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Abstract
Impairment of the pulmonary endothelial communications contributes to the 
development and progression of pulmonary arterial hypertension (PAH). 
Investigations currently under way are likely to produce novel therapeutic strate-
gies that target pulmonary endothelial dysfunction linked to PAH. This chapter 
outlines the complex role of the dysfunctional pulmonary endothelium in PAH 
and its potential value as a target for innovative therapies.
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19.1  Introduction

Pulmonary arterial hypertension (PAH) is a severe and progressive cardiopulmonary 
disorder characterized by non-specific symptoms (i.e., breathlessness, fatigue, weak-
ness, angina, and syncope) that take years before appearing, usually after the disease 
is in an advanced stage. In Europe, PAH prevalence and incidence are in the range of 
15–60 subjects per million population and 5–10 cases per million per year, respec-
tively. Despite recent progress in the treatment of PAH, most patients still die from 
the disease or fail to respond adequately to medical therapy with a 5-year survival of 
59%. Current treatments can relieve some PAH symptoms and slow the progress of 
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the disease in some patients, but they have limited impact on the progressive pulmo-
nary vascular remodeling that eventually culminates in right heart failure [1].

Pulmonary endothelial dysfunction is a critical contributor that could be detri-
mental for the onset and progression of this severe cardiopulmonary disorder [2–4]. 
Therefore, early diagnosis and better understanding of the mechanisms underlying 
the altered pulmonary endothelial cell (EC) phenotype and endothelial communica-
tions with both resident vascular cells (smooth muscle cells, fibroblasts, myofibro-
blasts, and pericytes) and inflammatory cells are needed to propose and develop 
new, more adapted and more powerful therapeutic tools.

19.2  Pulmonary Endothelial Dysfunction 
and the Pathobiology of PAH

At the interface between bloodstream and lung tissue, the pulmonary ECs play criti-
cal roles not only in optimizing gas exchanges but also in the local adaptations of 
vascular tone, in the maintenance of a thrombosis-free surface, in the control of 
inflammatory cell adhesion and trafficking, as well as in the maintenance of the vas-
cular wall integrity and for normal angiogenesis. Importantly, they are dynamic and 
adapt their roles and phenotypes according to the nature of the local milieu (Fig. 19.1). 
Indeed, the pulmonary ECs are highly metabolically active, sensing and responding 
to signals from extracellular environments by secreting the correct substance(s) by 
which it may maintain the vasomotor balance and vascular-tissue homeostasis [4].

As a vital part of the pulmonary vascular wall, alterations of the pulmonary endo-
thelium are now well established to be central role in the pathogenesis of PAH. The 
main characteristics of pulmonary endothelial alterations or dysfunction in PAH 
includes, among others, a reduction in the secretion of vasodilator molecules such as 
prostacyclin (PGI2) and nitric oxide (NO), and an increase in the potent vasoconstrictor 
endothelin (ET)-1 [5]. In addition, our group has highlighted that pulmonary ECs from 
PAH patients exhibit a pro-inflammatory phenotype characterized by an increased 
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Fig. 19.1 The pulmonary vascular endothelium is a multifunctional organ and is critically 
involved in modulating vascular tone and structure. Through their capacity to spatially segregate 
and temporally integrate a diverse range of extracellular signals (in gray), pulmonary ECs adapt 
their roles and phenotype (in blue) according to the nature of the local milieu
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expression of key adhesion molecules (E-selectin, ICAM- 1, and VCAM-1) together 
with an excessive secretion of different inflammatory mediators (such as interleukin 
(IL)-1α, IL-6, IL-8, IL-12, macrophage migration inhibitory factor (MIF), and CCL2) 
[6]. Pulmonary ECs from PAH patients also exhibit metabolic alterations including 
heightened glycolysis [7]. Finally, decreased capacities to form vascular tube in vitro 
[8] and acquisition of some mesenchymal markers have also been reported [9]. Finally, 
a pro-proliferative and apoptosis- resistant phenotype has been described [10–12]. 
Various stimuli such as high glucose, insulin resistance, disturbed blood flow, and oxi-
dative stress can lead to endothelial dysfunction. Therefore, further research is needed 
to elucidate their specific contribution to the altered pulmonary EC phenotype in PAH.

Importantly, this excessive local secretion of key factors by the dysfunctional 
pulmonary endothelium in PAH has also been demonstrated to play a critical role in 
modulating the behavior and functions of adjacent vascular cells (smooth muscle 
cells, fibroblasts myofibroblasts, and pericytes) and several immune cells that infil-
trate the remodeled pulmonary vessels, thereby contributing to the vascular remod-
eling in PAH [3] (Fig. 19.2). Although considerable progress has been made, the 
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Fig. 19.2 Importance of endothelial miscommunication in PAH.  In PAH, the dynamic and 
unadapted pulmonary vascular remodeling is partly driven by several genetic and environmental 
factors and also by the presence of different intrinsic abnormalities within the pulmonary ECs that 
include, among others, a loss and/or dysfunctions of the BMPR-2 signaling, decreased PPAR-γ 
and FoxO signaling, and constitutive activations of NF-κB and/or PHD2/HIF axes. Consequently, 
the altered pulmonary ECs create a permissive pericellular/extracellular environment for the pro-
gression of the pulmonary vascular remodeling, mainly because they miscommunicate with both 
resident vascular cells (smooth muscle cells, fibroblasts, myofibroblasts, and pericytes) and inflam-
matory cells mainly through the secretion of different key molecules
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triggers, the mechanisms, and the consequences of dysfunctional pulmonary endo-
thelium in PAH are still not completely understood. A better knowledge of these key 
aspects would help finding new PAH biomarkers and/or novel therapeutic targets to 
reverse or even stop the progression of this irreversible vascular remodeling.

19.3  Current Promising Strategies for Restoring Pulmonary 
Endothelial Dysfunction and Cell-Cell Communications

Below, a few of the most promising therapeutic strategies that target the dysfunc-
tional pulmonary endothelium are underlined.

19.3.1  Restoring the Balance of Vasodilation and Vasoconstriction

In PAH, the discovery of abnormalities affecting the endothelial production and secre-
tion of the three main mediators (NO, PGI2 and ET-1) or defects in their signaling 
pathways involved in the regulation of pulmonary vasoreactivity has led to the develop-
ment of currently approved PAH therapies which have drastically improved the quality 
of life and clinical outcomes in PAH patients. Major therapeutic advances are also 
leading to the development of new molecules in these three pathways characterized by 
better pharmaceutical properties, such as longer half- life, increased receptor affinity, 
prolonged receptor binding, and routes of administration easier to manage. Nevertheless, 
other vasoreactive mediators are known to be involved and can represent new therapeu-
tic targets, such as RhoA/ROCK inhibitors, anti-serotoninergic drugs, apelin agonists, 
and inhibitors or blockers of the ACE (angiotensin-converting enzyme)-1/angiotensin 
(Ang)-II/AT1 receptor, agents that stimulate the ACE2-Ang-(1–7)-Mas pathway [13].

Beyond vasoconstrictors and vasodilators, the recent identification of familial cases 
of PAH related to heterozygous missense variants in the KCNK3 gene (encoding 
TWIK-related acid-sensitive potassium channel (TASK)-1) has revived interest in the 
concept of channelopathy in PAH [14]. The main challenge is this area is to identify 
specific small molecules to restore the activity of these ion channels in the dysfunc-
tional pulmonary endothelium in PAH. Undoubtedly, this strategy will have significant 
impact for future investigations in the field and in other cardiovascular disorders.

19.3.2  Restitution of the Defective BMPR-2 Signaling System

Several notions support that enhancement of the BMPR-2 axis pulmonary vascular cells 
could offer a novel approach for the treatment of PAH [15, 16]. Consistent with this 
observation, preliminary data suggested that low-dose of tacrolimus (FK506) is well 
tolerated and increases BMPR-2 in subsets of PAH patients [17]. Based on these find-
ings, a phase II randomized control trial in PAH has been initiated in stable PAH patients 
(NCT01647945). Interestingly, promising findings have also been obtained with exog-
enous BMP9 and ataluren, a drug that induces ribosomal read through of nonsense 
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mutations, and thus may offer the possibility of future therapies [18, 19]. Nevertheless, 
further studies are needed to validate these hypotheses [20]. Indeed, the low penetrance 
of the disease among BMPR2 mutation carriers suggests that additional genetic or envi-
ronmental factors are required for the development of PAH [15]. In addition, it has been 
recently shown that the selective BMP9 loss or inhibition does not predispose, but par-
tially prevent or protect against experimental pulmonary hypertension. Therefore, the 
apparent ambivalent role of the BMP9/BMPR-2 signaling pathway should stimulate 
work to better understand this feature and the underlying mechanisms.

19.3.3  Targeting Cell Proliferation and Cell accumulation

In PAH, several transcription factors [such as peroxisome proliferator-activated receptor 
(PPAR-γ), signal transducer and activator of transcription (STAT)-3, HIPPO, FoxO1, and 
hypoxia-inducible factor (HIF)] and growth factors are known to be overexpressed or 
overactive in the dysfunctional endothelium [5, 13]. Platelet- derived growth factor 
(PDGF), fibroblast growth factor (FGF)-2, epidermal growth factor (EGF), vascular 
endothelial growth factor (VEGF), and nerve growth factor (NGF) are key players in this 
regard. Furthermore, other factors and signaling may serve as potential target candidates 
for anti-proliferative strategies in PAH, such as the RhoA/Rho-kinase signaling system, 
the mammalian target of rapamycin (mTOR) and insulin-like growth factor signaling 
systems, connective tissue growth factor (CTGF), hepatocyte growth factor (HGF), and 
placental growth factor (PIGF). However, further studies on their pathogenic roles are 
important. Although targeting growth factors remains a relevant therapeutic strategy in 
PAH, a better understanding of tyrosine kinase inhibitor (TKI) properties and character-
istics, particularly for lung and heart homeostases, will help designing new drugs that 
specifically block PAH pathways without severe side effects.

Our group has underlined that the dysfunctional pulmonary endothelium in PAH 
partly contributes to the excessive pericytic envelope, notably through the overabun-
dance of the endothelial-derived FGF-2 and IL-6 [21]. We also demonstrated that 
this increase in pulmonary pericyte coverage in PAH could represent a local source 
of smooth muscle–like cells and actively contributes to the pulmonary vascular 
remodeling. Pericytes are central regulators of vascular development, stabilization, 
maturation, and remodeling, modulating EC proliferation, vascular tone and auto-
immunity. Although pulmonary pericytes could likely represent a source of promis-
ing therapeutic targets in PAH, little is known about the intrinsic characteristics of 
lung pericytes in PAH and their exact roles in the progression of this irreversible 
remodeling linked to PAH. Therefore, additional studies are needed.

19.3.4  Restitution of an Adapted Extracellular  
Matrix (ECM) Remodeling

In PAH, the dynamic and unadapted remodeling of the ECM not only leads to quali-
tative and quantitative changes that are important to modulate vessel stiffness, but 
also forms a permissive milieu that profoundly influences cell motility, proliferation, 
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apoptosis, and differentiation. In addition, the excessive release of growth factors and 
other molecules that are encrypted in the ECM together with the exposure of func-
tionally cryptic sites (i.e., within collagens, fibronectin, laminins, elastin) and the 
release of ECM fragments also have critical roles in modulating cell behavior and 
vascular remodeling. Beneficial effects of different strategies that restitute these 
ECM alterations in PAH have been reported [3].

19.3.5  Targeting Metabolic Changes

Several evidences suggest that a shift in energy production from mitochondrial 
oxidative phosphorylation to glycolysis is present in pulmonary ECs and contrib-
utes to PAH development and progression. In lines with this notion, a recent clini-
cal trial demonstrates that inhibition of pyruvate dehydrogenase kinase (PDK), an 
inhibitor of the mitochondrial enzyme pyruvate dehydrogenase (PDH, the gate-
keeping enzyme of glucose oxidation) improves PAH in the absence of functional 
variants of SIRT3 and UCP2 [22]. Other metabolic pathways and related factors 
also represent interesting targets for PAH therapy, including modulators of 
hypoxia-inducible factor (HIF) and the phosphoinositide 3-kinase/protein kinase 
B/mammalian target of rapamycin (PI3K/Akt/mTOR) pathway, mitochondrial 
phosphatase and tensin homolog (PTEN)-induced kinase 1 (PINK1), and the 
HIPPO and p53 signaling pathways. However, a more complete understanding of 
the overall risk–benefit ratio of these different strategies with long-term follow-up 
has to be evaluated.

19.3.6  Targeting the Vicious Cycle Between Endothelial 
Dysfunction and Immune Dysregulation

The interplay between endothelial dysfunction and immune dysregulation war-
rants future clinical studies of newer biologic agents that can target specific inflam-
matory pathways [23]. Through the expression of adhesion molecules (ICAM-1, 
VCAM-1, and E-selectins) and the secretion of various key cytokines and che-
mokines, the dysfunctional pulmonary endothelium facilitates the infiltration of 
inflammatory cells in the perivascular area [6, 24]. Remarkably, we demonstrated 
that the dysfunctional pulmonary endothelium in PAH through its overproduc-
tion of leptin inhibits Treg cell function [25]. Consistent with this observation, 
our group has shown that PAH patients display normal Treg cell count but with 
an altered function. Interestingly, it is also known that the pulmonary vasculature 
is sensitive to inflammation and can respond to inflammatory stimuli by abnor-
mal proliferation and/or migration and apoptotic-resistant phenotype. In line with 
these notions, we recently identified ectopic upregulation of membrane-bound 
IL-6 receptor (IL6R) on PA-SMCs in PAH patients and in rodent models of pul-
monary hypertension and demonstrated its key role for PA-SMC accumulation 
in vitro and in vivo [26].
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19.4  Future Directions and Clinical Implications

In summary, substantial work remains to be done to discover and/or develop a new, 
better tolerated, and more powerful curative treatment for PAH that combines pro-
motion of vasorelaxation and restoration of endothelial communications. However, 
important discoveries in the molecular mechanisms contributing to the pulmonary 
endothelial dysfunction in PAH have been obtained and our knowledge continues to 
accelerate. Thus, our improved understanding of additional pathways in this condi-
tion will presumably lead to the development of novel therapeutic strategies that 
could specifically target endothelial dysfunction in the near future. A comprehen-
sive estimation and evaluation of risks and benefits, potential ways to circumvent 
the risk of adverse effects on the adaptative myocardial hypertrophy, and a targeted 
delivery of these new drugs in a safe and effective manner are still major challenges 
facing clinical researchers.
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