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Pulmonary arterial hypertension (PAH) is a severe disease characterized by the loss and obstructive remodeling of the

pulmonary arterial wall, causing a rise in pulmonary arterial pressure and pulmonary vascular resistance, which is

responsible for right heart failure, functional decline, and death. The main molecular pathways involved in drugs are

available for the treatment PAH involve nitric oxide, endothelin 1 and prostacyclin. Although, this condition continues to be

life-threatening, and its long-term treatment is expensive.
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1. Definition

Pulmonary arterial hypertension (PAH) is a life-threatening disease characterized by the obstruction, loss, and remodeling

of the pulmonary arteries, which increases pulmonary arterial pressure (PAP) and pulmonary vascular resistance (PVR).

Hemodynamically, PAH is defined by a mean pulmonary artery pressure (mPAP) of ≥20 mm Hg, a pulmonary arterial

wedge pressure (PAWP) of ≥15 mm Hg, and a pulmonary vascular resistance (PVR) of ≥three Wood Units (WU), as

established at the sixth World Symposium on Pulmonary hypertension (PH) in Nice 2018 .

2. Introduction

PAH prevalence has increased over time. Worldwide, the latest records show an incidence of 2.0 to 7.6 cases per million

adults per year and a prevalence of 11 to 26 cases per million adults. The incidence is known to be four times higher

among women, but survival is paradoxically worse in men . PAH belongs to a group of severe clinical entities included

in the current clinical classification of PH (Group 1). The other clinical scenarios include PH due to left heart disease

(Group 2), PH due to lung disease or hypoxia (Group 3), PH due to chronic thromboembolic disease (Group 4), and PH

due to unclear and/or multifactorial mechanisms (Group 5). In PAH, pulmonary vascular remodeling is characterized by an

accumulation of vascular cells in the pulmonary arterial wall, such as changes in the pulmonary artery smooth muscle

cells (PASMCs), endothelial cells, fibroblasts, myofibroblasts, and pericytes. This process can also involve the loss of

precapillary arteries and perivascular infiltration of inflammatory cells (macrophages, dendritic cells, mast cells, and B

and T-lymphocytes) . In general, pulmonary endothelial dysfunction contributes to pulmonary vascular remodeling in all

groups of PAH . Pulmonary endothelial cells (ECs) play a key role in the regulation of pulmonary vascular tone

through the nitric oxide (NO), prostacyclin (PGI ), endothelin (ET), and serotonin (5-HT) pathways . ECs are sensitive

and respond to signals from extracellular environments where interactions with adjacent cells, circulating cells, and/or

mediators help maintain a thrombosis-free surface. This property helps control inflammatory cell adhesion and assure

normal angiogenesis, as well as the integrity of the vascular wall . Conversely, the alteration or dysfunction of the

pulmonary endothelium leads to an altered balance of the vasoconstriction and vasodilation mechanisms, as well as the

acquisition of proinflammatory, prothrombotic, proproliferative, and antiapoptotic phenotypes .

The main mechanisms for the treatment of PAH are based on an imbalance of the NO, PGI   and ET pathways .

Despite the existence of a wide variety of drugs for the treatment of PAH, it continues to be a life-threatening condition,

and long-term treatment remains expensive. In this review, we discuss the current evidence of nutraceutical evidence in

PAH models. Finally, we discuss the possibility to use combination therapy in PAH-specific drugs and nutraceuticals.
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3. Molecular Pathways in the Treatment of PAH

The pathogenesis of pulmonary arterial hypertension is multifactorial and complex; therefore, the relevant treatments

include several interventions, such as drugs, lifestyle and dietary changes, and surgery where necessary. Current

knowledge of the pathophysiology of PAH has made it possible to distinguish three main signaling pathways that play a

key role in the regulation of pulmonary vascular tone (nitric oxide, endothelin, and prostacyclin). Thus, available therapies

are aimed at stimulating the local production of various vasoactive substances, including nitric oxide (NO) and

prostacyclin, which contribute to the regulation of vascular tone in the pulmonary arteries. The drugs used in the treatment

of PAH are used directly or indirectly to preserve, stimulate, or block the signaling pathways of vasoactive substances

(Figure 1).

Figure 1. Signaling pathways in the regulation of pulmonary vascular tone. Arachidonic acid (AA); adenylyl cyclase (Ac);

calmodulin (CaM); calmodulin kinase (CaMK);cyclooxygenase (COX); cyclic adenosine monophosphate (cAMP); cyclic

guanosine monophosphate (cGMP); diacylglycerol (DAG); endothelial nitric oxide synthase (eNOS); endothelin 1 (ET-1);

endothelin type A receptor (ETAR); endothelin type B1 receptor (ETB1R); endothelin type B2 receptor (ETB2R);

guanosine monophosphate (GMP); inositol trisphosphate (IP3); I-prostanoid receptor (IPR); myosin light chain (MLC);

myosin light chain kinase (MLCK); myosin light chain phosphatase (MLCPase); nitric oxide (NO); protein kinase A (PKA);

prostaglandin synthase (PGs); protein kinase C (PKC); phosphodiesterase (PDE)-5 inhibitors (PDE-5i); phospholipase C

(PLC); phosphorylated myosin light chain (pMLC); soluble guanylate cyclase stimulator (sGCs).

NO, the main endogenous vasodilator, is an easily diffusible gas that is synthesized in the endothelium from L-arginine by

NO synthase. It diffuses vascular smooth muscle cells and mediates vascular relaxation through stimulation of soluble

guanylate cyclase, thereby generating the second messenger cyclic guanosine monophosphate (cGMP). cGMP is

metabolized by phosphodiesterase 5 (PDE-5) to GMP and inhibits NO-mediated vasodilation (Figure 1). Thus, in the

treatment of PAH, PDE-5 inhibitors are considered a therapeutic option directed at the NO pathway. The drugs for PAH

treatment include NO—cGMP enhancers (PDE-5 inhibitors), endothelin receptor antagonists and agonists of the

prostacyclin pathways, and, recently, a soluble guanylate cyclase stimulator (sGCs). Additionally, riociguat works on a

distinct molecular target in the same pathway as PDE-5 inhibitors.

3.1. NO Pathway

In the NO pathway, NO molecule binds to soluble guanylate cyclase (sGC) and leads to the production of cyclic

guanosine monophosphate (cGMP), which activates myosin light chain phosphatase (MLCPase), thereby reducing the

phosphorylation of myosin to induce arteriole vasodilation and inhibit cell proliferation (Figure 1). The phosphodiesterase-

5 (PDE-5) enzyme is abundantly expressed in vascular smooth muscle cells (VSMCs) of the pulmonary vasculature and



upregulated in the PAH in VSMCs and right ventricle cardiomyocytes. Moreover, the upregulation of PDE-5 leads to

increased hydrolysis of cGMP   . PDE-5 inhibition prevents the degradation of cGMP to GMP (Figure 1), and

sildenafil and tadalafil are two typical PDE-5 inhibitors that have demonstrated clinical benefits in PAH .

Riociguat is a new drug that acts independently of NO via the stimulation of sGC by increasing the generation of cGMP

. sGC is expressed in VSMCs of the pulmonary vasculature, platelets, the right ventricle, and other tissues. sGC

binding to NO catalyzes the conversion of GTP to sGMP, thereby promoting beneficial effects, such as inhibiting smooth

muscle proliferation leucocyte recruitment, inflammation, fibrosis, platelet aggregation, and vasodilation .

The combined use of both drugs (PDE-5 inhibitors and the stimulation of sGC) in patients with PAH is not

recommended  .

3.2. ET-1 Pathway

Endothelin (ET) is a peptide or vasoactive compound and is the most potent vasoconstrictor substance known . ET-1

synthesis occurs when the inactive 39-amino-acid precursor pro-ET is cleaved by ET-converting enzymes to ET-1. ET-1

has two receptor subtypes (G protein-coupled receptors): the endothelin receptor A (ET R), which is located on vascular

smooth muscle cells, and endothelin receptor B (ET R), which has two subtypes—ET R, located on endothelial cells,

and ET R, located on vascular smooth muscle cells (Figure 1). The ET R expressed in VSMCs and PAH contributes to

contraction, proliferation, and proinflammatory effects . On the other hand, ET R is expressed in vascular

endothelial cells, where it acts to clear ET-1 and mediate the endothelial cell vasodilation through cytosolic Ca  binding to

calmodulin to activate calmodulin kinase, which is responsible for phosphorylating endothelial nitric oxide synthase (NO)

and synthesizing nitric oxide NO and PGI   (Figure 1)  . In vascular smooth muscle cells, ET-1 binds to ET R and

ET R, thereby activating phospholipase C (PLC) to release inositol trisphosphate (IP3) and diacylglycerol (DAG). IP3

binds to its intracellular receptor, thus releasing calcium (Ca ) into the cytosol to produce vasoconstriction and

proliferative responses . In PAH, ET-1 is upregulated and promotes PASMC proliferation .

In patients with PAH, ET-1 is overexpressed in the lung and plasma . Bosentan, ambrisentan, and macitentan are

endothelin receptor antagonists (ERAs) that have demonstrated to have beneficial effects in PAH .

ERAs were designed as either ETA-selective antagonists (ET /ET  selectivity ratio >100) or dual ET /ET  antagonists

(equal selectivity), which suggests that dual antagonists have the potential to block ET-1-induced signaling more

effectively than other ERAs . However, the selective antagonists block ET   and vasoconstriction in VSMCs but

stimulate the vasodilation mediated by the ET  receptor .

3.3. PGI  Pathway

Prostacyclin (PGI2) is a lipidic mediator in endothelial cells. PGI2 is produced by prostacyclin sinthase through the

degradation of arachidonic acid in endothelial cells (Figure 1). PGI  is a potent pulmonary vasodilator mediator released

by endothelial cells through the concerted actions of the cyclooxygenase and prostacyclin synthase. Using arachidonic

acid and prostaglandin H2 as a substrate, PGI2 promotes pulmonary vasodilation and has antithrombotic and

antiproliferative properties (Figure 1) . The effects of PGI   occur through the I-prostanoid receptor (IPR) via the

activation of adenylyl cyclase, thereby converting ATP to cAMP, which increases protein kinase A (PKA) activity. In turn,

PKA promotes the phosphorylation of myosin light chain kinase, which leads to smooth muscle relaxation and vasodilation

(Figure 1). PKA promotes arterial relaxation by (a) phosphorylating myosin light chain kinase at a site that reduces the

affinity of the kinase to the calcium–calmodulin complex, (b) activating calcium pumps in the cell membrane and

sarcoplasmic reticulum, and (c) opening potassium channels through which potassium can exit and thereby hyperpolarize

the cell .

IPRs are expressed in the VSMCs of the pulmonary vasculature . In PAH patients, the PGI  levels are reduced in

the pulmonary vasculature and serum. IPRs are also reduced in patients with PAH . Prostanoid drugs are synthetic

analogs of IP that can be administered in oral, inhaled, subcutaneous, or intravenous forms. Epoprostenol, Treprostinil,

and selexipag are drugs of this group that have demonstrated positive effects in the treatment of PAH 

.

Treatments for PAH are mainly focused on blocking the pathophysiological mechanisms and the activation of vasodilatory

mechanisms. However, PAH is complex and multifactorial. Therefore, the ideal treatment should be focused on

blocking/stimulating more than one mechanism. Indeed, in clinical practice, cotherapy and combination therapy are

becoming the basis for the successful management of PAH . Recently, new drugs have been introduced into clinical
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practice, all targeting endothelin, nitric oxide, and prostacyclin pathways, with the main objective of improving function,

quality of life, and increasing survival. However, there are still a significant number of patients that do not respond

adequately to or tolerate such medical therapies. Moreover, none of the available therapies have been shown to slow the

progression of the disease . On the other hand, interest in the search for the mechanisms involved and, therefore,

therapeutic options continue. 
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