases—ASKI being part of this family—are activated by oxidative stresses.
MAP kinases are implicated in the pathogenesis of PAH, with cell inflammation, prolif-
eration, migration, and fibrosis. Animal studies on evaluating the role of ASK1 inhibitor
(GS-444217) in MCT and Sugen/hypoxia rat models have shown dose-dependent reduc-
tion in mPAP and RV hypertrophy. In cellular models, the ASK1 inhibitor demonstrated
reduced phosphorylation of p38 and c-Jun N-terminal kinase (JNK), with a subsequent
reduction in the activity of primary mouse cardiac fibroblasts and pulmonary adventitial fi-
broblasts [116,117]. ARROW was a randomized, double-blind, placebo-controlled, phase-2,
multicenter clinical trial evaluating the role of selonsertib in PAH patients, stratified by the
PAH etiology (NCT02234141). Patients were randomly assigned to selonsertib 2 mg, 6 mg,
18 mg, or placebo administered orally once daily. At 24 weeks, the study participants did
not demonstrate significant improvement in PVR. However, authors report that further
studies should be devised evaluating the ASK1-p38 pathway for PAH patients [118].

Ranolazine is a piperazine derivative, initially approved by FDA in 2006 for treatment
of chronic angina. It acts by inhibiting the late inward sodium current (INaL) in the cardiac
myocardium. INaL stimulates influx of sodium ions which promotes intracellular accumula-
tion of Ca+ [2]. Intracellular calcium load begets further calcium release from intracellular
sarcoplasmic reticulum. It also inhibits fatty acid oxidation at higher plasma concentrations.
Inhibition of INaL and fatty acid oxidation are the probable mechanisms through which ra-
nolazine inhibits pathogenic RV hypertrophy, thus preventing the disease phenotype [119].
MCT-induced PAH rat models treated with ranolazine demonstrated decreased intracel-
lular calcium overload and improvement in RV hypertrophy, RV pressure, and plasma
BNP levels [120,121]. Ranolazine has also been shown to ameliorate doxorubicin-induced
cardiotoxicity in experimental models via combating oxidant stress [122].

In a single-center, phase I, placebo-controlled, randomized clinical trial designed to
assess vasoreactivity and safety of ranolazine in PAH, researchers enrolled 12 patients
to receive either placebo or ranolazine (NCT01757808). Only one study group patient
and two additional patients during open-label trial had ranolazine plasma concentrations
reaching therapeutic concentrations. At 12 weeks, the study participants noted no signifi-
cant improvement in hemodynamics as compared to the placebo group. However future
studies would be needed to determine PK analysis in patients on other PAH therapies
to consider the safety and tolerability of high dose ranolazine needed to achieve a ther-
apeutic effect [123]. Khan et al. designed an open label, 3-month, pilot study recruiting
11 patients with symptomatic PAH and echocardiographic evidence of RV dysfunction to
receive ranolazine (NCT01174173). While invasive hemodynamic monitoring parameters
did not show significant improvement, researchers observed improvement in symptoms
and echocardiographic parameters [124]. Han et al. devised a longitudinal, randomized,
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double-blind, placebo-controlled, multicenter clinical study in 24 patients with PAH and
RV dysfunction (RV ejection fraction < 45%). The study has been completed, but the results
are yet to be reported [125].

Trimetazidine is another piperazine derivative used to treat angina. It has been
postulated that trimetazidine inhibits fatty acid oxidation and helps ameliorate the PAH
phenotype. The literature reports that trimetazidine inhibits malonyl coenzyme A decar-
boxylase (MCD), thereby normalizing mitochondrial oxidative metabolism and alleviating
the PAH phenotype [126]. Researchers in Chile are currently recruiting patients for a
randomized, cross-over clinical trial evaluating the effect of trimetazidine on RV function,
remodeling and miR profiling in PAH (NCT012102672).

4.6. Oxidative Stress

Oxidative stress is an inherent imbalance between reactive oxygen species (ROS),
reactive nitrogen species (RNS), and free radicals and antioxidant pathways. Oxidative
species comprise of singlet oxygen, hydroxyl radical, hydrogen peroxide, superoxide anion,
nitric oxide, and peroxynitrite. DNA damage, because of oxidative stress, is observed to
be increased in PAEC and PASMC in human PAH patients. Oxidative stress is associated
with BMPR2 downregulation in human PAECs, and this results in downregulation of
downstream DNA repair genes such as ataxia telangiectasia mutated (ATM) and breast and
ovarian cancer susceptibility protein 1 (BRCA2) [111,127]. PAH susceptibility is also ele-
vated with mutations in DNA topoisomerase binding protein, which results in unregulated
PAEC and PASMC proliferation, and apoptosis inhibition, contributing to the malignant
phenotype often described in PAH [128].

ROS and RNS causing oxidative insults trigger increased expression and activation
of growth factors such as platelet derived growth factor (PDGF), p38-mitogen activated
protein kinase (MAPK), VEGF, TGF-β, and fibroblast growth factor (FGF) [129]. Activation
of TGF-β pathway elicits endothelial to mesenchymal proliferation of PASMC [130]. PDGF
is culpable for promoting PASMC proliferation and migration, along with apoptosis resis-
tance in PAEC [131]. The endothelial plexiform lesions are also a result of PDGF stimulation
by oxidative mechanisms [132].

Given this wealth of data, numerous pre-clinical studies have been devised to evaluate
the role of antioxidants in the treatment of PAH. Table 1 enumerates the multiple preclinical
animal studies with antioxidants and showing effect with improvement of PAH [129].

Dihyrodroatremisinin (DHA) has been evaluated as an anti-hypoxia agent in experi-
mental animal models such as MCT rats [133]. DHA diminished hypoxia-induced PAEC
proliferation and migration in a hypoxic human PAEC model. The mechanism was under-
stood to be via reduction in ROS and RNS and increase in SOD [134]. While otherwise an
anti-malarial agent, DHA also modulates its effect in PAH treatment via microRNA (miR)
regulation. Studies in in vitro and in vivo settings have shown that DHA limits hypoxia
induced upregulation of miR-335; latter was noted to be responsible for hypoxia-induced
proliferation and migration of PASMC [135]. There are no ongoing human clinical trials
assessing the role of DCA in treatment of human PAH patients.

Trapidil is a vasodilatory agent used in cardiology. Its vasodilatory action is brought
about by phosophodiesterase (PDE) and PDGF inhibition. It also has an anti-thrombotic
activity by inhibiting TXA2 [136]. MCT rat models showed improvement in right ventricular
hypertrophy with trapidil administration, with reduction in oxidative stress (reduced
NADPH oxidases and an increased ratio of reduced glutathiones/total glutathiones) [137].
Human clinical trials have not been performed on trapidil.
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Table 1. Preclinical treatments targeting oxidative pathway in PAH. Modified and adapted from
Xu et al., 2022 [129]. ASK1 = Apoptosis Signal-Regulating Kinase 1, Bax = Bcl-2-Associated X,
Bcl2 = B-cell Lymphoma 2, Bsg = Basigin, CAT = Catalase, CGMP = Cyclic Guanosine Monophos-
phate, Cyp-A = Cyclophilin A, DCA/ATO = Dichloroacetate/Atorvastatin, ENOS = Endothelial Nitric
Oxide Synthase, ETA/ETB = Endothelin Receptor A/B, Gp = Glycoprotein, GSH-PX = Glutathione
Peroxidase, GSSG = Oxidized Glutathione, HIF1 = Hypoxia-Inducible Factor-1, HO 1 = Heme Oxyge-
nase, ICAM 1 = Intercellular Cell Adhesion Molecule 1, INOS = Inducible Nitric Oxide Synthase, JNK
= c-Jun N-terminal Kinase, MCT = Monocrotaline, MDA = Malondialdehyde, MREN2 = Male Trans-
genic 27 Rat, NADPH = Nicotinamide Adenine Dinucleotide Phosphate Hydrogen, Nf-kb = Nuclear
Factor-κB, NFAT = Nuclear Factor of Activated T Cells, NLRP = Nucleotide-Binding Oligomerization
Domain, Leucine Rich Repeat And Pyrin Domain Containing, NO = Nitric Oxide, Nox = Nicoti-
namide Adenine Dinucleotide Phosphate Oxidase, NQO1 = NAD(P)H-Quinone Oxidoreductase-
1, Nrf 2 = Nuclear Factor Erythroid 2-Related Factor 2, NT = Nitrotyrosine., Oxr = Oxidation
Resistance, PAEC = Pulmonary Artery Endothelial Cells, PAH = Pulmonary Artery Hyperten-
sion, PIM 1 = Moloney Murine Leukemia Provirus Integration Site 1, PKG 1 = Cyclic Guano-
sine Monophosphate-Dependent Protein Kinase Type 1, PVR = Pulmonary Vascular Resistance,
ROS = Reactive Oxygen Species, RV = Right Ventricle, SMC = Smooth Muscle Cell, SOD = Superoxide
Dismutase, STAT3 = Signal Transducer And Activator Of Transcription 3, SuHx = Sugen Hypoxia, T-AOC
= Total Antioxidant Capacity, TBARS = Thiobarbituric Acid Reactive Substances, TGF = Transforming
Growth Factor, VDAC = Voltage-Dependent Anion Channels, VPO1 = Vascular Peroxidase 1.

Drugs Animals (Model) Biological Indicators Administration Observed Effect

Alginate oligosaccharide Sprague-Dawley rats
(MCT, intraperitoneal)

p47-phox, p67-phox, and
gp91-phox, subunits of
NADPH oxidase, MDA

intraperitoneal

Down-regulate the expressions of
malondialdehyde and NADPH by
inhibiting the TGF β1/p-Smad2
signaling pathway to prevent the
pulmonary vascular remodeling

induced by MCT

Vardenafil Sprague-Dawley rats
(MCT, intraperitoneal)

8-iso-prostaglandin-F2a,
3-nitrotyrosine, eNOS, NO,
MDA, SOD, Nox2, Nox4

intragluteal

Suppress proliferation of
enhanced apoptosis of pulmonary

artery smooth muscle cells,
attenuating small pulmonary
artery remodeling, and right

ventricular hypertrophy

Pentaerythritol
Tetranitrate (PETN)

Wistar rats (MCT,
intravenous) HO-1, ICAM-1 intragluteal

PETN therapy improved
endothelium-dependent

relaxation in pulmonary arteries
and reduced oxidative stress

Sulforaphane Male mice (SU5416 and
10% hypoxia, SuHx) Nrf2, NQO1, NLRP3 intragluteal

Reduce SuHx-induced
pulmonary vascular remodeling,

inflammation, and fibrosis

Crocin Sprague-Dawley
rats (Hypoxia) OXR1, P21, Nrf2 intraperitoneal

Crocin co-treatment significantly
improved the hemodynamic,

oxidative stress biomarkers and
histological data of the PAH rats

Melatonin
Newborn sheep (Chronic

hypobaric hypoxia,
Putre, 3600 m)

SOD2, CAT, GPx1, VDAC,
p47-phox, Xanthine

Oxidase, 8-isoprostanes,
4HNE, and NT

intragluteal

Reduced major sources of
pro-oxidative ROS at the cellular

level, reduced oxidative stress
and enhanced antioxidant status

at the pulmonary level of
neonatal PAH

Resveratrol Sprague-Dawley rats
(MCT, hypoxia) Nrf2, HIF-1 α intragluteal

Exert antiproliferation,
antioxidant, and

anti-inflammation effects

Ellagic acid
Male Sprague-Dawley rats

(Porcine pancreatic
elastase, intra-tracheal)

SOD, CAT, and
glutathione intragluteal Reduce oxidative stress and

prevent PAH

18β-Glycrrhetinic Acid Male Sprague-Dawley rats
(MCT, intraperitoneal) Nox2, Nox4 intragluteal

Reduce the changes in oxidative
stress biomarkers and inhibit
Nox2 and Nox4 expression
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Table 1. Cont.

Drugs Animals (Model) Biological Indicators Administration Observed Effect

Celastramycin
Wild-type mice; SD rats

(3 wks. of hypoxic exposure;
SU5416, subcutaneous)

ROS, Nrf2, Nox,
GSH/GSSG, SOD2

Osmotic pump;
intraperitoneal

Increase protein levels of Nrf2 and
improve pulmonary hypertension

Celastrol cROCK1-/- and
cROCK2-/- mice (TAC) CyPA, Bsg, Nox2, Nox4 intraperitoneal Inhibit CyPA/Bsg-NF-KB axis

and enhance ROS production

Hybridization of
Isosorbide 5 Mononitrate
and Bardoxolone Methyl

Male Sprague-Dawley rats
(MCT, intracerebral) NO, Nox4 intratracheal

By inactivating Nox4, excessive
proliferation of vascular
pericytes was inhibited,

macrophage infiltration and
oxidative stress were reduced,

cardiac hypertrophy and fibrosis
were significantly reduced in rats

with pulmonary hypertension

Combination of
DCA/ATO

Male Sprague-Dawley rats
(MCT, intracerebral) CHOP, Bcl2 intragluteal

The combined treatment of
DCA/ATO significantly reduces

the right ventricular systolic
blood pressure accompanied by

a decrease in right heart
hypertrophy and

reduces vascular remodeling,
thereby inhibiting excessive

PASMC proliferation

Baicalein Male Sprague-Dawley rats
(MCT, intracerebral)

MDA, SOD, GSH-Px, Bax,
Bcl-2 intragluteal

Inhibit oxidative stress and
alleviated pulmonary vascular

remodeling in MCT-induced PAH

17-β estradiol Male Sprague-Dawley rats
(MCT, intracerebral) T-AOC, MDA, Nox4 intraperitoneal

Inhibit Nox4-mediated
oxidative stress and alleviated
MCT-induced right ventricular

remodeling of PAH rats

Copaiba Oil Male Wistar rats
(MCT, intraperitoneal) eNOS intragluteal

Reduce oxidative stress and
apoptosis signaling in RV of rats

with PAH

Dimethyl Fumarate Male C57BL/6 mice
(Hypoxic chamber) HO-1, NOX4 intraperitoneal Mitigate oxidative stress

damage and inflammation in lung

Bucindolol Male Wistar rats
(MCT, intraperitoneal) eNOS, SOD-1 intraperitoneal

Decrease (21%) PVR and
increase RV workload, thereby

improving the vascular
remodeling of the pulmonary

artery

Rosuvastatin
Male Ren2 and

Sprague-Dawley rats
(Transgenic (mRen2) 27 rats)

3-NT, NO(x), Nox, and
endothelial NO

synthase expression
intraperitoneal

Improve cardiovascular
outcomes/risk by restoring

endothelial and SMC function,
inhibiting SMC proliferation,
reducing oxidative stress and
inflammation in the vascular

wall

Carvacrol Male Wistar
rats (Hypoxia) SOD, GSH, MDA, caspase 3 intraperitoneal

Attenuate the pulmonary
vascular remodeling and

promotes PASMC apoptosis

Trapidil Male Wistar rats
(MCT, intraperitoneal)

NADPH oxidases,
glutathiones/

total glutathiones
intraperitoneal

Improve hemodynamic,
echocardiographic, and redox

state parameters of right ventricle

Tetrandrine Male Sprague-Dawley rats
(MCT, intraperitoneal) cGMP, PKG-1, iNOS intraperitoneal

Alleviate MCT-induced PAH
through regulation of NO

signaling pathway and
antioxidant and

antiproliferation effects

Trimethoxystilbene Male Sprague-Dawley rats
(hypoxic chamber) Nox2, Nox4, VPO1 intragluteal

Attenuate hypoxia-induced
pulmonary vascular remodeling

and right ventricle
hypertrophy accompanied by

downregulation of Nox2, Nox4
and VOP1 expression
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Table 1. Cont.

Drugs Animals (Model) Biological Indicators Administration Observed Effect

Hydrogen Male Sprague-Dawley rats
(MCT, intracerebral) STAT3, NFAT

Housed ad
libitumto hydrogen-

saturated water

Ameliorate MCT-induced
PAH in rats by suppressing
macrophage accumulation,

reducing oxidative stress, and
modulating the STAT3/NFAT axis

Blueberry extract Male Wistar rats (MCT,
intragluteal)

NADPH, SOD, GPx,
ETA/ETB intragluteal

Decrease the mean pulmonary
artery pressure and total

reactive species concentration
and lipid oxidation

Ocimum Sanctum (Linn) Male Wistar rats
(MCT, intracerebral)

Thiobarbituric Acid
Reactive Substances

(TBARS); GSH; Catalase;
SOD; Nox1

intragluteal

Decrease Nox-1 expression
and increase

expression of Bcl2/Bax ratio
caused by MCT

Honokiol Male Sprague-Dawley rats
(MCT, intraperitoneal) CyPA intragluteal Alleviate autophagy and PAH

regulated by CyPA in PAECs

GS-444217/Selonsertib SD rats (MCT (intracere-
bral)/Sugen/hypoxia)

phosphorylation of
p38 and JNK intragluteal

Reduce pulmonary arterial
pressure and RV hypertrophy

in PAH models associated with
reduced ASK1

phosphorylation, reduced
muscularization of the

pulmonary arteries, and reduced
fibrotic gene expression in the RV

SGI-1776, TP-3654
Male SD rats (MCT,

intracerebral/
Fawn-Hooded Rats)

Repair of DNA damage intragluteal

Improve significantly
pulmonary hemodynamics
(right heart catheterization)

and vascular remodeling
(Elastica van Gieson)

Nitrite anion (NO2
−) has been recognized as a source of nitric oxide outside the

conventional arginine-NOS pathway, which is generally dysfunctional in PAH. In addition,
multiple nitrite reductases have been observed that can convert anion nitrite into nitric
oxide, which acts as a pulmonary vasodilator [138]. Simon et al. evaluated the safety
and efficacy of inhaled nitrite in 10 patients with PH due to heart failure with preserved
ejection fraction, 20 patients with group 1 PH (PAH) and 6 patients with group 3 PH. While
inhaled nitrite improved pulmonary hemodynamics in patients with group 2 and group
3 PH, no significant change in pulmonary vascular resistance was noted for group 1 PH
patients. Authors concluded that efficacy of nitrite might therefore be limited in PAH
patients (NCT01341313) [139].

Coenzyme Q (CoQ) is an electron carrier in the inner mitochondrial membrane and is
essential for proper mitochondrial oxidative metabolism. A single-center clinical trial at
the Cleveland Clinic, Ohio, USA, evaluated the role of CoQ in the treatment of PAH. The
study enrolled 15 patients with PAH (8 in study group and 7 in control group) that were
randomized to receive 12 weeks of oral CoQ supplementation. The researchers monitored
cardiac function by echocardiogram and mitochondrial function by heme synthesis and
cellular metabolism. While ventricular hemodynamics were improved, there was no
significant change in the 6MWD and BNP levels (NCT01148836) [140].

Xanthine oxidase (XO) catalyzes the conversion of hypoxanthine to xanthine and then
xanthine to uric acid. In this reaction, it also generates peroxynitrite and superoxide anions,
which are mediators of oxidative damage in PAH. Animal models have corroborated this
pathobiologic premise. Higher levels of XO activity in the lungs and in plasma have been
reported in hypoxic rat models. These animal studies have concomitantly also reported
higher levels of phosphotidylcholine, which is a marker of oxidative stress [141]. While
assays of XO activity in PAH is not done, elevated levels of uric acid commonly observed in
patients with PAH suggest a hyperactive XO pathway [142,143]. In fact, Spiekermann et al.
measured XO activity in the plasma of 31 treatment-naïve iPAH patients at baseline and
then in three of these patients three months after treatment with bosentan. In the baseline
assay, iPAH patients were associated with higher XO activity levels but these higher levels
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were not well correlated with pulmonary and cardiac hemodynamic parameters. However,
on enzymatic activity analyses of iPAH patients after treatment with bosentan, the XO
activity levels were markedly lower than what were initially measured [144]. Allopurinol
is a XO inhibitor, however despite strong preclinical data, clinical trials have not yet been
devised to assess the role of allopurinol in PAH.

4.7. Extracellular Matrix

Extracellular matrix (ECM) plays a critical role in the pathogenesis of PAH. In fact,
ECM remodeling is said to be a causal factor in PAH rather than a consequence of distal
small vessel vasculopathy [145]. Endothelial dysfunction and inflammation disturb the bal-
ance between the proteolytic enzymes and their inhibitors, resulting in increased pulmonary
vascular resistance and decreased pulmonary arterial compliance (PAC). PAH involves
ECM expansion in all three layers of the vessel wall—intima, media, and adventitia, re-
sulting in vascular fibrosis and decreased arterial wall compliance [146]. Researchers have
noted increased vascular collagen deposition and cross-linkage of collagen, resulting in
insoluble fibers [147]. Increased fragmentation of the internal elastic lamina points toward
increased elastin breakdown in pulmonary vasculature in PAH. In PAH, pulmonary vessels
also show increased accumulation of tenascin and fibronectin in the vessel walls [148].

ECM composition is regulated by a balance between the proteolytic enzymes, matrix
metalloproteinases (MMPs), serine elastases, lysyl oxidases (LOXs) and the inhibiting
enzymes, tissue inhibitors of metalloproteinase (TIMP). PAH animal models have shown
increased concentration of MMP, elastases, and LOXs as compared to healthy controls [149].
While inciting events can be numerous, endothelial cell injury and subsequent dysfunction
has been deemed a critical initiating factor. PAEC injury and dysfunction results in the loss
of the endothelial barrier with resulting increased permeability of the barrier. Increased
proteolysis results in subsequent activation of growth factors (fibroblast growth factor, trans-
forming growth factor β), which in turn elicit deposition of tenascin, fibronectin, elastin,
and collagen, all of which cause vascular stiffness and loss of vessel wall pliability [150].
Inflammation, as previously described, stimulate activation of MMPs and elastases, and fur-
ther potentiate the inflammatory insult and cause fibrosis. Additionally, stiff ECM activated
YAP/TAZ (Yes-associated protein/transcriptional coactivator with PDZ-binding motif)
through mechanotransduction. The YAP/TAZ pathway further stimulates proliferation of
PAEC and PASMC [151].

MMP-2 and 9 are the major enzymes in the pulmonary vasculature. MMP inhibition
has shown clinical benefit in MCT-induced rodent models [11]. Intrathecal instillation
of the human TIMP-1 gene in MCT rodent models improved pulmonary hemodynamic
and right ventricular hypertrophy [152]. In fact, amlodipine was shown to inhibit MMP-2
activity in MCT rat models, and showed improvement platelet activation, PAEC injury, and
PASMC proliferation [153–155]

Elafin is a serine elastase inhibitor. Several initial studies on PAH noted increased
elastase activity in PH experimental models [156–159]. Hypoxic mice models overexpress-
ing elafin were observed to be protected from PH [160]. Elafin is postulated to protect
against PH via suppression of MMP -9. Additionally, Nickel et al. reported alleviation of
PH in sugen/hypoxia rats via elafin as evidenced by improvements in occlusive pulmonary
arteriopathy, right ventricular hypertrophy, and right ventricular end systolic pressures.
Researchers reported that elafin increased apelin activity in PAEC, promoted PASMC
apoptosis, and decreased neointimal lesions in lung vasculature. Elafin also stabilized en-
dothelial caveolin-1, subsequently enhancing BMPR2-caveolin-1 interaction. The latter was
reported to improve PH phenotype via BMPR2 signaling [161]. In a recent observational
cohort study recruiting 249 PAH patients and 106 healthy controls, neutrophil elastase and
elafin levels were measured in all the participants. Blood levels of elastase were elevated
and elafin were diminished across all PAH subtypes. Higher levels of elastase correlated
with more severe disease, poorer functional status (assessed via 6MWD), greater right
ventricular dysfunction, elevated cytokines, and lower BMPR2 blood levels. Furthermore,
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higher elastase levels were also associated with poor clinical outcomes [162]. Currently,
a multiple-ascending-dose, randomized, placebo-controlled, blinded clinical trial is un-
derway that aims to evaluate the safety, tolerability, and pharmacological parameters of
subcutaneous elafin therapy in healthy adult subjects. The study aims to assess elafin that
is being developed as a therapeutic option in PAH (NCT03522935).

4.8. Metabolic Pathway

An association has been found between glucose intolerance and insulin resistance.
A causal relationship between insulin resistance and PAH has been suggested based
rodent models with BMPR2 mutations developing insulin resistance early in their disease
process [163]. While it is known that glucose intolerance is a predictor of mortality in PAH,
it is unknown if glucose intolerance plays a role in PAH pathogenesis. Several key PAH
associated conditions (connective tissue diseases, HIV, and stimulant use) also have an
association with insulin resistance [164].

Metformin, a biguanide oral anti-hyperglycemic agent used to reduce insulin resis-
tance, has been shown to have a beneficial effect on the NO, prostacyclin, and endothelin
signaling pathways in PAH. The proposed mechanism for this effect takes place through
activation of the AMP-Kinase which inhibits the proliferation of PASMCs induced by ET-
1 [165]. Metformin has also been linked to a host of separate pathways in PAH, including
blocking the estrogen pathway through inhibiting aromatase transcription, decreasing Rho-
kinase activity, and increasing prostacyclin synthase activity [11,164–167]. A phase 2 trial
with metformin in PAH patients in 2020 found metformin to be safe and well-tolerated in
these 20 patients, and suggested metformin may be associated with improved RV func-
tion [168]. Another phase 2 trial is underway in PAH assessing hemodynamics and 6MWD
in 130 participants (NCT03617458).

Peroxisome proliferator-activated receptor-γ (PPAR-γ) pathway dysregulation has
been implicated in PAH pathogenesis. PPAR-γ is a nuclear transcription factor involved
in lipogenesis and energy metabolism, adipocyte differentiation, inflammation mediation
via downregulation of inflammatory cytokines, anti-cancer phenotype, and modulation
of neurodevelopmental disorders [169]. Decreased PPAR-γ levels have been observed in
PAH patients, with normal levels in healthy controls and patients with other lung diseases
such as chronic obstructive pulmonary disease (COPD) [170]. Downregulation of PPAR-γ
has been implicated in inappropriate cell cycle regulation, ubiquitin-mediated DNA repair
pathways, and endothelial cell proliferation via VEGF dependent mechanisms [10]. PPAR-γ
has been described as a master regulator in BMP2 and TGFβ pathways in PASMCs [171].
In fact, in non-ischemic left ventricular failure, deletion of PPAR-γ cofactor and PPAR-γ
coactivator 1α resulted in increased glucose oxidation, decreased fatty acid oxidation, and
overall worsening of cardiac function [172]. Thiazolidinediones, PPAR-γ agonists, are a
group of oral anti-hyperglycemia agents described for their use in the treatment of diabetes
mellitus. Two major approved drugs in this class are pioglitazone and rosiglitazone.

Pioglitazone has been shown to improve PAH phenotype in experimental animal
models. Lagchenko et al. observed dysregulated cardiac hypertrophy, fibrosis, fatty acid
oxidation, and TGF-β signaling in RV failure in Sugen/hypoxia rat models. Reversal of
these changes was demonstrated with pioglitazone. In fact, mitochondrial disarray and
increased intra-myocellular lipids observed in failed right ventricular cardiomyocytes were
also noted to diminish with pioglitazone. In addition, pioglitazone was also demonstrated
to curb the elevated levels of miR-197 and miR-146b in these animal models, further
supporting the role of microRNAs in the pathogenesis of PAH while providing a therapeutic
pathway to counteract them [171]. A clinical trial devised to compare the therapeutic effects
of pioglitazone vs. established PAH therapy (bosentan) was terminated due to poor trial
enrollment (NCT00825266).

Rosiglitazone has been evaluated in preclinical experimental settings. In MCT-
induced PH rat models, rosiglitazone was shown to significantly reduce right ventricular
systolic pressure with partial mitigation of pulmonary vascular remodeling [173]. In a
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similar study with MCT rat models, Xie et al. showed a reduction in right ventricular
hemodynamics with rosiglitazone treatment. Authors also reported increased PTEN ex-
pression with decreased Akt phosphorylation associated with rosiglitazone use, suggesting
the action of the PPAR-γ agonists on PTEN/PI3K/Akt pathway [174].

With said preclinical evidence of use of thiazolidinediones in PAH, future human
clinical trials would be required to evaluate their safety and efficacy in humans.

4.9. Neurohormonal Pathways

The neurohormonal system works to maintain cardiac-homeostasis through two main
pillars, the autonomic nervous system (ANS) and the renin–angiotensin–aldosterone sys-
tem (RAAS). The ANS can be subdivided into the parasympathetic nervous system (PNS)
and the sympathetic nervous system (SNS) while the RAAS has a classical and alternative
pathway. The ANS works to maintain short term control over cardiac homeostasis while
the RAAS works over longer periods. PAH is generally associated with an increase in SNS
activity, which in turn downregulates PNS activity [175,176]. Locally, β-adrenoreceptors
are downregulated in the right ventricle but not the left ventricle in PAH patients [177].
This effect is mediated through atrial and ventricular stretch receptors, key activators of
the SNS. Activation of these stretch receptors in the myocardium allows for the increase in
contractility needed by the RV to cope with an increased load, but long-term stimulation
of these receptors results in downregulation of the β1-adrenoreceptors [177]. Downregu-
lation leads to both atrioventricular uncoupling in the right heart due loss of contractile
reserve and RV diastolic dysfunction through decreased protein kinase A activation of titin,
a sarcomere protein responsible for the regulation of myocardial stiffness [175,177,178].
Pulmonary vascular remodeling has also been implicated by sustained SNS activation [175].
Impaired β-adrenoreceptor signaling results in vasoconstriction through decreased NO
production [179]. Unchecked, this vasoconstriction leads to PASMC hypertrophy and
proliferation [180].

Imbalances in the RAAS system are also observed, as levels of angiotensin (Ag) I and
II are increased in patients with progressive PAH vs. healthy controls [181]. This increase
is not seen in stable PAH, so an association has been made between increased Ag levels
and PAH disease progression [181]. Interestingly, the main hormones in the alternative
RAAS pathway, Ag1-7 and Ag1-9, are decreased in PAH according to a 2020 study with
85 PAH patients [182]. Ag1-7 has known vasodilatory, antiproliferative, antifibrotic, and
antihypertrophic properties, and is believed to be protective of the maladaptive changes in
PAH. The angiotensin converting enzyme (ACE)-2 plays a regulatory role in enhancing the
alternative RAAS pathway by converting the products of the classical pathway to those of
the alternative pathway [182]. However, data remains inconclusive regarding whether the
lower levels of ACE-2 reported in PAH intensify the action of RAAS classical pathways
over the alternative pathway [179,181,182]. Thus, the classical RAAS and Ag II have been
implicated in the pathogenesis of PAH while the alternative RAAS with Ag1-7 and ACE-2
have shown to have protective effects against these changes.

4.9.1. Beta-Blockers

Beta-blockers (β-blockers) directly counteract the effects of the SNS at theβ-adrenoreceptors.
Though this action seems favorable, the current 2022 ESC/ESR PH guidelines do not recommend
their use in PAH [3]. This is based on the idea that the negative ionotropic and chronotropic
effects of β-blockers would result in hypotension and decreased exercise capacity in PAH, and
this has, in fact, been reported in porto-pulmonary PH [179,183]. While in the advanced stages
of PAH, β-blockers may impede the adrenergic system’s ability to counteract low cardiac output.

However, in the early stages of the disease, mediating the SNS could work to prevent
RV remodeling [184]. A large propensity study review in 582 iPAH patients showed
favorable tolerance to β-blockers [185]. A 2011 study with 6 PAH patients showed that
carvedilol was safe and well-tolerated in patients also on vasodilators. The study also
showed an increase in RV ejection fraction and stroke volume [186]. Bispropolol has
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been shown to reduce RV failure in experimental mouse models [187]. A 2016 study with
bispropolol found the drug to be well tolerated and safe in iPAH but showed no benefit
at 6 months [188]. Given this evidence regarding the safety of certain β-blockers in PAH,
more evidence is warranted to confirm their role in PAH management.

4.9.2. Alternate RAAS Pathway

A promising target under investigation is the alternate hydrolysis of Ag II to Ag
1-7 via ACE-2, as Ag 1-7 has vasodilatory, anti-inflammatory, and anti-fibrotic effects on
PAECs [181,182]. Infusion of rhACE2 (GSK2586881)—a recombinant human ACE—in
mouse models has shown to improve RV hypertrophy and hemodynamics in PAH [181].
A pilot study with rhACE2 in 5 PAH patients showed safety and tolerability along with
improved cardiac output, PVR, and serum creatinine [181,182]. A 2022 study examined
the hemodynamic effects in PAH patients after administration of one dose of rhACE2,
but showed no significant change in pulmonary vascular resistance, mPAP, or cardiac
index. However, the authors opine that a single dose of rhACE might be inadequate to
determine the potential benefits of this therapy, particularly in terms of improvement of
chronic vascular remodeling [189]. Another clinical trial with rhACE2 in PAH is predicted
to be completed in 2023 (NCT01884051).

4.9.3. Mineralocorticoid Receptor Antagonists

Aldosterone is a steroid hormone involved in the RAAS that binds to mineralocorticoid
receptors in the heart, kidney, and pulmonary vasculature [190,191]. Elevated levels of
aldosterone are seen in PAH due to dysfunction in the RAAS, which leads to elevated levels
of Ag II that in turn directly stimulates aldosterone production in the adrenal gland and
pulmonary vasculature [190]. Elevated levels of aldosterone activate the mineralocorticoid
receptors in cardiac cells and pulmonary vasculature to promote vascular remodeling and
consequent RV dysfunction in PAH [190,192]. In the pulmonary vasculature, aldosterone
facilitates activation and vascular infiltration of monocytes, macrophages, and lymphocytes,
which promote inflammation. Hyperaldosteronism promotes vascular stiffening in PAH by
directing insertion of epithelial sodium channels into the endothelial cell membranes [190].
This increases cellular water retention, cellular swelling, and consequent pulmonary arterial
stiffness. In the heart, aldosterone increases cardiac NADPH oxidase activity, leading to
myocardial endothelial dysfunction. Increased levels of type I and II collagen led to
enhanced myocardial stiffness. Aldosterone levels have also correlated positively with
pulmonary vascular resistance and inversely with cardiac output in a subset of patients
with PAH who had severe disease [193].

Mineralocorticoid receptor antagonists (MRA) have long been used to manage symp-
toms of RV failure in PAH due to their diuretic properties. The MRAs may also have
a separate benefit in the heart and lungs in regulation of the RAAS. Though this class
of medications has been observed to be safe and well tolerated in PAH, the efficacy and
benefit in human trails with PAH is currently limited. In PH induced mice, the MRA
spironolactone prevented vascular remodeling in mice induced by MCT and decreased RV
systolic pressure and PVR in mice with pre-existing PH [194]. To characterize the efficacy
of MRAs in PAH, a retrospective analysis of patients on spironolactone that were enrolled
in the ARIES-1 and -2 trials observed that spironolactone use enhanced the benefits of
ambrisentan [189,194]. An ongoing clinical trial investigating spironolactone in PAH is
currently underway (NCT01712620).

4.9.4. Vasoactive Intestinal Peptide

Vasoactive intestinal peptide (VIP) is a neuroendocrine hormone with potent vasodila-
tory properties [89]. This hormone also inhibits platelet activation and PASMC proliferation.
Hemodynamically, VIP can reduce pulmonary and systemic vascular resistances [195]. VIP
binds to hormone specific receptors found on the cell surfaces of airway epithelia, on
macrophages surrounding capillaries, and in the subintima of pulmonary arteries and
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veins [196]. Low levels of VIP have been seen in both the serum and lungs of PAH pa-
tients [197]. In a pilot study, 9 patients with PAH were given inhaled VIP (Aviptadil) and
showed an increase in cardiac output and improved PVR [198]. A later phase II trial with
Aviptadil in 56 PAH patients failed to show any clinical benefit [197,198]. A sub-cutaneous
formulation was subsequently designed given the concern of negative alteration of results
with the inhaled route of medication administration. The efficacy and safety of the inhaled
formulation is currently being evaluated in a clinical trial (NCT03315507).

4.10. Serotonin Signaling

Serotonin (5-HT) is a vasoactive monoamine that plays numerous roles in the body,
including acting as a vasoconstrictor in peripheral circulation. This property has led to
5-HT being implicated in PASMC proliferation through excessive vasoconstriction [28].
The molecule is typically stored in platelets and the endothelium to maintain low serum
levels of 5-HT. Low platelet storage and high serum levels of 5-HT are observed in PAH,
leading to maladaptive vasoconstriction and PASMC proliferation [11].

Based on this pathophysiologic basis, a 5-HT receptor inhibitor, terguride, was studied
in a phase II study in PAH patients [37,89]. The study showed no benefit with terguride
administration, possibly due to the fact that terguride is selective for the 5-HT2A and
5-HT2B receptors, and the 5-HT1B receptor is the most highly expressed in pulmonary
circulation [37]. Rodatristat ethyl is a selective inhibitor of tryptophan hydroxylase 1, the
rate limiting enzyme in 5-HT biosynthesis. Lazarus et al. began enrollment into a phase
IIb study (ELEVATE2) in 2021 evaluating the safety and efficacy of the drug in 90 PAH
patients [199,200]. Of note, trials with the selective 5-HT reuptake inhibitors escitalopram
and fluoxetine were started in 2008, but the trials were terminated without any publication
of the results [28,89]. An analysis from REVEAL data showed an increased mortality and
clinical worsening in PAH but was not properly adjusted for cofounders [89].

4.11. Estrogen Pathway

Sex hormones have long thought to play a large role in PAH pathogenesis due to
epidemiological data. PAH is more commonly diagnosed in women than men at a ratio
of almost 4:1 [11]. This ratio is true in both hPAH and iPAH, but as women also tend to
have better RV function and increased survival rates compared to men, this phenomenon
is described as the “estrogen paradox” [11,89]. Women also seem to respond better to PAH
directed therapies [201,202]. The role of estrogen (E2) and its metabolites is of great concern,
as some metabolites have proliferative effects on PASMCs and others have anti-proliferative
and anti-inflammatory effects. High E2 levels in males is associated with PAH, but has
also been seen to have protective effects on the right ventricular and pulmonary artery
remodeling seen in PAH through PA vasodilatory effects [166,201]. E2 can also inhibit
BMPR2 expression and BMP signaling [202]. Mouse models have also shown that estrogen
preserves RV mitochondrial oxidative capacity, which protects the RV from dysfunction in
severe PH [202]. A 2016 case-control series made an association between PAH observed
in postmenopausal women and in men to have elevated circulating levels of estrogen and
lower levels of dehydroepiandrosterone sulfate (DHEA-S) than premenopausal female
and male controls [166,203]. Higher serum levels of estrogen were associated with worse
six-minute walk distances while elevated levels of DHEA-S were linked with lower right
atrial pressure and PVR [11,203].

Anastrozole is an FDA-approved nonsteroidal antiestrogen agent used in women
in the treatment and prevention of estrogen receptor-positive breast cancer by inhibiting
the enzyme aromatase. Preventing the conversion of androgens to E2 with the aromatase
inhibitor has been shown to suppress PAH in animal models [204]. A small 2016 study in
18 PAH patients showed anastrozole did significantly reduce E2 levels over 3 months, but
did not have meaningful change in hemodynamics. The drug was found to be safe and well
tolerated in this “proof of concept” study [205]. These results lead to the current PHANTOM
trial, a phase II RCT, double-blind placebo-controlled multicenter trial assessing 6MWD
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change in 84 PAH patients with anastrozole administered over 12 months (NCT03229499).
A small proof of concept trial of 5 PAH patients was recently completed with Fulvestrant, a
similar estrogen receptor antagonist used in postmenopausal breast cancer, which showed
increased 6MWD and stroke volume [11,166]. Tamoxifen, another selective estrogen
receptor inhibitor, is also currently under investigation in a single center, 24-week RCT
examining clinical worsening via 6MWTD and echo parameters (NCT03528902). Although
anastrozole seems to be more effective based on limited data, tamoxifen may be safer in
pre-menopausal women [201,206].

Dehydroepiandrosterone, DHEA, is a steroid hormone precursor for both estrogen
and testosterone. Lower levels of DHEA have been associated with increased risk of PAH
in both men and women. DHEA supplementation significantly improved 6MWD and
hemodynamics in a small trial in Group 3 PH in 2012 [207]. There is a current crossover
study in PAH patients evaluating the role of DHEA on RV longitudinal strain on cardiac
MRI (NCT03648385).

4.12. Iron Deficiency

The pathophysiologic role played by iron deficiency in heart failure has been long de-
scribed. However, iron deficiency is not rigorously documented in right ventricular failure.
Approximately 40–60% of patients with PAH have iron deficiency, regardless of anemia,
that has correlated with poorer functional and clinical outcomes in these patients [208].
Hypoxic vasoconstriction and elevation of pulmonary artery systolic pressure in PAH
induces release of erythropoietin (EPO) that restores oxygen delivery and recompenses
the alveolar hypoxia. Infusion of deferoxamine, an iron chelator, in healthy individuals
mimicked hypoxia by elevating right ventricular end systolic pressure, and it therefore
points toward a role of iron deficiency in pathogenesis of the said hypoxic pulmonary vaso-
constriction [209]. Deferoxamine has also been observed to induce the release of EPO [210].
Rat models with an iron-deficient diet have demonstrated deleterious pulmonary vascular
remodeling [211]. Several studies have reported an abnormal elevation of hepcidin in
iPAH, resulting in the resistance of response to oral iron supplementation. Hepcidin ele-
vation also inhibits intracellular iron export leading to intracellular iron overload, which
further promotes mitochondrial dysfunction and oxidative insults. These further cascade
into development of lipid peroxidation, DNA oxidation, and protein denaturation, all par-
ticipating in PAH pathogenesis [212,213]. Zou et al. performed a bioinformatic analysis of
iron metabolism related genes (IMRGs) and differential expression of IMRGs (DEIMRGs)
in iPAH patients. They observed that the DEIMRGs were upregulated in oxidative stress
on Gene Ontology (GO) analysis. Kyoto Encyclopedia of Genes and Genomes (KEGG)
analysis ascertained ferroptosis, fluid shear stress, and atherosclerosis pathway to be
engaged in regulation of DEIMRGs [214].

Howard et al. evaluated the safety and efficacy of parenteral iron therapy in
two randomized, double-blind, placebo-controlled, 12-week crossover studies in PAH
patients (NCT01447628). At 12 weeks, researchers noted no significant change in exer-
cise capacity (6MWD), cardiopulmonary hemodynamics, cardiac magnetic resonance
imaging or plasma NTpro-BNP [215].

4.13. Deoxyribonucleic Acid (DNA) Damage

PAH pathogenesis due to inflammation and consequent DNA damage has been long
described. In fact, in the setting of oxidative damage, PAEC and PASMC demonstrate an on-
cologic phenotype with augmented proliferation, migration, endothelial-to-mesenchymal
transition, and fibrosis. Late in the 1990s, it was discovered that the cells in the pulmonary
endothelial plexiform lesions were monoclonal, arising from a single endothelial cell with
dysregulated DNA mitogenesis [216]. In-vitro studies of human PAH pulmonary arteries
and human-PASMC displayed increased concentrations of DNA damage markers (53BP1
and γ-H2AX) and poly (ADP-ribose) polymerase-1 (PARP-1), a DNA repair enzyme [217].
PARP1 expression has been hypothesized to allow persistent proliferation of cells despite
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incurring DNA damage along with activation of nuclear factor of activated T-cells (NFAT)
and HIF-α. The latter two mediators have been extensively described to play critical
roles in the PAH disease process, with inappropriate PASMC proliferation and apopto-
sis resistance [218]. In vivo MCT rat model experiments demonstrated mitigation of the
PAH endophenotype with PARP inhibition using ABT-888 [217]. Federici et al. measured
DNA damage, mutagen sensitivity, and ROS in lung and blood cells in patients with
PAH. Researchers noted increased baseline DNA damage in PAECs and peripheral blood
mononuclear cells (PBMCs) of PAH patients (p < 0.05 and p < 0.001). In addition, relatives of
patients with PAH also demonstrated a similar increase, indicating a role of DNA damage
might precede PAH development [219]. Vitry et al. reported that Nudix hydrolase (NUDT1)
is a key enzyme that protects against DNA damage in pulmonary vasculature and might
play role in PAH pathogenies [220].

Olaparib is an FDA approved treatment of BRCA mutation positive ovarian cancer.
Olaparib is an oral PARP enzyme group inhibitor. Preclinical findings theoretically support
the idea of a PARP inhibitor being beneficial in PAH treatment. In a relatively small
clinical trial, a Canadian group of researchers have recruited 20 patients with PAH, already
on established PAH therapies for at least 4 weeks (NCT03782818). The patients would
be started on a gradual dose escalation regimen of olaparib with outcomes measured at
24 weeks. The study has completed recruiting patients and is currently underway.

4.14. FoxO1 Pathway

Autophagy is an important, closely regulated, evolutionarily conserved catabolic
process that plays a critical role in cell survival, turnover, and internal cellular homeostasis.
Multiple reports in the literature describe dysregulation of autophagy and the role it plays
in the pathogenesis of PAH. A higher concentration of autophagosomes has been observed
in human PAH lung samples [221]. MCT rat models demonstrated development of PAH
being associated with increased lung expression of LC3B-II, ATG5, and p62, all of which
are autophagy markers. FoxO1 is a transcription factor belonging to the forkhead O
family. FoxO1 expression is observed to be diminished in patients with PAH and in MCT
experimental models [49]. Additionally, FoxO1 has been described to be an important
regulator in activation of autophagy [222,223]. It was therefore theoretically proposed that
FoxO1 stimulation in PAH can alleviate some of the disease phenotype.

Paclitaxel is an anti-microtubule chemotherapy agent used in the treatment of multi-
ple cancers. Paclitaxel has been shown to stimulate FoxO1 transcription factor. In addition,
paclitaxel also activates BMPR2 signaling, which is frequently dysregulated in PAH. Treat-
ment of MCT rats with paclitaxel showed an increased FoxO1 expression and restoration
of autophagy. It also reduced both the RV end systolic pressure and the RV hypertrophy
index in these animals [221]. Human clinical trials have not evaluated the role of paclitaxel
in treatment of PAH.

5. Interventional Modalities
5.1. Balloon Pulmonary Angioplasty

Balloon pulmonary angioplasty (BPA) is an interventional procedure chosen in
patients with chronic thromboembolic pulmonary hypertension (CTEPH) who are poor
surgical candidates for pulmonary endarterectomy (PEA) or have residual PH after a
PEA. The very first case where BPA was initially performed for CTEPH was reported by
Voorberg et al. in 1998 [224]. Following a case series by Feinstein et al. describing BPA in
18 patients with CTEPH, wherein despite immediate post-procedure improvement in
pulmonary hemodynamics, most of the patients experienced a reperfusion pulmonary
edema (RPE) following the procedure, BPA fell out of favor [225]. However, with newer
case reports in the last decade showing successful use of BPA despite the potential for
complications, ESC/ERS guidelines approved BPA as a treatment for CTEPH under a
stringent set of conditions [3].
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Unlike PEA, BPA does not extract the clot but rather dilatates chronically obstructed
vessels with the inflation of a balloon, causing the fibrin to be crushed to one side of
the vessel wall. The web lesions are speculated to be opened via dissection of vascular
media and compression of the fibrin while band lesions were enlarged via dilatation of
pre-existing central lumen. With multiple obstructions in pulmonary vasculature, staged
procedures with repeated dilatations are required [226]. Immediate hemodynamic benefits
of BPA are widely reported, with improvement in PVR, mPAP, cardiac index, BNP and
6MWD [227–229]. There have been reports of increased oxidative and inflammatory stress
post BPA, but it was limited to the first 24 h in the post procedural period [230]. Furthermore,
right ventricular hemodynamics were also improved with BPA, such as right ventricular
end-diastolic and end-systolic volume index, RV ejection fraction, and RV mass [226]. Long-
term effects have not yet been robustly evaluated for BPA. Small-scale studies have reported
favorable data, but limited sample size limits the external validity of these studies [226].
Data from Okayama Medical Center in Japan, the world’s largest BPA center, report 1-, 3-, 5-,
and 10-year survival rates at their center at 98.6%, 94%, 92.5%, and 89.5%, respectively [231].

Initial reports of BPA had a significantly high incidence of RPE, but with the advent of
procedural innovations, advanced imaging techniques assisting in BPA, and improved post-
procedural care, RPE is now a rare complication of BPA [226]. The most common injury
after BPA is lung injury, noted in 46% of cases [232]. An encouraging body of evidence exists
for BPA, and in the correct setting with a multidisciplinary team, it can be an attractive
option, especially for the elderly, or patients with surgical contraindications [233].

5.2. Pulmonary Artery Denervation

The role of the autonomic nervous system in the etiopathogenesis of PAH has been
described in multiple reports [234–236]. PAH patients are observed to have a higher
sympathetic tone, tachycardia, and pronounced activation of the renin-angiotensin-
aldosterone axis. These result in a vasoconstrictive response by the arterioles with
associated vascular remodeling [237].

The pulmonary artery is richly supplied with sympathetic fibers, with the bulk located
at the left lateral wall near to the main pulmonary artery trunk, close to the ostium of the
left pulmonary artery [238]. Preclinical studies have reported an improvement in hemody-
namics with targeted pulmonary artery denervation (PADN). Chen et al. demonstrated
resolution of balloon-occlusion-induced acute pulmonary hypertension changes (elevated
mPAP, PVR, and mean right ventricular pressure) with pulmonary artery denervation in
Mongolian dogs [239]. A similar improvement in pulmonary hemodynamics with PADN
was also observed with thromboxane A2 induced PAH in porcine models [240]. In 2013,
Chen et al. reported the data from a clinical trial evaluating the safety and efficacy of PADN
(PADN-1 STUDY) in the first-ever human clinical trial. The researchers enrolled 21 patients
with iPAH, 13 of which underwent PADN at the main pulmonary trunk and right and left
pulmonary artery ostia. The patients who underwent PADN had a significant reduction in
mPAP with a significant improvement in 6MWD at the 3-month follow-up [241]. Similar
results have also been reported for PADN in PAH due to combined pre- and post-capillary
pulmonary hypertension [242]. In a pivotal paper by Zhou et al., authors induced PH in
dogs by intra-atrial injection of dehydrogenized-monocrotaline. The experimental animals
with PH had significantly thicker nerve myelin sheaths with greater mean axon diameters
as compared to controls. PADN induced significant sympathetic nerve demyelination,
decreased axonic diameter, and subsequently reduced nerve conduction velocity. These
experimental models also showed significant improvement in PH hemodynamics (mPAP,
PVR, medial wall thickness) [238,243].

PADN-CFDA trail recently published their results in September 2022. Researchers
devised a randomized controlled trial to evaluate the therapeutic effects of PADN in the
treatment of PAH. A total of 128 patients with PAH (group 1 PH) who were not on any
PAH-specific therapy for at least 30 days were enrolled in the trials and randomized to
receive PADN with a phosphodiesterase inhibitor (PDEi) vs. sham therapy with PDEi.
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The 6-month follow-up reported a significant improvement in 6MWD in the PADN group
(mean-adjusted group difference 33.8 m, p < 0.001) with a significant reduction in PVR
(adjusted difference −1.4, CI −2.6 to −0.2). Furthermore, the PADN group also had
improved right ventricular hemodynamics (right ventricular functional improvement,
reduction in tricuspid regurgitation, and reduction in NT pro-BNP) [244].

5.3. Atrial Septostomy

A theoretical basis exists for creating an atrial septal defect permitting right to left
shunting for the treatment of severe PAH. The right to left shunting allows for unloading
of the right side of the heart, decreased right ventricular preload, and consequently should
improve the right heart dysfunction PAH. With similar levels of mPAP, patients with
Eisenmenger’s syndrome have longer survival than patients with primary PAH [245].

The earliest case report trialing atrial septostomy (AS) in an end-stage PAH patient was
described by Rich and Lam in 1983. While the patient survived the initial procedure without
any additional medical support, she passed away the following morning due to severe
systemic hypotension and signs of left ventricular volume overload noted at necropsy [246].
In a retrospective case control study evaluating the outcomes after AS alone versus AS
along with other PAH treatment, there were demonstrated improvements in hemodynamic
parameters with patients undergoing the procedure that are associated with improved
survival (cardiac index, right ventricular filing pressure, 6MWD). However, the progressive
decline in survival after 3–5 years after the procedure reinforced the said palliative nature
of this intervention [247]. Kurzyna et al. performed balloon atrial septostomy in 11 end-
stage PAH patients. The authors observed improved cardiac index and systemic oxygen
concentration with transient post-procedural elevation in PVR. Six patients were noted to
have spontaneous closure of the atrial defect on mean 12-month follow-up [245].

Yan et al. performed the first in-human modified atrial septostomy combining radiofre-
quency ablation and balloon dilatation in severe PAH patients. Under echocardiographic
guidance, operators ablated fossa ovalis point-by-point by radiofrequency ablation, fol-
lowed by trans-septal perforation and balloon dilatation, and finally, repeat radiofrequency
ablation at the fenestration site. The patients were noted to have a WHO functional class
increase by 1 (p < 0.0001) and improvement in exercise capacity (+159.5 m, p < 0.001). At
median 15.5-month follow-up, all intra-atrial connections were patent with stable size [248].

6. Newer Emerging Therapies
6.1. Immunotherapy

Antibodies targeting molecules intimately involved in disease pathophysiology using
immunotherapy and generation of vaccines is a newer approach in disease therapeutics.
Endothelin receptor antagonism is an established therapy in PAH. Researchers from China
developed a vaccine against second extracellular loop (ECL2) of the endothelin-1 receptor
type-A (ETAR). ECL2 plays a role in the activation of ETAR. The vaccine ETRQβ-002
demonstrated good antigenicity with the development of adequate antibodies in vitro.
In vivo, the vaccine showed improvement in PAH-related pulmonary vascular remodeling
and RV hypertrophy in MCT-rates and Sugen/hypoxia mice [249].

6.2. Micro RNAs (miR)

Micro RNAs (miR) are small, non-coding segments of DNA that bind to the 3′ untrans-
lated region of DNA resulting in gene silencing. miR are responsible for gene expression
regulation and protein activity in the human body. A significant body of experimental
literature regarding in-vitro and in-vivo animal models reports the involvement of miR in
the pathogenesis of PAH. Alteration in expression of many miR, such as upregulation of
miR-126 and miR-21, has been described in PAH [250].

While still an experimental treatment modality, it is certainly a rational consideration
to further evaluate the role of miR in treatment in human PAH. Table 2 describes miR
involved in PAH pathogenesis.
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Table 2. Micro RNAs involved in pulmonary artery hypertension pathogenesis. miR = Micro RNA,
BMPR-II = Bone Morphogenetic Protein Receptor Type II, MCT = Monocrotaline, NOS = Nitric Oxide
Synthase, PAEC = Pulmonary Artery Endothelial Cell, PASMC = Pulmonary Artery Smooth Muscle
Cell, PAH = Pulmonary Arterial Hypertension, PH = Pulmonary Hypertension, NFAT = Nuclear
Factor Activated T-Cells, VEGF = Vascular Endothelial Growth Factor, RV = Right Ventricle, PPARγ
= Peroxisome-Proliferator Activated Receptor Gamma, MCU = Mitochondrial Calcium Uniporter,
APLN = Apelin, FGF = Fibroblast Growth Factor, NA = Not Applicable. Arrows indicate increased
vs. decreased expression of the microRNA in discussion and thus communicates to its role in the
pathogenesis of PAH.

MicroRNA
Expression in PAH; Human Model; Animal Model Effect

miR-17-92
↑; NA; Mouse-Hypoxia, Rat-monocrotaline, hypoxia

Increased PASMC proliferation, induced by IL-6;
overexpression downregulates BMPR-II

miR-21
↑; Pulmonary arteries, plexiform lesions; Mouse-hypoxia,
Sugen5416/hypoxia, VHL null Interleukin-6 transgenic,

Rat-monocrotaline

Decreased NOS expression in hypoxic PAECs, increased
PASMC proliferation; miR-21 deletion enhances PH in mice

miR-126
↓; Right ventricle; Rat-monocrotaline Inhibition of VEGF pathway and decrease in RV vascular density

miR-145
↑; Lung tissue, plexiform lesions; Mouse-hypoxia, BMPR2

mutation
Decrease in miR-145 is protective against hypoxia-induced PAH

miR-150
↓; Plasma; NA Associated with poor survival

miR-204
↓; Lung, pulmonary arteries; Rat-monocrotaline,

Sugen5416/hypoxia, Mouse-hypoxia

Increased NFAT, PASMC proliferation; miR-204 mimics prevent
PH in monocrotaline model

miR-210
↑; Pulmonary artery; Mouse-Sugen5416/hypoxia

Inhibits PASMC apoptosis by suppressing E2F3 transcription
factor expression

miR-214
↑; NA; Mouse-hypoxia, Sugen5416/hypoxia, Rat-monocrotaline,

Sugen5416/hypoxia
Increased right ventricular hypertrophy in hypoxia models

miR-130/301
↑; NA; Mouse-hypoxia, Sugen5416/hypoxia, VHL null,

Interleukin-6 transgenic, BMPR2X transgenic, Schistosoma
mansoni-infected, Rat-monocrotaline, Juvenile lamb-pulmonary

artery-aorta shunt

Increased PAEC proliferation and PASMC contraction via
PPAR-γ mediated pathways

miRNA-21 and miRNA-27a
↓; PAECs and PASMCs; NA Suppress PAEC and PASMC proliferation

miR-26a
↓; PAH patient plasma; Rats-monocrotaline

Inhibition of miR-26a promotes apoptosis of rat cardiomyocytes
and pathological right ventricular hypertrophy in PAH

miR-124
↓; Pulmonary artery smooth muscle cells;

Mouse-chronic hypoxia
Suppression of NFAT pathway, antiproliferative

miR-138 and miR-25
↑; Pulmonary artery smooth muscle cells; Rats-monocrotaline

Downregulation of MCU, increased PASMC proliferation,
apoptosis resistance; inhibition of miRs prevent PH in

monocrotaline model

miR-140-5p
↓; NA; Rat-monocrotaline, Sugen-hypoxia

Inhibition of miR 140-5p promotes smooth muscle
cell proliferation

miR-424/503
↓; Pulmonary artery endothelial cells; APLN knock-out mice

Reduced endothelial proliferation, decreased expression of
FGF-2 and FGF receptor-1; restoration of miRs prevents

monocrotaline and Sugen-hypoxia induced PH.
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6.3. Gene Therapy

Mutations in BMPR2 expression and associated downstream signaling has been impli-
cated widely in idiopathic and heritable forms of PAH. As described earlier in this review,
BMPR2 gene dysregulation results in inappropriate PASMC and PAEC proliferation, mi-
gration, and apoptosis resistance in PAH. In addition to BMPR2, about 450 other gene
mutations have been implicated in hereditary PAH (hPAH) [39]. Thus, theoretically, replac-
ing and correcting the mutated gene for treating PAH using viral vectors is a therapeutic
possibility. Reynolds et al. transfected in vitro cellular cultures with adenoviral vectors con-
taining BMPR2 gene. These cells showed upregulation of SMAD signaling and decreased
cell proliferation. A similar gene delivery to the pulmonary endothelium of rats using
adenoviral vectors demonstrated improvements to right ventricular hemodynamics [251].

However, adenoviral vectors induce a strong inflammatory reaction with its gene
transfer, thus limiting their feasibility [11]. Gene therapy is a relatively new therapeutic
prospect approved for only a handful of disease conditions. Further studies would be
necessary to assess the safety, efficacy, and feasibility of this therapy.

7. Conclusions

PAH is a chronic progressive cardiopulmonary disease which is uniformly lethal, with
development of occlusive proliferative vascular remodeling and associated hemodynamic
decompensation. The currently available treatment modalities target only a small aspect of
a vast multifaceted disease process which results in the pathophenotype seen in PAH. These
therapies also fail to target the underlying pathogenesis of the disease process. Additionally,
newer therapeutic options are also becoming available for the management of group 2 PH
and CTEPH.

A large body of evidence has described the multiple pathogenetic pathways responsi-
ble for PAH genesis, but it is perhaps an arbitrary combination of these pathways in concert
with distinct individual genetic phenotypes that cause the final ailment. The preclinical and
clinical work done in advancing our knowledge in the past three decades have presented
multiple target avenues to combat PAH.

While data exists in support of many of the pathophysiologic pathways underlying
the purported novel therapies, most these treatment avenues currently lack robust solid
human clinical trial evidence substantiating their use in clinical medicine. We hope with
the coming decade, the therapies for PAH continue to evolve with the advent of robust
randomized human trials.
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