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Abstract: Pulmonary hypertension (PH) is characterized by a resting mean pulmonary artery pressure
(PAP) of 20 mmHg or more and is a disease of multiple etiologies. Of the various types of PH,
pulmonary arterial hypertension (PAH) is characterized by elevated resistance in the pulmonary
arterial tree. It is a rare but deadly disease characterized by vascular remodeling of the distal
pulmonary arteries. This paper focuses on PAH diagnosis and management including current and
future treatment options. Over the last 15 years, our understanding of this progressive disease has
expanded from the concept of vasoconstrictive/vasodilatory mismatch in the pulmonary arterioles
to now a better appreciation of the role of genetic determinants, numerous cell signaling pathways,
cell proliferation and apoptosis, fibrosis, thrombosis, and metabolic abnormalities. While knowledge
of its pathophysiology has expanded, the majority of the treatments available today still modulate
the same three vasodilatory pathways that have been targeted for over 30 years (endothelin, nitric
oxide, and prostacyclin). While modifying these pathways may help improve symptoms and quality
of life, none of these directly modify the underlying disease pathogenesis. However, there are now
studies ongoing with new drugs that can prevent or reverse these underlying causes of PAH. This
review discusses the evidence base for the current treatment algorithms for PAH, as well as discusses
novel therapies in development.

Keywords: pulmonary hypertension; drug targets; mechanisms of drug action; therapeutic approaches;
basic research; translational research; reverse translational research

1. Introduction

Pulmonary hypertension (PH) is a severe, life-threatening disease with adverse effects
on the cardiopulmonary system leading to high levels of morbidity and mortality. Over
time, PH leads to pulmonary vascular remodeling and increased pulmonary vascular
resistance which can cause right ventricular failure and the systemic consequences of
right heart failure, eventually culminating in death. Elevated mean pulmonary artery
pressure (mPAP) > 20 mmHg measured on resting right-heart catheterization is the defining
characteristic in all categories of PH [1]. The most common etiology of PH originates
from left-heart disease (LHD) with the next most common one being parenchymal lung
disease. A rarer variant of PH is pulmonary arterial hypertension (PAH), a disease where
the underlying pathophysiology originates in the pulmonary artery (PA) vasculature. A
combination of inciting factors (drugs, inflammation, infection, etc.) and genetics results in
arterial intimal proliferation as one of the first steps in disease initiation. This is followed by
concentric or eccentric laminar sclerosis, resulting in medial hypertrophy and adventitial
proliferation. Plexiform lesions consisting of accumulated endothelial and inflammatory
cells within occluded arteries may be seen in advanced disease. Such lesions eventually lead
to progressive vascular fibrosis and elevations in PVR [2]. While the initial histopathological
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abnormalities originate in the pulmonary arterioles, disease mortality is largely determined
by RV dysfunction in these patients [2].

The hemodynamic effects of elevated pulmonary artery pressure (PAP) are felt sys-
temically with consequences of right ventricle (RV) failure, hepatic congestion, chronic
kidney disease, hypoxemia, and impaired neurohormonal signaling. These consequences
manifest as globally impaired cardiovascular fitness, function, and eventually death. The
presenting symptoms are nonspecific with the most common being dyspnea on exertion,
fatigue, and lethargy. Other symptoms include exertional chest pain, weight gain, fluid
retention, exertional syncope, and anorexia [3]. The signs of PH include jugular venous
pressure elevation, edema, ascites, and hepatomegaly. These symptoms may get attributed
to other diseases, leading to delayed diagnosis. An estimated 20% of PH is symptomatic
for 2 years before the correct diagnosis is made [4].

Despite years of focused research and improvements in medical therapies, the mortal-
ity of group 1 PAH remains high [3]. The 1, 2, and 3 year mortality rates for all PAH patients
based on combined registry data are 8%, 16%, and 21%. These numbers include patients
in all risk stratification categories, patients naive to therapy, and patients currently on
therapy [5]. The currently approved medications for PAH primarily focus on symptomatic
treatment through one of three vasodilatory pathways involved in the pathogenesis of the
disease. There are currently no approved medications that modify the disease process.
These three pathways remain the only treatment focus since the 1990s despite the discov-
ery of new molecular pathways involved in PAH. The current guidelines and treatment
algorithms are the focus of this paper, along with novel therapy targets under development.

2. Physiology

The pulmonary vascular circuit consists of a network of arteries, capillaries, and veins
that are responsible for the gas exchange of the entire circulatory system. In contrast to the
remainder of the circulatory system that functions as a series of circuits, the pulmonary
vasculature functions as a parallel circuit to permit high flow with low pressure and resis-
tance [3,6]. These parallel circuits continuously branch and narrow into smaller diameters
to maximize the surface area of capillary beds and optimize gas exchange. The small-caliber
arterioles measure less than 100 um in diameter, the muscular arteries measure 100-500 um,
and the large elastic arteries of the pulmonary tree may be over 500 um [7,8]. The large
elastic arteries are less muscular and more distensible at the low transmural pressures
they typically receive. The medium-caliber muscular arteries decrease in elastic properties
compared to larger vessels and instead gain more smooth muscle, specifically in the tunica
media layer [7]. The smooth muscle controls the blood pressure of the pulmonary circuit via
vasoconstriction and dilation. The outer layer of the adventitia is composed of progenitor
cells, vasa-vasorum, and fibroblasts [6-8]. The small diameter arterioles comprise similar
but thinner layers than the muscular arteries. These vessels have fewer medial smooth
muscle cells to reduce the driving pressure in the downstream capillaries. The medium
and small muscular PAs are the main site of arterial dysfunction in Group 1 PH or PAH,
although all types will have some level of vascular remodeling in these vessels. New
evidence supports the involvement of the proximal, larger PAs in the adverse vascular
remodeling and right ventriculo-arterial coupling. Vascular stiffening in the pulmonary
arterial bed precedes the development of PH [9]. Increased flow in the stiffer, proximal
larger PA increases pressure and pulsatility (shear and barotrauma) in the distal, highly
compliant, smaller PAs, eventually leading to their muscularization and remodeling [10].
This results in higher mean arterial pressures, which then cause extensive vessel wall re-
modeling, as well as stiffening of the large PAs [11]. Thus, these changes result in a positive
feedback cycle of pathologic vascular remodeling. Vascular stiffening also promotes local
remodeling through alterations in gene expression and cellular behavior in response to
the local mechanico-biological feedback [12]. This pathologic remodeling and fibrosis lead
to higher pressures; consequently, the main PA dilates. The increased afterload leads to
increased RV pressures and eventually RV hypertrophy over time [6,7]. In the later stages of
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PAH, the dilated and weak RV eventually cannot pump blood forward effectively, leading
to right-heart failure.

Classification

The single hemodynamic criterion needed to make the diagnosis of PH is
mPAP > 20 mmHg which is best measured on right-heart catheterization. This is a change
from the original mPAP > 25 mmHg established in the 1970s by the WHO. A revised
definition of PH was proposed in 2018 by a task force at the sixth World Symposium on
Pulmonary Hypertension [1]. These new criteria are aimed at increasing the sensitivity of
diagnosing PH as recent data suggest that even an mPAP > 20 mmHg carries an increased
risk of mortality, although these data may not adjust for confounders such as increased
age, BMI, and comorbidities of LHD or lung disease [1]. Another reason for the change
may be that many PAH cases still go undiagnosed for two or more years from the onset of
symptoms to the time of diagnosis. The change in definition comes with some controversy
as the majority of the current data on the safety and efficacy of pharmacologic therapy
have been collected on patients with a mPAP > 25 mm Hg and not in the population with
mPAP > 20 and mPAP < 25, which was previously considered a borderline elevation [1].
Current and future studies will now need to include this population to ensure that this
subgroup also shows the same degree of benefit with guideline-directed therapy.

A World Health Organization (WHO) classification system of PH exists that is based
on the underlying mechanisms of disease; this classifies the disease into five separate
groups, as shown in Figure 1. Group 1 represents PAH, Group 2 represents LHD, Group
3 represents intraparenchymal lung disease, Group 4 represents chronic thromboembolic
pulmonary hypertension (CTEPH), and Group 5 includes a heterogeneous mix of etiologies.

Another scheme of classification groups PH into pre- and post-capillary dysfunc-
tion on the basis of whether the hemodynamic abnormality is in the pulmonary venous
(postcapillary) or the arterial (precapillary) bed. The distinction is made on the basis of
pulmonary capillary wedge pressure (PCWP) measured during RHC, which transmits
left-ventricular end-diastolic pressure in the absence of left-sided valvular disease. In other
words, a PCWP > 15 mmHg represents post capillary dysfunction or venous PH while a
PCWP < 15 mmHg represents pre-capillary PH [8,13]. These classifications exist not only
for understanding the etiologies but also for guiding treatment. Treatment for Group 2 or
post-capillary dysfunction is geared toward correcting LHD. The majority of PH clinicians
will see is Group 2 or post-capillary PH. Pulmonary vascular resistance (PVR) (typically
measured in Wood units) is another important hemodynamic measurement that gives
insight into the nature and severity of PH. PVR measured on RHC as (mPAP (left-atrial
pressure or PCWP)/CQO)) represents the ratio of transpulmonary pressure to pulmonary
artery blood flow [13,14]. PVR can help delineate those post-capillary PH patients who
also have a significant pre-capillary component (i.e., combined pre- and post-capillary PH);
these patients will have an elevated mPAP (>20 mm Hg) with a high PVR (>2 WU) and a
high PAWP (>15 mm Hg).

Although mPAP provides prognostic information across all etiologies of PH, there are
a few reversible physiological states of elevated mPAP such as anemia, pregnancy, and
high-performance athletes. Thus, PVR is used as a hemodynamic surrogate of pulmonary
vascular disease to help increase specificity in diagnosing PH [3,15]. Evaluation of PVR in
combination with mPAP more accurately tracks the progression of disease course.
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Figure 1. (a) Cross-section of normal pulmonary artery with tunica intima, media, and externa.
(b) Dysregulated cellular metabolic events lead to decreased () vasodilator production (nitric oxide
[NO] and prostacyclin [PGI2]) and overproduction (1) of vasoconstrictors (endothelin-1 [ET1]),
leading to increased and sustained vasoconstriction via smooth muscle contraction. Pulmonary
vascular remodeling and inflammation ensues (c) Sustained vasoconstriction leads to smooth muscle
hypertrophy. Proinflammatory cytokines, serotonin, bone morphogenetic proteins (BMPs), and
members of the transforming growth factor (TGF-f3) family lead to proliferation of the extracellular
matrix and fibroblasts, causing fibrosis and resulting in vascular stiffening and creation of plexiform
lesions (d) Dysfunctional pressure regulation in the pulmonary circuit leads to elevated mPAP and
abnormal RV-PA coupling. (e) PAH eventually culminates in right-heart failure.

The early hemodynamic change evident in PAH is an elevation of PAPs due to muscu-
larization of medium to small-sized arteries in combination with other forms of vascular
remodeling as seen in Figure 1. Unfortunately, using mPAP as a marker of disease pro-
gression has some downside since mPAP starts increasing early on in the disease. The
mPAP will typically peak just prior to the development of right-ventricular heart failure,
which may be when patients start to develop severe symptoms [3,6]. Since PAP is mainly
determined by the contractility of the RV, RV failure may lower previously elevated mPAPs
and, thus, mask progression of the disease. PVR represents a better hemodynamic metric
for staging PH as it is inversely related to cardiac output (CO) and continues to increase,
even in the late stages of disease progression.

3. Group 1 PH: Pulmonary Arterial Hypertension

Pulmonary arterial hypertension is a rare form of PH that affects 15 to 50 per million
people and is diagnosed at a mean age of 53 years. There is a female dominance (female-
to-male ratio of ~ 3:1). PAH is characterized hemodynamically by mPAP > 20 mmHg,
PVR > 2 Wood units (recently updated per the 2022 ESC guidelines), and PCWP < 15 mmHg,.
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PAH can be idiopathic (IPAH), heritable, or associated with connective tissue diseases
(CTD) such as systemic sclerosis, congenital heart diseases, human immunodeficiency
virus, schistosomiasis infection, portal hypertension, or exposure to toxins/drugs [13]. In
all these subgroups of PAH, there is an imbalance in the homeostatic levels of endothelial
vasoactive factors such as nitric oxide (NO), prostacyclin, and endothelin (ET). Even with
the advancement in treatment options over the last 30 years, the 7 year mortality remains
at approximately 49% [13,16].

3.1. Genetics

In recent years, genetic pathways in the pathogenesis of PAH have been an area of
heavy emphasis. Global registries including the REVEAL registry place the incidence of
heritable PAH at 5% or less. The bone morphogenetic protein receptor 2 (BMPR2) gene has
been identified as a major player in the pathogenesis of both heritable and nonheritable
forms of PAH. Mutations in BMPR2 are found in up to 80% of heritable PAH cases and be-
tween 11% and 40% of IPAH cases [13,17,18]. The BMPR?2 receptor is a serotonin/threonine
kinase receptor in the transforming growth factor-B (TGF-f3) superfamily that activates
multiple intracellular signaling cascades. Mutations in the BMPR2 gene lead to unopposed
TGEF-f signaling [8]. The majority of BMPR2 expression is found in pulmonary endothelial
cells, vascular smooth muscle cells (SMC), and macrophages. BMPR?2 signaling plays a
major role in regulating vascular cell apoptosis in the pulmonary arterial wall. A reduction
in signaling leads to endothelial inflammation and loss of regulated cell apoptosis, which
causes maladaptive vascular remodeling. Even though a higher frequency of BMPR2
mutations is seen in those with PAH, while these mutations increase susceptibility, envi-
ronmental stresses are still required for the disease to manifest [8,17]. Reduced BMPR2
signaling has also been seen in PAH patients without BMPR2 receptor mutations. These
findings have made this signaling pathway a target of interest for pharmacologic therapy.

3.2. Pathogenesis

While the exact mechanism that initiates the pathological changes in PAH is unknown,
a combination of known risk factors and genetic predisposition is likely operational. An
initial insult to the distal pulmonary arterial tree likely starts a cascade of maladaptive
inflammatory responses in predisposed individuals. This cascade results in vasoconstriction
and inflammation with a population of apoptosis-resistant SMCs that promote fibrosis
[Figure 1]. Elevated vascular tone and vascular remodeling involve abnormalities in several
cell types including endothelial cells, SMCs, and fibroblasts. In the adventitia, there is
overproduction of extracellular matrix leading to fibrosis and loss of elastance. These
complex yet interrelated vascular abnormalities come together to form a plexiform lesion,
the hallmark of group 1 PH [13]. Additionally, growth factors such as vascular endothelial
growth factor (VEGF), platelet-derived growth factor (PDGF), insulin-like growth factor-1
(IGF-1), and epidermal growth factor (EGF), play an important role in the maladaptive
vascular remodeling responsible for the rise in the PVR in PAH (Figure 1) [6,8,18]. These
growth factors have been found in elevated levels in the sera and bronchoalveolar lavage
samples of PAH patients. This maladaptive remodeling leads to vascular obstruction and
reduced compliance, increasing RV afterload and impairing right-ventricular-pulmonary
artery (RV-PA) coupling. This increase in RV afterload leads to RV dilation and eventually
RV failure. RV functional and structural alterations are the main determinants of prognosis
and survival, and they contribute to the symptoms of edema, systemic congestion, ascites,
anorexia, syncope, and fatigue that patients experience.

Below, we highlight important cellular pathways that have been historical targets of
drug therapy.

3.2.1. Endothelin

Endothelin (ET) is a potent vasoconstrictor produced by endothelial cells. Excessive
vasoconstriction in PAH has been linked to upregulated ET. Two distinct receptors, ET-A



Pharmaceuticals 2022, 15, 1242

6 of 29

and ET-B, produce the vasoconstrictive effects of ET; these receptors are targets of the
endothelin receptor antagonist (ERA) class of medications [17,19,20]. Activation of ET-A
receptors causes proliferation of vascular smooth-muscle cells and sustained vasoconstric-
tion. ET-B receptors mediate pulmonary ET clearance and induce the production of NO
and prostacyclin by endothelial cells that counterbalance the deleterious effects of ET.

3.2.2. Nitric Oxide

Nitric oxide (NO), produced by nitric oxide synthase from the precursor L-arginine,
mediates powerful vasodilatory effects on SMCs. NO activates soluble guanylate cyclase,
leading to increased cyclic guanosine monophosphate (cGMP) levels. cGMP acts directly
on smooth muscle cells resulting in vasodilatation; it also reduces smooth muscle prolif-
eration and platelet aggregation and thrombosis. cGMP is typically metabolized through
phosphodiesterase type 5 (PDE5). In PAH, endothelial dysfunction triggers reduced levels
of endothelial NO synthase and increased levels of PDES5, leading to lower NO production
and increased cGMP degradation [17,21].

3.2.3. Prostacyclin

Prostacyclin (also called prostaglandin 12) is a member of the endogenous prostanoid
family and is principally produced by endothelial cells. The enzymes cyclo-oxygenase
(COX) and prostacyclin synthase convert arachidonic acid (AA) into prostacyclin in a multi-
step process. This reaction takes place preferentially with COX-1, which is also responsible
for the synthesis of thromboxane, a potent clotting factor from AA. Since these end products
seemingly work in opposition, the determining factor in what product will be made is the
presence of the second enzyme, prostacyclin synthase or thromboxane synthase [17,22,23].
Different cell types have different concentrations of each; endothelial cells express more
prostacyclin synthase while platelets express mostly thromboxane synthase. Prostacyclin
exerts its effects by binding to the prostacyclin receptors and increasing cyclic adenosine
monophosphate (cAMP) levels leading to vasodilation, inhibition of platelet aggregation,
improvement of endothelial dysfunction, increase in right heart inotropy, and antiprolif-
erative activities. Patients with PAH have a marked reduction in prostacyclin synthase,
lower plasma levels of prostacyclin metabolites, and decreased expression of prostacyclin
receptors in the lungs.

3.3. Diagnosing Pulmonary Arterial Hypertension
3.3.1. Clinical Assessment

As mentioned, the presenting symptoms for PAH can be vague, nonspecific, and, in
the later stages, related to RV dysfunction. The most common symptom is dyspnea on
exertion, which was reported in over 80% of patients in the REVEAL registry [4,13]. Other
common symptoms include shortness of breath, fatigue, weakness, angina, and syncope.
Less common symptoms include a dry cough and exercise-induced nausea. As the disease
progresses, symptoms will occur at rest. Due to the nonspecific nature of these symptoms,
PAH commonly goes undiagnosed until an average of 2 years after symptom onset [4].

On exam, jugular venous distention, right-sided murmurs, hepatomegaly, and pe-
ripheral edema may all be present. These signs may be missed unless carefully looked for,
and this likely accounts for the delayed diagnosis in patients with PAH. Some symptoms
and signs may be incorrectly attributed to common conditions such as obesity, decondi-
tioning, asthma, chronic pulmonary disease, or even anxiety. Patients presenting with
new unexplained shortness of breath should have a stepwise cardiopulmonary workup
of their symptoms. Common initial tests include a 6 min walk test with oximetry, chest
X-ray, pulmonary function tests, routine blood tests (including hematocrit and thyroid
function tests), and transthoracic echocardiography (TTE) (Figure 2). TTE is one of the
most informative noninvasive imaging cardiac tests in the initial workup of PAH [13,14,24].
A PA systolic pressure (estimated by applying the Bernoulli equation, PASP = right atrial
pressure + 4 x (maximal TR velocity)?] of greater than 35 mmHg or an mPAP greater than
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20 mmHg in the absence of LHD should prompt a more detailed workup for PAH once
pulmonary diseases have been ruled out (the latter is called group 3 PH, and typically
results in PASP in the range of 40-60 mmHg). Depending on the clinician’s level of sus-
picion for PH, referral to an expert PAH center should be considered, where a right-heart
catheterization may be pursued to obtain accurate invasive measurements of PA, PCWP,
CO, and PVR [14]. If these are abnormal, vasoreactivity testing should be performed during
the initial RHC. Numerous nuances in the diagnostic pathway for PAH exist but are not
the focus of this paper. Pulmonary ventilation and perfusion scanning (V/Q scan) should
also be performed to investigate mismatched perfusion defects that would indicate group
4 PH CTEPH. There are emerging data for other imaging modalities such as cardiovascular
MRI to get a detailed look at RV and LV structure and function, rule out shunts, look at
flow patterns in the PA, and assess for myocardial tissue characteristics (T1 mapping) and
LGE (late gadolinium enhancement), which add further information to disease staging
and prognosis.

3.3.2. Staging PAH

A thorough and accurate clinical assessment is of extreme importance in managing
PAH as it provides information for determining disease severity, improvement, deteriora-
tion, or stability. The WHO functional class (FC) has been a long-established predictor of
survival even given the interobserver variability. Monitoring for changes in the FC alerts
providers to disease progression and should drive intensification of the treatment regimen.
The FC is driven by the patient’s reported symptoms and activity limitations. The 2022 ESC
guidelines recommended a four-strata classification system including the WHO-FC class to
help drive more accurate therapy and decision-making [5]. FC ranges in severity from I to
IV, which can also be stratified as low, intermediate-low, intermediate-high, and high risk
(Figure 2). Using FC, an estimate of exercise capacity or the 6 min walk distance (6MWD),
and a proxy for RV function (such as pro-BNP [B-type natriuretic peptide] or TTE), patients
can be grouped into one of the four strata categories, and a 1-year mortality estimate can
be calculated [7,19]. Using this staging system, low-risk (FC-I), intermediate-low-risk
(FC-II), intermediate-high-risk (FC-III), and high-risk (FC-IV) patients will experience a
0-3%, 2-7%, 9-19%, >20% mortality risk at 1 year [3]. The comprehensive risk assessment
in pulmonary arterial hypertension remains a three-strata model and includes imaging
modalities such as echocardiography, cardiac MRI, and hemodynamics found on RHC.
The comprehensive assessment is recommended at diagnosis, while the four-strata model
is recommended at follow-up as a basic risk stratification tool, but additional variables
should be considered as needed [5].

More sophisticated and evidence-based risk calculators have been developed to help
guide care and allow for more accurate mortality predictions. These include the US Registry
to Evaluate Early and Long-term PAH Disease Management (REVEAL) risk equation and
the revised REVEAL 2.0 [25]. The French Pulmonary Hypertension Network registry risk
equation and the 2022 European Society of Cardiology/ European Respiratory Society
guidelines of PH are alternative options to the REVEAL 2.0. These scoring systems have all
been validated in separate datasets and are routinely employed in clinical drug trials to
monitor disease progression and uptitration of pharmacologic therapy [13,14,26,27].
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Figure 2. Treatment algorithm for PAH based on current guidelines.
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3.4. Current Medical Therapies for PAH
3.4.1. Vasoreactivity Testing and Calcium Channel Blockers

The purpose of vasoreactivity testing in PAH is to identify acute vasoresponders
who may be candidates for treatment with high-dose calcium channel blockers (CCBs).
Pulmonary vasoreactivity testing is only recommended in patients with idiopathic PAH,
heritable PAH, or drugs/toxins associated PAH [28]. This should be performed during the
RHC so that the hemodynamic response to vasodilators can be evaluated at the time of
confirmation of the diagnosis of PAH. Per the 2022 ESC guidelines, inhaled nitric oxide or
inhaled iloprost are the recommended test compounds for vasoreactivity testing (Figure 2).
There is similar evidence for intravenous (IV) epoprostenol; however, due to incremental
dose increases and repetitive measurements, testing takes much longer and is, therefore,
less feasible. Intravenous adenosine is not currently recommended due to the frequent
occurrence of side-effects [28]. A positive test is a drop in the mPAP by at least 10 mm Hg
to a final value below 40 mm Hg and a stable or increased CO. Such patients are termed as
having a positive vasoreactivity test. They more commonly have either IPAH or anorexigen-
induced PAH as the etiology and have a favorable prognosis compared to those who do
not show a vasoreactive response to this vasodilator challenge. These patients show a
good initial treatment response to calcium channel blockers and may even experience a
mortality benefit if they demonstrate a sustained response [14,15]. However, only a small
portion of acute vasodilator responders have shown long-term benefits to calcium channel
blocker therapy; hence, continued hemodynamic monitoring on therapy is needed. Oral
amlodipine, diltiazem, and long-acting nifedipine are the commonly used therapies. The
choice among these three is typically based on the patient’s resting heart rate, as tachycardia
favors the use of diltiazem, while bradycardia favors the use of nifedipine or amlodipine.
The effective daily doses that have been used in PAH are relatively high compared to the
usual dosages used in systemic hypertension. We often use 120-240 mg/day for nifedipine,
240-480 mg for diltiazem, and 20-30 mg for amlodipine. Starting at a lower dose and
titrating up is advisable to avoid hypotension. An adequate response means a stable FC
I-II patient who achieves near-normal hemodynamics. However, if such a response is not
initially achieved or sustained over time, then other PAH therapy should be initiated [29].

3.4.2. Prostacyclin Pathway

Prostacyclin therapies were introduced in the 1990s and immediately increased PAH
survival rates from 2 years to about 5-7 years [17,21,22]. These endogenous prostanoids
act as potent vasodilators by binding to the prostaglandin I (IP) receptor on SMCs, fi-
broblasts, endothelial cells, and platelets. This increases cCAMP expression to mediate
their vasodilatory effects. The agents used today are epoprostenol, iloprost, treprostinil,
and selexipag.

Epoprostenol was the first available prostacyclin analog, and it is administered par-
enterally as a continuous infusion (half-life of 3-5 min) with a permanent tunneled catheter.
The need for continuous venous access carries the potential risk of catheter-associated
bloodstream infections. Other frequent side-effects of IV epoprostenol include headache,
jaw pain, diarrhea, nausea, flushing, erythroderma, anxiety, and musculoskeletal pain,
although some of these improve with time and by going up slowly on the dose [17,21].
Epoprostenol historically had to be kept cool with an ice pack as it is unstable at room
temperature. A more basic (pH) formulation approved in 2012 requires no ice pack [22].
More stable prostacyclin analogs have been created to overcome these issues.

Treprostinil has similar pharmacokinetics to epoprostenol but is more stable at room
temperature and has a half-life of 4 h [13]. Treprostinil can be administered subcutaneously,
intravenously, by inhalation, or orally. While parenteral treprostinil shares the same side-
effects as epoprostenol, the subcutaneous (SQ) formula reduces the risk of bloodstream
infections, but 85% of patients still experience some injection site pain, especially when first
administered [30]. A fully implantable pump has also been developed and improves patient
quality of life. SQ treprostinil may take 6 months to reach a stable dose and often requires
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gradual dose increases [17,21,30]. Inhaled treprostinil minimizes the typical side-effects
of IV prostacyclin due to reduced systemic absorption [31]. It also lacks catheter-related
risks. The most common side-effects of the inhaled route of delivery are a dry cough and
headache. Treprostinil diethanolamine is a salt form of treprostinil designed for twice-daily
oral dosing [31]. Iloprost is another stable synthetic prostanoid found in IV (not approved
in the US or Europe), inhaled, and oral forms with a half-life of 20 min. Selexipag is an
oral non-prostanoid selective agonist for IP receptors that has more specificity to the IP
receptor than the other prostaglandin receptors that carry out separate functions. The
receptor specificity of selexipag theoretically reduces its side-effect profile [17,24].

3.4.3. Evidence for Prostacyclins

Epoprostenol was the first FDA-approved therapy for IPAH (1995). High-dose
epoprostenol has been shown to potentially reverse vascular remodeling in pulmonary
arterioles by reduction of medial hypertrophy. Early randomized control trials (RCTs) pro-
vided evidence for improved exercise tolerance, (MWD, and hemodynamics over 12 weeks.
These studies were conducted in IPAH, PH with associated scleroderma, and WHO FC
MI-1V [17,22,23]. Epoprostenol remains one of the few therapies that reduce mortality in
PAH [23]. The drug showed a relative risk reduction with a 70% decrease in mortality in
PAH patients in a meta-analysis [15]. The need for continuous IV infusion limits the benefit
regarding patient quality of life.

Treprostinil was first studied as a SQ infusion in a placebo-controlled RCT of 470 pa-
tients over 12 weeks [30] and was FDA-approved in 2002 for PAH FC II-IV. A later study
found that SQ treprostinil improved hemodynamics, symptoms, and quality of life, and
produced moderate but significant improvement in exercise capacity [31]. The 2012 study
also found there was a survival benefit of 57% over a long period of 9 years. A placebo-
controlled, randomized multicenter study with 235 PAH patients already on either oral
bosentan or sildenafil (TRIUMPH-1, 2010) showed that the addition of inhaled treprostinil
improved 6MWD [31]. Oral treprostinil has demonstrated improved exercise capacity as
monotherapy in those not requiring high-risk therapy. The FREEDOM C1 and C2 trials
failed to show exercise capacity improvement in PAH patients with oral treprostinil as add
on therapy, but the follow-up FREEDOM-EV trial in 2021 did show in increased TTCW in
patients already on ERA or PDE5i [17,32]. A dry powder inhaled (DPI) delivery system
was investigated in the BREEZE trial and was recently approved by FDA in 2022 for PAH
patients [33]. The BREEZE trial consisted of a 3 week open-label trial in PAH patients
currently on inhaled treprostinil solution switched to the DPI form and was found to be
safe and well tolerated.

Inhaled iloprost was FDA-approved for PAH monotherapy in 2004 following the
results of the AIR trial, and randomized trials with it showed increased 6MWD, decreased
PVR, and improved quality of life after 12 weeks versus placebo [17,22,23]. Since then, the
evidence for inhaled iloprost has been mixed as two RCTs (COMBI and STEP) evaluated
the effects of inhaled iloprost as add-on therapy in PAH patients already taking bosentan
and showed conflicting data on outcomes [17].

Selexipag showed improved hemodynamics, with improvement in both PVR and
cardiac index in a 17 week phase II study [17,23]. The phase IIl GRIPHON trial compared
selexipag therapy to placebo in 1156 patients who were either treatment-naive patients or
were on an oral ERA and/or PDE5i therapy. The trial showed a relative risk reduction of in
the primary composite endpoint of death or complication due to PAH [24]. Selexipag was
FDA-approved in 2015 [17,34].

A novel oral selective prostacyclin receptor agonist, ralinepag, was shown to re-
duce PVR in PAH patients on mono or dual therapy in a phase II clinical trial. AD-
VANCE OUTCOMES is a phase III RCT currently investigating ralinepag’s effectiveness
when added to approved therapies with a primary endpoint of time to clinical worsening
(TTCW) [17,21,35].
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3.4.4. Endothelin Receptor Antagonists

Endothelin receptor antagonists (ERAs) either block ET-A receptors of both A and
B. Currently, bosentan, ambrisentan, and macitentan are the three ERAs that are FDA-
approved for the treatment of PAH.

Bosentan is a dual ERA (ET-A and ET-B) and represents the first oral PAH therapy
that received FDA approval in 2001 (Figure 3) [20]. A major side-effect of bosentan is the
reversible elevation of transaminases, requiring periodic assessments of liver enzymes
and other laboratory tests while on therapy. This adverse effect has been reported in
approximately 10% of patients on the medication and is believed to be the consequence
of cellular bile acid accumulation [17,20]. Other side-effects of bosentan treatment include
headache, nasal congestion, and edema. Bosentan also has numerous drug-drug interac-
tions as it is a CYP 450 inducer. Ambrisentan is a selective ERA (ET-A) FDA-approved in
2007 that does not require hepatic monitoring but still retains the other side-effects specific
to ERAs [28]. Ambrisetan’s side-effects include increased frequency of nasal congestion,
peripheral edema, and headache, likely due to systemic vasodilation [36]. Ambrisentan
is available in once daily oral doses of 5 mg and 10 mg. Macitentan is a dual ERA that
was created on the basis of the structure of bosentan but designed for better safety and
efficacy. This once-daily pill does not show the hepatotoxicity or drug-drug interactions
of bosentan and appears to be more effective in improving exercise capacity [37]. The
main side-effects seen in clinical trials were nasopharyngitis, headache, and anemia. Ane-
mia with hemoglobin less than 8.0 g/dL was observed in 4.3% of patients on macitentan
treatment in one clinical trial [37].
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Figure 3. Timeline of RCTs published in PAH treatment.

3.4.5. Evidence for the ERAs

RCTs with bosentan have shown improvement in hemodynamic, 6MWD, echo param-
eters, and FC [38]. The BREATHE-1 RCT of 21 3FC III and IV PAH patients demonstrated
an improvement in 6 MWD and TTCW over 16 weeks. A series of BREATHE trials have
since been conducted with both monotherapy and combination with IV epoprostenol
(Figure 3) [38]. The EARLY RCT with 168 patients over 6 months showed increased 6MWD
and improved PVR as monotherapy in FC-II PAH [17]. The more recent COMPASS-2 trial
examined the benefit of adding a second oral agent in PAH patients already on monotherapy
with sildenafil. The COMPASS-2 trial added bosentan to those on sildenafil monotherapy
in a double-blind RCT vs. placebo. The composite primary endpoint was the time to
the first morbidity /mortality event; bosentan addition was not found to be superior to
monotherapy with sildenafil alone [38].

Ambrisentan is another once daily oral medication that was studied in the ARIES
trials. ARIES-1 and 2 investigated Ambrisentan as monotherapy vs. placebo and showed
improved hemodynamics and exercise capacity in PAH (IPAH and CTD). AIRES-E was a
2 year extension to these trials that showed sustained benefits with the medication [17,19,39].
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The AMBITION trial investigated upfront combination oral therapy (ambrisentan and
tadalafil) vs. initial monotherapy (ambrisentan or tadalafil) in low-risk treatment-naive
patients. The combination group showed a reduction in the risk of first clinical event
worsening by 50% with a primary composite endpoint of TTCW [40]. Further post hoc
analysis demonstrated similar effects in various subgroups. This was the first trial to
provide clear evidence of a survival advantage with initial oral combination therapy over
monotherapy in FC-II-IIl PAH and granted ambrisentan and tadalafil level 1A evidence for
use as initial combination therapy [17,19]. This resulted in a paradigm shift wherein upfront
combination therapy in PAH became the standard of care in sicker patients rather than
the stepwise approach that was common prior to this, which has translated into improved
morbidity and mortality.

Macitentan was originally FDA-approved as a once-daily oral medication for FC
II-11IT following the SEPHARIN trial, a large phase III RCT (1 = 742) with PAH patients,
published in 2013 [17,20,34]. This was the first ERA study with a primary endpoint of
morbidity and mortality. Macitentan was studied vs. placebo both as monotherapy and
in combination with a PDES5 inhibitor, and a mortality benefit was demonstrated in both
groups. Patients on prostacyclin therapy were excluded. Macitentan was the only therapy
other than epoprostenol at the time shown to have a mortality benefit [17]. For this reason,
cost considerations aside, macitentan may have a superior efficacy and safety profile when
selecting from the ERA class. A phase III RCT (UNISUS) is currently underway comparing
macitentan at 75 mg vs. current 10 mg dosing with a primary endpoint of TTCW [21].

A 2019 retrospective cohort study compared initial monotherapy with an ERA vs.
PDES5i and showed no difference in the primary outcome of mortality between the two
classes. However, age was an important effect modifier as ERA monotherapy was associ-
ated with decreased mortality in younger patients [21,35].

3.4.6. The Nitric Oxide pathway

Patients with PAH typically have both decreased levels of nitric oxide synthase and
overproduction of PDES5 in the pulmonary vasculature. Since NO’s potent vasodilator
effects stem from cGMP production that relaxes SMCs, therapies in the NO pathway focus
on increasing levels of cGMP. Most medications in this pathway directly interact with
the enzyme superfamily of phosphodiesterases which normally inactivate and decrease
cGMP levels. In PAH, overexpression of PDES in lung vasculature leads to endothelial
dysfunction through over-degradation of cGMP. Phosphodiesterase inhibitors (PDE5is) stop
the degradation of cGMP, leading to pulmonary arteriolar vasodilation [8,17]. Sildenafil
and tadalafil are the two currently approved PDES5is for use in PAH. Both oral medications
can be given up to three times daily. Both these medications carry class-specific side-
effects including headache, flushing, nasal congestion, gastrointestinal disorders, and
myalgias [17].

The soluble guanylate cyclase (sGC) stimulators were more recently developed specifi-
cally for PAH treatment. These oral medications directly increase cGMP levels by enhancing
production through guanylate cyclase stimulation. Although they act independently from
NO, they also increase guanylate cyclase sensitivity to NO, adding to their vasodilatory
effects. Riociguat is the only approved medication in this class. sGC stimulators and PDE5is
should not be used at the same time due to hypotensive effects [17,41].

3.4.7. Evidence PDEDBi and sGC simulators

Sildenafil was shown to improve 6MWD, symptoms, and hemodynamics in a 12 week
RCT (SUPER-1) as monotherapy vs. placebo [17,26]. In an open-label extension (SUPER-2)
of this trial, the long-term efficacy of sildenafil therapy was demonstrated. Sildenafil is
dosed from 20 to 80 mg TID, but the most long-lasting efficacy is seen at the 80 mg dose. The
PACES trial showed increased exercise capacity and TTCW with the addition of sildenafil
in high-risk PAH patients who were on IV epoprostenol [17,19,42].
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Tadalafil showed an increased 6MWD in the 16 week extended PHIRST trial that
had 405 PAH patients (Figure 3). This study compared both treatment-naive patients and
patients taking bosentan. Patients were randomized to placebo or 2.5, 10, 20, or 40 mg once
daily of tadalafil. Maximal efficacy was seen at 40 mg. As mentioned, the AMBITION trial
used a combination of tadalafil and ambrisentan to improve TTCW in FC II-1II. [17,19,42,43].

Riociguat’s safety and efficacy were established in the PATENT-1 RCT with 400 PAH
patients. Riociguat was dosed at 2.5 mg three times daily and demonstrated improved
hemodynamics and TTCW. An open label extension study PATENT-2 showed the improved
effects of the original studies continued for over 2 years [21]. The RESPITE study looked at
patients who did not have an adequate response on PDED5i by replacing the PDE5i with
Riociguat. This 24 week, open-label uncontrolled study showed an increased 6MWD and
WHO FC improvement in 54% of the participants. The REPLACE RCT trial evaluated the
strategy of switching from a PDESi to riociguat in PAH patients who were at intermediate
risk of 1 year mortality. In the 226 patients enrolled, clinical worsening occurred in 1% of
patients in the riociguat arm vs. 9% of patients in the PDE5i arm (odds ratio 0.10 [0.01-0.73];
p =0.0047) [17,41,44]. Thus, switching between different classes of NO pathway drugs may
be an option when one class does not yield the expected clinical benefit; riociguat may
provide an option for treatment escalation in such patients.

3.4.8. Monotherapy vs. Combination Therapy

For PAH patients stratified as low-risk, treatment-naive patients in FC I-II, guidelines
historically recommended monotherapy with a single oral agent, with the sequential
addition of medications if clinical improvement was not met. A meta-analysis of 35 RCTs
demonstrated a benefit of PAH specific monotherapy over placebo with respect to 6 MWD
and quality of life. There are currently no studies comparing different classes of medications
as monotherapy available [28,29].

In more recent years, there has been a paradigm shift toward investigating combination
versus monotherapy in RCTs, favoring more upfront aggressive strategies. The AMBITION
trial led to a change in the ESC/ERS and CHEST guidelines to adopt the combination of
ambrisentan and tadalafil as the preferred regimen in FC II-III PAH [40]. Sequential therapy
was not included in this study and, thus, was not directly compared. Notably, the 2015
COMPASS-2 trial investigating bosentan and sildenafil vs. sildenafil monotherapy did not
demonstrate a benefit of dual therapy vs. monotherapy but was not adequately powered
and had a high attrition rate [17,19,45].

In 2021, the first study comparing dual therapy to triple therapy (macitentan, tadalafil,
and placebo vs. macitentan, tadalafil, and selexipag) in treatment-naive PAH patients was
published (Figure 3) [46]. TRITON was a 26 week RCT in PAH FC II-II patients with a
primary endpoint of change in PVR. The study did not find a significant difference between
the two treatment arms and did not support triple oral therapy over dual oral therapy in
this population. However, there was a signal of benefit in the triple therapy arm on longer
follow up and this remains to be conclusively established in future trials. In high-risk
patients or those refractory to treatment, initial triple therapy with the inclusion of IV
prostacyclin therapy is recommended [19,21].

3.5. Novel Treatment Therapies
3.5.1. BMPR2 Modulators

The BMPR?2 gene has been identified as a major role player in the pathophysiology of
PAH. Loss-of-function mutations in this gene lead to unopposed TGE-f3 signaling. Multiple
therapies are under investigation to modulate the dysfunction involved in this family of
receptors. Sotatercept has been designed to stabilize the imbalance of BMPR2 and TGF-
 signaling in this pathway [19]. The first of its class, it is a fusion protein that works
as a selective ligand trap for TGF-3 molecules. This leads to TGF-f3 suppression and
enhances BMPR2 signaling. A phase II double-blind placebo-controlled study (PULSAR)
was performed in FC II-III PAH patients [47]. In this 24 week trial, SQ sotatercept was
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administered every 21 days on top of standard PAH treatments vs. placebo and showed
reduced PVR (primary endpoint) and increased 6MWD. These effects were shown in
patients taking monotherapy or dual oral therapy and triple therapy with prostacyclin
infusion therapy. Further phase III trials are being conducted (STELLAR) in FC-IIl PAH
patients [21]. In the PULSAR trial, sotatercept showed a reduction in PVR at 24 weeks, as
well as reduced NT-pro BNP levels [48].

FK506 (known as tacrolimus) is an FDA-approved calcineurin inhibitor used for both
the induction and the maintenance of postoperative immunosuppression. Research has
shown that tacrolimus also acts as a potent BMPR?2 activator that reverses endothelial
dysfunction in experimental PH in mouse models. Another mouse model demonstrated
reduced RV fibrosis and occlusive vasculopathy via the BMP pathway; this effect was
independent of its immunosuppressive effect [17,19,21]. Such an effect might help preserve
RV-PA coupling and improve RV function over time. A small compassionate trial in three
end-stage PAH patients showed improvement in 6MWD and FC in a 12 month period.
A phase Ila RCT (TransformPAH) with 23 PAH patients investigated tacrolimus targeted
to achieve three separate serum levels over 16 weeks [17,19,21,49]. This trial showed that
tacrolimus was safe and well tolerated in patients on current guideline directed PAH
therapy, but it was not powered to examine efficacy. More genetic targets have been
identified but are still early in the research process.

3.5.2. Platelet-Derived Growth Factor (TK Inhibitor Imatinib)

The platelet-derived growth factor signaling pathway (PDGF) is overexpressed in the
pulmonary vasculature of patients with PAH, leading to endothelial dysregulation and
SMC proliferation (Figure 4) [19,21]. Tyrosine kinases have been implicated in this pathway
to contribute to the vascular remodeling in PAH [17,19]. Studies have also shown crosstalk
between the PDGF signaling pathway and the BMPR2 axis [50] using transcriptomic and
proteomic analysis (Figure 4).
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Figure 4. Mechanism of action (MOA) of specific PAH therapies at the receptor level. | = decreased,
1 = increased.

Tyrosine kinase inhibitors such as imatinib are being investigated as a pharmacologic
option in PAH. The IMPRES trial studied oral imatinib in high-risk PAH patients on dual
or triple therapy in a phase III RCT of 24 weeks (n = 150) and showed improvement in
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6MWD and PVR [51]. High rates of serious adverse events, including subdural hematomas
in patients on anticoagulation have halted further studies with imatinib in the oral form.
Inhaled imatinib is now enrolling a phase II/III trial called the IMPAHCT trial. This
trial will evaluate the safety and efficacy of AV-101 (dry powder inhaled imatinib) versus
placebo with a primary endpoint of change in PVR at 24 weeks. The primary endpoint of
the phase III portion of the trial will be the change in 6 min walk distance (6MWD) over
24 weeks. Seralutinib is a selective kinase inhibitor that targets the PDGF, among other
signaling cascades, and is specifically designed for the treatment of PAH. Animal trials have
shown the reversal of vascular remodeling associated with PAH with the administration of
seralutinib [52]. Seralutinib is delivered as a dry powder inhaler; it passed phase 1 clinical
trials and, in 2021, began enrollment in a phase II trial where the primary endpoint is
a change in PVR on RHC at 24 weeks [52,53] Other tyrosine kinase inhibitors are under
investigation, but none are yet in phase II trials.

3.5.3. Mitochondrial Dysfunction and Oxidative Stress

Another class of medications for PAH is based on the observation that pulmonary
vascular cells in patients with PAH switch their metabolism from mitochondrial oxidative
phosphorylation to glycolysis known as “the Warburg effect”. This metabolic dysfunction
leads to abnormal cell proliferation and resistance to apoptosis [19,54]. Reactive oxygen
species (ROS) levels increase due to changes in aerobic respiration; this results in increased
vascular tone. On the other hand, nuclear factor erythroid 2-related factor 2 (Nrf2) activation
promotes mitochondrial respiration, reduces ROS, decreases inflammation, and improves
metabolic function. Bardoxolone methyl is an oral Nrf2 transcription factor activator with
promising evidence. In the phase II LARIAT study, bardoxolone added to background
therapy showed improvement in 6MWD at 16 weeks. However, phase III studies (RANGER
and CATALYST) were halted due to COVID-19 [19,21].

Dichloroacetate (DCA) has two proposed mechanisms of action that may be beneficial
in PAH. First, it inhibits pyruvate dehydrogenase kinase, leading to the increased activity
of pyruvate dehydrogenase which restores preferential oxidative phosphorylation. This,
in turn, reduces the oxidative stress that leads to ROS formation and vascular remodeling
in the pulmonary arterioles. The second proposed mechanism involves the family of
potassium gated ion channels (kv) expressed in pulmonary artery SMCs [17,19,21]. This kv
family of receptors shows decreased expression during hypoxic conditions, which can lead
to increased vasoconstriction. These kv receptors are expressed in low levels in some forms
of PAH which may contribute to vascular remodeling via SMC proliferation and reduced
apoptosis. DCA can increase the expression of kv receptors in isolated pulmonary artery
SMCs in vitro. A 16 week phase I trial with DCA in PAH patients (n = 20) demonstrated
safety and showed improvement in PA pressures and PVR [17,19].

Another medication that could potentially be repurposed for PAH is metformin. In-
sulin resistance has been shown to correlate with morbidity and mortality in PAH. However,
it is still uncertain whether there is a causal relationship [13,15]. Mouse models have also
demonstrated favorable effects of metformin on the prostacyclin, ET, and NO signaling
pathways [55]. AMP kinase activation by metformin inhibits SMC proliferation caused by
a dysfunctional ET pathway and can also stimulate nitric oxide synthase. Hemodynamic
effects in mouse models have not been consistently positive; however, phase II human
trials are currently underway [55].

3.5.4. Renin—-Angiotensin—Aldosterone System

Aldosterone is a steroid hormone involved in the renin—angiotensin-aldosterone
system responsible for regulating systemic blood pressure. Aldosterone binds to mineralo-
corticoid receptors, including in the heart, kidney, and pulmonary vasculature. Aldosterone
alters gene transcription to increase water retention, cardiac fibrosis, and activation of the
sympathetic nervous system. Antagonists of this receptor, such as spironolactone, are used
to reduce cardiac fibrosis and adverse remodeling in heart failure with reduced ejection frac-
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tion. This agent may have potential utility in some forms of PH [8,19,21]. Serum levels of
aldosterone are elevated in PAH patients. Other studies have shown a positive correlation
between aldosterone levels and PVR and an inverse relationship between aldosterone levels
and CO [8,19]. The question of whether there are structural benefits to mineralocorticoid
receptor antagonists (MRAs) in PAH aside from the fluid balance effect is currently being
explored. An open-label RCT is currently underway investigating spironolactone in PAH
patients, with 6 MWD and TTCW as endpoints [56].

3.5.5. Other Novel Pharmacological Targets

As more molecular pathways in the pathogenesis of PAH are discovered, new targets
for drug therapy have also been identified, although many of these therapies are still early
in the clinical trial process. Rho-kinases are intracellular modulators highly expressed
in arteries. The Rho-kinase pathway has been identified as a key player in the vascular
remodeling in PAH. Rho-kinase inhibitors have been developed to mediate the effects of
this remodeling and help increase the expression of nitric oxide synthase [17,19,21]. These
are currently entering phase II trials.

Vasoactive intestinal peptide (VIP) is a neuroendocrine hormone that has been shown
to cause SMC relaxation, neutralize vasoconstrictors, and inhibit SMC proliferation. Low
serum concentrations of VIP have been seen in the serum of PAH patients [17,19,21].
Extended-release VIP analogs have been developed as a potential treatment. Pemziviptadil
is given as an SQ injection and is currently being explored in a phase II trial for PAH.
Rodastristat ethyl is a peripheral inhibitor of tryptophan hydroxylase 1, the rate-limiting
enzyme in the production of serotonin in peripheral circulation. Locally produced serotonin
from lung tissue and arterial endothelial cells induces excessive growth of pulmonary artery
smooth muscle cells. The unchecked growth of these cells drives remodeling of pulmonary
arteries that reduces the diameter and flexibility of the arterial lumen in PAH [57,58].
ELEVATE 2 is a phase IIb clinical trial currently enrolling with a primary endpoint of
change in PVR at 24 weeks [57,58].

4. Group 2 PH: Pulmonary Hypertension Due to Left-Heart Disease (PH-LHD)

Left-heart disease (LHD) is the most common etiology of pulmonary hypertension; it
is estimated that approximately 70% of PH is due to LHD. It can be associated with any
form of LHD including heart failure with reduced ejection fraction (HFrEF), heart failure
with preserved ejection fraction (HFpEF), left-sided valvular disorders, and inflow / outflow
tract abnormalities.

4.1. Definition

PH-LHD is defined as an mPAP > 20 mmHg with a PCWP > 15 mmHg. Elevated
PCWP is the defining feature of this subgroup and suggests that the driver of this disease is
the transmission of elevated left-atrial pressure (LAP) to the pulmonary venous vasculature.
PH-LHD can be further classified into two subtypes, isolated postcapillary PH (Ipc-PH)
and combined post- and precapillary PH (Cpc-PH) [59,60]. Both groups involve the passive
transmission of pressure from the left atrium, with the latter implying intrinsic pulmonary
valvular disease that develops in longstanding cases.

4.2. Epidemiology

The true prevalence of group 2 PH is poorly understood, due in part to the various
diagnostic modalities used. Most epidemiological studies have utilized echocardiographic-
derived PA systolic pressure rather than catheter based measured mPAP, and echo-based
diagnosis has been criticized for overestimating the prevalence of PH. Regardless of the
modality used, the estimated prevalence of PH is 60-70% in HFrEF patients and approxi-
mately 50% in the HFpEF population [59,60].
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4.3. Pathophysiology

The primary event leading to PH-LHD is the passive transmission of elevated LAP
into the pulmonary circulation driven mainly by LV dysfunction. This passive process
leads to Ipc-PH. With time, persistently elevated LA pressure leads to pathologic structural
and biochemical changes in the pulmonary vasculature, eventually leading to Cpc-PH. The
pathophysiology of PH-LHD is complex and involves multiple interrelated mechanisms
briefly summarized below.

Initially, increased LAP from LHD results in a passive transmission of pressure to
the pulmonary vasculature, resulting in Ipc-PH. Secondly, persistent elevation in the
pulmonary venous system leads to pathologic remodeling of the pulmonary arterial system,
characterized by medial hypertrophy and intimal fibrosis. Of note, the typical plexiform
lesions of PAH are absent. Thirdly, changes to the pulmonary vasculature exacerbate
endothelial dysfunction, with an ensuing decrease in NO production and an increase
in ET production, ultimately leading to impaired vasodilation and an increase in PVR.
Lastly, long-standing elevation in the PAP and RV afterload can result in maladaptive
changes in RV structure, leading to RV dysfunction and eventually RV failure [5,43-45].
Patients with PH-LHD often have RV functional abnormalities despite normal LV systolic
function that occur not only from elevated left-heart pressure and passive transmission to
the pulmonary venous circuit but also likely involve some element of the development of
pulmonary arteriolar disease over time [3]. PH in patients with LHD may also be due to
other coexisting causes, including undetected concomitant CTEPH or PAH. RV function is
an important predictor of mortality in these patients, as it is in other forms of PH [7,59-61].

4.4, Treatment

Therapy targeting the underlying LHD remains the most established strategy for
PH-LHD. In the case of heart failure, guideline directed medical therapy should be titrated
to target doses [62]. Device therapies such as cardiac resynchronization therapy and
continuous PAP monitoring devices remain reasonable strategies in refractory cases or
progressive disease. Surgical or transcatheter intervention for valvular disease and ischemic
heart disease should be pursued when indicated. Optimization of comorbidities including
obstructive sleep apnea (OSA) and chronic obstructive pulmonary disease (COPD) should
also be addressed [63]

Given the prevalence of PH-LHD and its associated morbidity and mortality, repur-
posing PAH drug therapies to target this group has been investigated, but there has been no
clear benefit, and some cases have been shown to have increased mortality and significant
adverse effects. For example, recent data have shown that there is no role for nitrates or
sildenafil in Ipc-PH as detailed below.

4.4.1. Epoprostenol

The FIRST Trial studied the use of epoprostenol in 471 patients with HFrEE. Although
there were improved hemodynamic markers such as cardiac index (CI) and PCWP, the trial
was terminated early due to increased mortality in the treatment group [64]. Currently,
there is no strong evidence to support the use of epoprostenol in PH-LHD.

4.4.2. Endothelin Receptor Antagonists (ERA)

Multiple trials have studied the use of ERAs in HF, with the most studied medica-
tion being bosentan. The Enable trial studied 1613 HFrEF patients; the use of bosentan
did not improve mortality or hospitalizations and was associated with worsening fluid
retention [34,65]. The EARTH trial studied darusentan in HFrEF patients, and failed to
show improved outcomes [65]. The MELODY-1 trial evaluated macitentan in PH-LHD; the
treatment group experienced more adverse events, with no improvement in endpoints [66].
Currently, major studies have shown no benefit to the use of ERA in heart failure patients.
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4.4.3. Phosphodiesterase 5 Inhibition

There have been several studies investigating the use of PDE-5 inhibitors, with no
unifying recommendations or compelling evidence to support their use. In the RELAX
trial, sildenafil did not improve the 6 min walk test or quality of life in 216 HFpEF patients.
In a meta-analysis examining nine RCTs involving 612 patients with HF, there were im-
proved hemodynamic parameters in HFrEF patients, with no difference in quality-of-life
measurements. In a more recent study involving 40 patients with Cpc-PH, there was an
improvement in subjective dyspnea, 6 min walk test, and hospitalizations [67]. Given the
number of studies with mixed results, stronger evidence is required prior to recommending
for or against the routine use of PDE5i in PH-LHD.

4.4.4. Soluble Guanylate Cyclase Stimulators

Soluble guanylate cyclase stimulators increase the production of NO, which has
vasodilatory and antifibrotic effects. Recent studies have investigated riociguat in patients
with PH with left-heart failure. RCTs by Bonderman et al. demonstrated no significant
change in the primary endpoint of decreased mPAP but did show an improvement in
hemodynamic markers such as CI, PVR, and stroke volume [68]. Other studies have
investigated the use of soluble guanylate cyclase stimulators (vericiguat) in heart failure
patients, e.g., the SOCRATES-PRESERVED (LVEF > 45%) and SOCRATES-REDUCED
(LVEF < 45%) trials [69]. Neither study specifically investigated their use in PH patients,
and neither study met the primary endpoint of a reduction in NT-pro BNP levels [70].

4.4.5. Metformin

Metformin is one the most widely used medications for the management of type
2 diabetes mellitus. T2DM and HF are closely linked disease processes, and the preva-
lence of T2DM among HF patients is approximately 30%. Several studies have evaluated
the benefit of metformin in diabetics with improved microvascular outcomes with good
glycemic control [55,71]. Preclinical models have provided mechanistic evidence support-
ing metformin’s use in the PH population with left-heart failure. Given the lack of available
therapies for PH-LHD, there are ongoing trials studying the effect of metformin on PAH
and PH in HFpEF [71].

5. Group 3 PH: Respiratory Diseases and Treatments

PH can develop because of common parenchymal lung diseases such as COPD, in-
terstitial pulmonary fibrosis, or OSA. More rarely, PH can be seen in cystic fibrosis and
high-altitude exposure. This group is the second most common form of PH; while there is
increased mortality in this population, it is unclear whether PH contributes directly to the
increased mortality or whether it is an independent marker for the severity of lung disease
progression. Group 3 patients tend to have a higher mortality than Group 1 patients [72].
PH should be sought for and excluded in lung disease when signs and symptoms of
right-heart failure develop.

5.1. Pathophysiology and Etiology

The pathogenesis of PH in lung disease is multifactorial with several inciting mecha-
nisms. The most common mechanism begins with hypoxia due to lung disease as many
chronic lung diseases cause a reduced diffusing capacity of the lung for carbon monoxide.
Hypoxia causes contraction of the pulmonary vessels and leads to vascular remodeling
via ET and serotonin. If the hypoxia becomes chronic, it is only partially reversible with
supplemental oxygen. There is a longstanding belief that the changes in lung anatomy
and physiology lead to the vascular changes seen in group 3 PH via direct fibrosis or loss
of surface area of the arterial bed, causing increased PA pressure [73]. Recent evidence
suggests that this process is more dynamic; vascular remodeling has been found in tissue
samples in patients with lung disease even in areas of the lung that are disease-free, imply-
ing hormonal or cytokine mediated changes. The severity of lung disease also does not
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seem to correlate with PH severity [74,75]. Thus, the pathogenesis of group 3 PH seems to
be more complex and likely also involves inflammatory cascades and growth factors, as is
the case in group 1 PH.

5.2. Classifications

Almost 90% of COPD patients have a mPAP > 20 mmHg but only 5% will develop a
mPAP > 40 mmHg, making severe PH rare in COPD. A unique feature of Group 3 PH is
out-of-proportion RV dysfunction compared to the pulmonary vascular disease, especially
when compared to other PH groups. Some possible explanations are that COPD patients
tend to have already existing RV dysfunction [74]. Another reason is that group 3 has
a higher proportion of males than group 1, and males have a lower average RV ejection
fraction according to some studies.

Similarly, OSA also commonly causes only mild PH and rarely progresses to severe
PH. Fortunately, the mild form is reversible with treatment such as noninvasive noctur-
nal positive pressure ventilation (such as CPAP—continuous positive airway pressure
devices) [75].

5.3. Diagnosis

Since the presenting symptoms of chronic lung disease and PH overlap (dyspnea,
hypoxia, and fatigue), a high index of suspicion is required to make the diagnosis of group
3 PH. Signs that should immediately prompt a PH workup in these patients are signs of RV
failure and enlarged PA on imaging. The workup for PH should ideally be conducted while
patients are stable and not in a current exacerbation. Group 3 PH diagnosis still follows
the same diagnostic pathway as other groups, ultimately requiring an RHC. Group 3is a
precapillary form of PH; thus, PCWP will be less than 15 mmHg on RHC [72,73]. For those
who have only mild symptoms or mildly increased PA pressures on echo, such as those
with pre-existing OSA, RHC may not be necessary as these symptoms are reversible with
noninvasive ventilation. Pulmonary function tests are a requirement in the diagnosis of
parenchymal lung disease; thus, these are always indicated. All other causes of PH also
need to be ruled out with appropriate testing [13].

5.4. Treatment

The aim is to improve lung function and correct hypoxemia. This means treating the
underlying cause of the lung dysfunction, which is disease-specific. The role of vasodilators
is more complex with mixed data [72]. In COPD with PH, bosentan and sildenafil have
been studied and shown to improve hemodynamics. Unfortunately, these hemodynamic
improvements have failed to show increased exercise capacity or other meaningful bene-
fits [76]. For example, in the BUILD-3 event-driven randomized controlled placebo trial
of bosentan in idiopathic pulmonary fibrosis (IPF), the primary endpoint of worsening
of IPF or death was not met [77,78]. Similarly, the B-PHIT trial showed no difference
in symptoms, functional capacity, or hemodynamics at 16 weeks between bosentan and
placebo in patients with PH and fibrotic idiopathic interstitial pneumonia [79].

The MUSIC phase II trial, completed in 2013, with macitentan versus placebo in the
treatment of PH caused by idiopathic pulmonary fibrosis, did not meet its primary end-
point of a positive change in forced vital capacity [80]. Ambrisentan was also investigated
in idiopathic pulmonary fibrosis in a similarly designed trial that was prematurely dis-
continued as the interim analysis showed a low likelihood of efficacy [81]. Sildenafil also
showed no benefit in IPF in the STEP-IPF trial [82]. Riociguat has also been studied in
PH due to idiopathic interstitial pneumonia where bosentan had failed to show a benefit.
In a phase IIb study [83] in 147 patients (RISE-IIP trial), riociguat was also not beneficial,
showing worsening of interstitial lung disease and no improvement in 6MWD. However,
the INCREASE trial in ILD patients with coexisting PH examined inhaled treprostinil vs.
placebo and found an increased exercise capacity over a 16 week period [76,84]. On the
basis of these data, treprostinil was recently approved in ILD PH.
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6. Group 4 PH: CTEPH
6.1. Pathogenesis and Etiology

CTEPH is a complication that may rarely occur after PE and is characterized by PH that
persists for more than 3 months following effective anticoagulation therapy. Even though
it is believed to reflect PH occurring from unresolved thromboemboli in the pulmonary
arterial tree, more than one-third of cases of the index venous thromboembolism episodes
in these patients are clinically silent with patients reporting no prior history of clinically
evident pulmonary emboli [85]. Other factors such as in situ thrombosis or inflammatory
responses to such thrombi also likely play a role in its pathogenesis [85,86]. It is, thus,
characterized by thromboembolic material in the distal Pas, which leads to altered vascular
remodeling. Prospective studies where right-heart catheterization was performed on pa-
tients with prior symptomatic pulmonary emboli showed that only 0.4% to 6.2% of patients
developed CTEPH. Several inflammatory and thrombophilia markers have been found in
CTEPH patients. Variable gene expression has also been demonstrated in pulmonary artery
endothelial cells from patients with CTEPH [86]. Why some people with thromboembolic
events develop CTEPH and others do not is unclear.

6.2. Making the Diagnosis

Testing for CTEPH starts with initial assessment with an echocardiogram. If pul-
monary hypertension is suspected in a patient with prior PE, a ventilation/perfusion scan
is performed to assess for chronic thromboemboli. A normal V/Q scan can exclude CTEPH
with a sensitivity of 90-100% and specificity of 94-100% [86]. About 30-50% of patients
with documented CTEPH will not have a clear history of prior venous thromboembolism.
Thus, a VQ scan is a standard test indicated in most patients with PH undergoing workup
with a standardized diagnostic algorithm.

6.3. Surgical Options and Indications

Pulmonary thromboendarterectomy (PTE) is the only definitive and potentially cura-
tive therapy for CTEPH. Between 15% and 51% of patients have residual PH following the
procedure [86]. PEA is a major thoracic surgery performed under extracorporeal circulatory
hypothermic arrest, and patients undergo thorough evaluation prior to being deemed
appropriate candidates. For PTE to be performed, the thrombus must be accessible by
surgery, and patients are screened for any comorbidity that would prohibit the surgery
(lung function test and coronary artery disease screening). Some factors that have been
shown to have less favorable outcomes include FC IV, significant concomitant lung or heart
disease, right-heart failure, PVR > 1200 dynes-s/cm > (15 wood units), and absence of ap-
preciable lower lobe disease. Perioperative mortality is between 2% and 4% [86]. Following
PTE, there is often a dramatic improvement in PAPs and PVR. In one study, the PVR was
reduced immediately postoperatively by nearly 70% [87]. While there might not always
be complete resolution of PH, the severity decreases, and patients report improvement
in symptoms. In one study, the 3 year survival of patients who had PTE was reported at
90% vs. 70% in patients who did not have surgery [86,87].

6.4. Medical Management and Current Therapies in Nonsurgical Candidates

Medical therapy is noncurative and is reserved for those patients who do not qualify
for PTE. The first step in the management of CTEPH is initiation of anticoagulation therapy.
The anticoagulation therapy is based on provider preference. Studies reviewing the superi-
ority of the newer direct oral anticoagulants (DOACs) versus vitamin Ka antagonists (such
as warfarin) are limited.

In patients with FC II or III symptomes, initiation of riociguat is recommended. Studies
have demonstrated improvement in exercise capacity, FC, and pulmonary hemodynamics
with CTEPH patients on riociguat (CHEST-1 Trial). A follow-up study (CHEST-2) reported
that prolonged therapy for up to 2 years with riociguat demonstrated persistent benefits.
The BENEFIT trial was a placebo-controlled trial that enrolled 157 patients with either
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inoperable CTEPH or persistent CTEPH after PTE and evaluated the effectiveness of
bosentan. The bosentan arm showed improvement in PVR and CI, but there was no
improvement in exercise capacity [88].

The AMBER 1 trial looked at ambrisentan compared to placebo in patients with
inoperable CTEPH. Although the study was terminated early due to lack of enrollment,
there were positive trends in 6 MWD, PVR, and NT pro-BNP reported with ambrisentan [89].
Macitentan was investigated in inoperable CTEPH in a phase II RCT (MERIT-1); results
showed a significant improvement in PVR at 16 weeks [90]. In 2018, the CTREPH phase 111
RCT showed improved exercise capacity in inoperable CTEPH patients in FC III-IV treated
with subcutaneous treprostinil [90,91]. A randomized trial of 19 patients with inoperable
CTEPH showed that 12 weeks of sildenafil improved WHO FC and PVR. There was no
difference in exercise capacity noted. Following the initial study, the control arm was then
provided open-label sildenafil. At 12 months, patients had an increase in exercise capacity,
symptom score, and PVR [42].

7. Group 5 PH: Unclear or Multifactorial Causes

Group 5 pulmonary hypertension consists of a group of diseases that lead to PH via
a multitude of mechanisms. For many of these diseases, the incidence and treatment of
PH are uncertain. The increase in vascular resistance can be secondary to vasoconstriction,
inflammation, proliferative arteriopathy, shunting, chronic anemia, veno-occlusive disease,
left-ventricular dysfunction, or valvular heart disease. When looking at the etiology of PH
in these systemic diseases, one should look at each of these contributing factors individually.

7.1. Hematologic Disorders

In chronic myeloproliferative diseases such as polycythemia vera, essential throm-
bocythemia, and primary myelofibrosis, the etiology is believed to be due to chronic
thromboembolic events (CTEPH), vascular remodeling, pulmonary veno-occlusive disease,
tumor micro embolism, and drug-induced PH. The incidence of PH in this group is unclear
but estimated to be between 36% and 48% according to case reports and small series.

Splenectomized patients have an increased risk of developing PH. After splenectomy,
thrombotic and thromboembolic complications can occur. There have been reports of both
CTEPH and IPAH in patients following spleen removal. The etiology is not well under-
stood. One proposed mechanism is that the loss of the spleen’s filtering function allows
abnormal red cells to remain in the peripheral circulation. This may lead to facilitation of
the coagulation process.

PH associated with chronic hemolytic anemia secondary to hemoglobinopathies, such
as sickle cell disease and thalassemia, also falls into Group 5. The incidence is reported
to be around 10% in sickle cell patients. It is believed that endothelial injury, chronic
inflammation, hypercoagulability, intravascular hemolysis, and altered bioavailability of
NO contribute to the development of PH. There may also be some increase in the PCWP
from left-heart dysfunction that can contribute.

7.2. Systemic and Metabolic Disorders

This grouping consists of diseases such as sarcoidosis-associated PH (SAPH) and
pulmonary Langerhans cell histiocytosis PH (PLCH). There is an increased incidence of PH
in patients with sarcoidosis, estimated to be between 5% and 28%, associated with increased
morbidity and mortality. SAPH etiology is multifactorial, and, while the incidence is higher
in those patients with fibrosis, it can also be independent of airflow restriction. SAPH may
arise due to fibrotic lung involvement leading to pulmonary vascular bed injury, extrinsic
compression of pulmonary vessels, vasculopathy/vasculitis of the pulmonary vasculature,
pulmonary veno-occlusion, porto-PH, and left-ventricular dysfunction. Similarly, PLCH-
PH is believed to develop from pulmonary vascular pathology, but the pathogenesis is not
well understood.
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7.3. Metabolic Disorders

This group consists of disorders such as thyroid disease, glycogen storage diseases, and
Gaucher disease. The prevalence of PH in thyroid disease has been estimated to be around
20%. LV dysfunction can be seen in patients with thyroid disease and is likely one of the
causes of development of PH. Enhanced catecholamine sensitivity, increased metabolism
of intrinsic pulmonary vasodilators, and decreased metabolism of vasoconstrictors leading
to increased pulmonary vasculature are other proposed mechanisms.

Glycogen storage diseases are a set of diseases that lead to defective glycogen synthesis
or breakdown due to an enzyme deficiency. The etiology of PH development is unknown
but is believed to stem from abnormalities in serotonin metabolism.

Gaucher disease (GD) is the most common lysosomal storage disease. It is due to a
deficiency in the enzyme glucocerebrosidase that leads to buildup of glucocerebroside. Up
to 30% of patients with untreated type 1 GD have been found to show signs of PH based on
echocardiography. The mechanism is believed to be from pulmonary capillary infiltration
with glucocerebroside, as well as bone marrow microemboli leading to vasculopathy.
Splenectomy in these patients also leads to an increased risk of PH development.

7.4. Other Disorders

These disorders include chronic renal failure, fibrosing mediastinitis, tumor emboli,
and mechanical vascular obstruction. The incidence of PH in these diseases has not been
systematically evaluated. In chronic renal failure, the increase in pulmonary venous
pressure from LV dysfunction, hypervolemia, and high output failure from anemia, AV
fistula shunting, and vascular calcifications are all believed to play a role in development
of PH.

7.5. Current Therapies

Myeloproliferative disorders: Cytoreductive agents (hydroxyurea/antiplatelets)
are used to decrease risk of thrombosis and vascular events. No data support the role
of vasodilators.

Splenectomy: Patients with evidence of CTEPH should be evaluated for possible PTE.
If PTE is not possible, then treatment consists of anticoagulation and consideration of PAH-
specific agents or lung transplantation. Two studies, one with bosentan and the other with
riociguat, on patients with inoperable or persistent CTEPH after thromboendarterectomy
showed an improvement in exercise capacity and in hemodynamics. There are no studies
showing whether prophylactic anticoagulation can help prevent the development of CTEPH
in this population.

Scleroderma (SCD): The current treatment of PH due to SCD is to treat the underlying
disease. Prior studies looking at PAH therapies were not successful. The Walk-PHaSST
study was a placebo-controlled trial looking at sildenafil in patients with SCD that was
stopped early because of a higher incidence of hospitalization for vaso-occlusive pain
crises with no suggestion of improvement in the sildenafil arm. The ASSET-1 and ASSET-2
studies aimed to assess the efficacy and safety of bosentan therapy in patients with SCD
and PH. Both studies were terminated due to lack of efficacy, slow site activation, and
withdrawal of sponsor support. Prostacyclin infusion was shown to acutely improve
hemodynamics in a small subset of patients, but there are no studies showing efficacy of
long-term prostacyclin therapy. A retrospective study looking at treatment with riociguat
in SCD showed improvement in 6MWD, RVSP by echo, and FC. Vasodilator therapy is not
routinely recommended for SCD-PH. It is usually initiated only in symptomatic patients
with RHC confirmed FC II-IV PH without any signs of LHD. ERAs and prostanoids are
recommended over other drugs in this group of patients [27,41].

Thalassemia: One trial performed on 10 patients with 3-thalassemia and echocardio-
graphically defined PH looked at efficacy of sildenafil in this population. After 12 weeks,
there were no safety concerns with sildenafil and the tricuspid regurgitant jet velocity
was decreased. There was no significant improvement in FC or the 6MWD test. There
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was a case report of patient showing improvement in the 6MWD and mPAP following
bosentan for 1 year, but no hemodynamic studies were conducted to confirm its efficacy in
a systematic manner [88,92,93].

SAPH: A double-blind placebo-controlled randomized trial with bosentan in patients
with SAPH showed significant improvement in pulmonary hemodynamics [94].

PLCH-PH—Up to one-third of patients have a positive vasodilator response. Some
uncontrolled small studies suggested improvement in mortality with PAH therapy, but
there are no randomized studies supporting this approach [94].

Thyroid disease: In the setting of hyperthyroidism, treatment with antithyroid medi-
cations, radioactive iodine, or surgery has been shown to decrease the mPAP. Treatment
with vasodilators has not been studied, and these drugs are not routinely recommended.

GSD-PH: Treatment consists of treatment of underlying disease with enzyme replace-
ment. There are no large studies supporting the use of vasodilators.

GD-PH: PH in this population usually improves with enzyme replacement therapy.
Severe cases have occasionally been treated with vasodilators but there are no larger,
controlled studies supporting their use.

8. Conclusions

While new research increasingly sheds light on the causes and pathogenesis of PH
and PAH, there are still large strides to be made in treatment of this disease. Newly discov-
ered molecular pathways will hopefully become new therapeutic targets for novel drug
therapies. Existing drug trials used endpoints that mainly assess symptom control; these
trials typically showed an increase in the time to a decline in the quality of life. However,
using symptom control as a primary goal of therapy does not evaluate whether these drugs
ameliorate the root cause of the disease at the pathological or molecular level. Nonetheless,
newer drugs are now in development that do indeed target the underlying pathogenetic
mechanisms of the disease. Data-driven risk calculators and objective functional class
schema have recently been adopted as the primary endpoints in clinical trials. This rep-
resents an encouraging shift because improvement in these endpoints has been shown to
represent improvements in mortality [5]. Continued emphasis on reversing the multiple
vascular, cellular, molecular, and metabolic abnormalities that are the hallmark of PAH will
ultimately be rewarded with meaningful progress in treating this deadly disease.
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