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Endothelial Cell (EC) dysfunction is one of the first triggers initiating the process of Pulmonary Arterial Hypertension

(PAH). EC dysfunction leads to the activation of several cellular signalling pathways in the endothelium, resulting in the

uncontrolled proliferation of ECs, pulmonary artery smooth muscle cells, and fibroblasts, and eventually leads to vascular

remodelling and the occlusion of the pulmonary blood vessels. Other factors that are related to EC dysfunction in PAH are

an increase in endothelial to mesenchymal transition, inflammation, apoptosis, and thrombus formation.
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1. Introduction

Pulmonary hypertension (PH) is a condition that is defined by a mean pulmonary arterial pressure of more than 20 mmHg

at rest and 30 mmHg during exercise. The range of genetic, molecular, and humoral causes that can lead to this increase

in pressure is extensive. Therefore, PH is grouped into different classes that are based on clinical and pathological

findings as well as therapeutic interventions . The World Health Organization (WHO) classifies PH into five groups,

namely: 1. Pulmonary arterial hypertension (PAH), 2. Pulmonary hypertension due to left heart disease (PH-LHD), 3.

Pulmonary hypertension due to lung disease (PH-LD), 4. Chronic thromboembolic pulmonary hypertension (CTEPH), and

5. Pulmonary hypertension due to unclear and/or multifactorial mechanisms . PH is increasingly becoming a global

health issue due to the ageing population. Although PH-LHD and PH-LD are the most prevalent PH groups, research and

drug development mainly focus on PAH and CTEPH, which are rarer diseases that mainly affect younger people . This

review will focus mostly on PAH because of the amount of research conducted in PAH as compared to the other four

groups.

PAH is characterized by remodeling of distal pulmonary arteries, causing a progressive increase in vascular resistance.

Vascular remodeling is associated with alterations in vasoconstriction, pulmonary artery- endothelial cells (PAECs) and -

smooth muscle cells (PASMCs) cell proliferation, inflammation, apoptosis, angiogenesis, and thrombosis, which leads to

the muscularization and occlusion of the lumen of pulmonary arteries by the formation of vascular lesions. Some of the

lesions found in PAH are plexiform lesions, which are characterized by enhanced endothelial cell (EC) proliferation,

thrombotic lesions and neointima formation, the formation of a layer of myofibroblasts, and extracellular matrix between

the endothelium and the external elastic lamina . One of the first triggers for development of PAH is thought to be EC

injury triggering the activation of cellular signaling pathways that are not yet completely understood.

In normal conditions, the endothelium is in a quiescent and genetically stable state. When activated, the endothelium

secretes different growth factors and cytokines that affect EC and SMC proliferation, apoptosis, coagulation, attract

inflammatory cells, and/or affect vasoactivity in order to restore homeostasis. Prolonged or chronic activation of the

endothelium leads to EC dysfunction, the loss of homeostatic functions, leading to pathological changes, and it is crucial

in the development of cardiovascular diseases and so too in PAH . Many different factors have been suggested to be

triggers of EC dysfunction in PAH, like shear stress, hypoxia, inflammation, cilia length, and genetic factors (Figure 1) 

. As a consequence, the endothelium switches from a quiescent to an overactive state, where it starts to secrete

vasoconstrictive factors, like endothelin-1 (ET-1)  and thromboxane , and proliferative factors, like vascular

endothelial growth factor (VEGF), fibroblast growth factor 2 (FGF2) , CXCL12 , and reduce the secretion of

vasodilators, like nitric oxide (NO) and prostacyclin, which indicates that EC dysfunction might play a central role in the

pathogenesis of PAH. Whether EC dysfunction is the primary cause or rather the consequence of changes in

environmental factors remains to be resolved .
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Figure 1. Pulmonary artery remodeling, vascular resistance and pulmonary arterial hypertension (PAH) development.

PAH results from a progressive increase in vascular resistance caused by pulmonary vascular remodeling. Molecular

mechanisms behind the process of vascular remodeling are still not fully elucidated but endothelial cell (EC) injury is

thought to be one of the early triggers. EC injury can be caused by shear stress, hypoxia and inflammation. Host factors

such as genetic mutations and gender but also epigenetic factors and comorbidities are thought to play an important role

in EC dysfunction. EC dysfunction leads to altered cell signaling that induces cellular processes such as EndoMT,

apoptosis, and proliferation. In addition, changes are found in cell metabolism and in the secretion of vasoactive,

coagulation and thrombotic factors. Additionally, vascular smooth muscle cells and fibroblasts are found to display a

diseased cellular phenotype. EC dysfunction eventually promotes vasoconstriction, thrombus formation, neointima

formation, muscularization, and the development of vascular lesions. As lumen size decreases, pulmonary vascular

resistance increases and induces right ventricle (RV) hypertrophy, with eventual RV failure.

2. Features of EC Dysfunction

PAH is characterized by a dysfunctional endothelium, of which the balance between vasodilation and vasoconstriction, but

also the growth factor production and cell survival are altered. In addition, ECs undergo endothelial to mesenchymal

transition (EndoMT), which, all together, causes perturbations in pulmonary vascular homeostasis that promote vascular

remodeling (Figure 2).

Figure 2. Endothelial to mesenchymal transition (EndoMT) in PAH. EndoMT in PAH is thought to be an important process

contributing to vascular remodeling. Activation by transcriptional factors, hypoxia, haemodynamic forces, inflammation,

and TGF-β/BMP pathway signaling pulmonary endothelial cells (PAECs) undergo cellular transition to a mesenchymal

phenotype, in which PAECs lose endothelial markers and gain mesenchymal markers, such as αSMA and TWIST. These

mesenchymal-like cells present an invasive character and hence contribute to vascular remodeling in PAH.

2.1. Perturbations in Vasoactivity

Reduced vasorelaxation in PAH mainly contributes to the altered expression of the vasodilators NO and prostacyclin. NO

is a fast-reacting endogenous free radical that is produced by endothelial NO Synthase (eNOS). NO is essential for

vasorelaxation via PASMCs, but it also has antithrombotic effects and controls EC differentiation and growth . NO[18][19][20]



has long been implicated in the pathogenesis of PAH, and the lungs of PAH patients have reduced NO expression .

Whole exome sequencing has identified that mutations in Caveolin-1 are associated with PAH. Caveolin-1 is highly

expressed in ECs and, interestingly, the C-terminus of caveolin-1 directly interacts with eNOS, which may result in the

disruption in NO levels, ultimately triggering PAH . However, other studies reported contradictory results and some PH

patients even show an increase in eNOS expression . Furthermore, eNOS  mice show reduced vascular remodeling

after chronic hypoxia that is caused by reduced vascular proliferation , pointing out the complexity of its role in PAH.

Prostacyclin, also produced by EC with additional antithrombotic and antiproliferative properties , is synthesized

from arachidonic acid, by prostacyclin synthase, and cyclo-oxygenase (COX) . Decreased prostacyclin levels are

measured in various patients with different forms of PAH, like iPAH and HIV-associated PAH , explaining, in part, the

increase in pulmonary vasoconstriction, SMC proliferation, and coagulation occurring in these patients. Interestingly, in

experimental PH models, mice overexpressing prostacyclin synthase are protected from developing chronic hypoxia-

induced PAH .

ET-1, on the other hand, is a potent vasoconstrictor, which is mainly synthesized in EC and the lungs show the highest

level of ET-1 in the entire body . ET-1 exhibits its effects by binding to the ET  and ET  receptors, which activate

signalling pathways in vSMCs regulating proliferation, vasorelaxation and vasoconstriction . ET  is predominantly

expressed on vSMCs and is involved in vasoconstriction and proliferation of these cells, while ET  is expressed on

vSMCs and PAECs, and is involved in stimulating the release of vasodilators, like NO and prostacyclin, and the inhibition

of apoptosis . The expression of ET-1 and its receptors is increased in lungs of PAH patients and

experimental PH models . Furthermore, a correlation exists between the expression of ET-1 and an increase in

pulmonary resistance in PAH . The increased synthesis of endothelial ET-1, accompanied with an increase in

expression of ET  on PASMCs, likely contributes to the increased vasoconstriction and vascular remodelling observed in

PAH . Another vasoconstrictor, thromboxane A , which is produced by ECs and platelets, but is also an inducer of

platelet aggregation and a vSMCs mitogen, is increased in PAH , creating an imbalance that might contribute to

excessive platelet aggregation and vascular remodeling observed in PAH .

At last, the expression of the growth factor vascular endothelial growth factor (VEGF) and its receptor VEGF receptor 2

(VEGFR2) are found to be increased in ECs from plexiform lesions from iPAH patients. Additionally, the plasma levels of

VEGF are found to be elevated in PH patients . The relation between PAH and increased VEGF expression is still

poorly understood. It is suggested that VEGF levels in PAECs are elevated in early stages of PAH as a protective

response, while, during disease progression, VEGF keeps promoting the growth of PAECs, causing the formation of

plexiform lesions .

2.2. Endothelial to Mesenchymal Transition

EndoMT is a phenomenon where ECs acquire a mesenchymal-like phenotype that is accompanied with a loss of

endothelial markers and increase of mesenchymal markers. In addition, ECs lose cell-cell contact, change their

morphology, and adopt a highly migratory and invasive phenotype, thereby losing features of a healthy endothelium

(Figure 2) . In the lungs of human PAH patients and monocrotaline (MCT) and Sugen/hypoxia (SuHx) experimental

PH rat models, EndoMT was observed, whereby cells express high levels of α-SMA and activated phospho-vimentin and

VE-cadherin, indicating their endothelial origin . Moreover, TWIST1, which is a key transcription factor in inducing

EndoMT, is highly expressed in human PAH lungs as compared to healthy lungs  (Figure 2).

TGFβ treatment of PAECs induces the expression of the EndoMT transcription factors TWIST1 and SNAIL1  and the

mesenchymal markers α-SMA and phospho-vimentin ] (Figure 2). TWIST1 increases the expression of TGFβ, leading

to enhanced TGFβ signaling . In addition, reduced BMPR2 signaling promotes EndoMT via the upregulation of the High

Mobility Group AT-hook 1 and its target gene SLUG, independent of TGFβ signaling . More interestingly, BMP-7, a

protein previously described as having anti-inflammatory and anti-tumor effects in several diseases, was attenuated by

hypoxia-induced EndoMT in PAECs both in vivo and in vitro by inhibiting the m-TORC1 signaling pathway . BMPR2

loss favors EndoMT, allowing for cells of myo-fibroblastic character to create a vicious feed-forward process, leading to

hyperactivated TGFβ signaling . In summary, alterations in TGFβ/BMP signaling are linked to the process of EndoMT

that was observed in PAH .

Hypoxia is also an inducer of EndoMT through hypoxia-inducible transcription factor-1α (HIF-1α) and HIF-2α, and both

transcription factors are increased in PAH  (Figure 2). PAH ECs display an increased expression of HIF-2α, leading

to SNAIL upregulation . In addition, HIF-1α knockdown alone effectively blocks hypoxia-induced EndoMT, but also the

knockdown of its downstream target gene TWIST1 showed the effective blockage of hypoxia-induced EndoMT in

microvascular ECs (MVECs); however, it was less pronounced . Nonetheless, it is important to realize that

microvascular endothelium may differ from arterial endothelial function. Finally, in addition to transcription factors,
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microRNAs, such as miR-181b, have been shown to be implicated in EndoMT in PAH. The overexpression of miR-181b in

rat pulmonary arterial ECs (rPAECs) attenuated inflammation-induced EndoMT by inhibiting the expression of TGF-βR1

and circulating proteoglycan endocan .

2.3. Apoptosis

EC apoptosis may also play a role in PH development via vascular dropout and selection pressure on ECs, contributing to

the apoptosis-resistant phenotype of ECs in vascular lesions . Several attempts were made in order to elucidate the

molecular pathways that are involved in the regulation of PAEC apoptosis. The hypothesis is that disturbed responses to

VEGF signaling, in combination with hypoxia, cause an initial increase in apoptosis in PAECs, leading to the emergence

of aggressive apoptosis resistant and hyperproliferative ECs that cause the formation of intimal lesions . A

possible explanation for the initial increase in apoptosis of PAECs is that the loss of BMPR2 signaling promotes

mitochondrial dysfunction and subsequent PAEC apoptosis . White et al., interestingly, proposes a model in which the

pro-apoptotic factor programmed cell death-4 (PDCD4) activates the cleavage of caspase-3, inducing PAEC apoptosis.

Interestingly, they show that reducing PDCD4 levels in vivo by overexpressing miRNA-21 prevents PH development in

SuHx rats . Besides an initial increase in apoptosis, PAH is also characterized by PAECs that are hyperproliferative and

apoptosis resistant . PAECs from iPAH patients showed an increased expression of pro-survival factors IL-15, BCL-2,

and Mcl-1, together with persistent activation of the pro-survival STAT3 signaling pathway . Furthermore, Notch1 was

elevated in lungs from iPAH patients and from SuHx rats. Notch1 contributes to PAH pathogenesis by increasing EC

proliferation and inhibiting apoptosis via p21 downregulation and regulating BCL-2 and survivin expression. Furthermore,

HIF1α expression promotes Notch signaling human PAECs . In contrast, Miyagawa et al., demonstrated that contact-

mediated communication between SMC and EC activates EC derived Notch1 and alters the cells epigenome in order to

regulate Notch1-dependent genes that maintain endothelial integrity and prevent pulmonary vascular remodeling in a

murine model of hypoxia-induced pulmonary hypertension . Therefore, the role of Notch1 is complex and controversial

in PAH and warrants more research to delineate the molecular mechanisms.
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