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Abstract

:

The pulmonary endothelium is a metabolically active continuous monolayer of squamous endothelial cells that internally lines blood vessels and mediates key processes involved in lung homoeostasis. Many of these processes are disrupted in acute respiratory distress syndrome (ARDS), which is marked among others by diffuse endothelial injury, intense activation of the coagulation system and increased capillary permeability. Most commonly occurring in the setting of sepsis, ARDS is a devastating illness, associated with increased morbidity and mortality and no effective pharmacological treatment. Endothelial cell damage has an important role in the pathogenesis of ARDS and several biomarkers of endothelial damage have been tested in determining prognosis. By further understanding the endothelial pathobiology, development of endothelial-specific therapeutics might arise. In this review, we will discuss the underlying pathology of endothelial dysfunction leading to ARDS and emerging therapies. Furthermore, we will present a brief overview demonstrating that endotheliopathy is an important feature of hospitalised patients with coronavirus disease-19 (COVID-19).
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1. Introduction


Using the updated Berlin definition, acute respiratory distress syndrome (ARDS) is defined as a syndrome of acute onset, with bilateral diffuse infiltrates on chest radiography, and non-cardiogenic respiratory failure, leading to mild, moderate, or severe oxygenation impairment [1]. Pathophysiologically, it is characterized by damage to the capillary endothelium and alveolar epithelium, and fluid accumulation in the alveolar space, leading to alveolar oedema. These changes in the microvascular endothelial structure and function play a central role in the acute inflammatory response, in which the body tries to eliminate microbial invaders. To achieve this, the endothelium becomes leaky and inflamed, allowing innate immune cells and humoral effector molecules to cross the barrier to the site of infection [2]. When the phenomenon becomes overwhelming, it leads to ARDS, whose inciting events can be either direct (mainly pneumonia, aspiration of gastric contents) or indirect (mainly sepsis, multiple trauma) insults to the lung, with sepsis and pneumonia being the most common cause of ARDS in humans [3]. The incidence of ARDS varies widely, from 15 to 70 cases per 100,000 persons per year, representing approximately 5% of hospitalized, mechanically ventilated patients [4]. Understanding the molecular mechanisms of endothelial dysfunction has potential diagnostic, prognostic, and therapeutic implications for this fatal disease [5,6,7]. The old term acute lung injury (ALI) was used in clinical studies, along with the term ARDS, until the Berlin definition was released, and it is still being used in experimental models [3].




2. Pathogenesis


A single layer of endothelial cells (ECs) lines the entire vascular system, and this vascular endothelium forms the innermost layer of all blood vessels. In the past, the vascular endothelium was considered to be inert and nothing more than a nucleated layer. However, it is now clear that it actively participates in several key functions including angiogenesis, blood clotting, vasomotor tone, and inflammation [8]. Moreover, endothelial cells produce various cytokines and adhesion molecules [9].



As discussed in detail below, endothelial dysfunction is characterized by a change in EC functions. These include increased permeability leading to vascular leakage and oedema formation; disruption of the balance between vasodilators and vasoconstrictors; pro-inflammatory characteristics, including increased expression of adhesion molecules, receptors and signal transduction molecules, as well as release of reactive oxygen species; pro-coagulant and anti-fibrinolytic phenotype, miscommunication with adjacent vascular cell wall.




3. Pulmonary Endothelial Functions


The vascular endothelium is a highly specialized metabolically active organ with many physiological, immunological, and synthesizing functions (Table 1). In this review, we will focus on changes occurring in some of these functions in ARDS (Figure 1). We will discuss these changes in both the clinical and preclinical context. Most animal models of ALI are based on clinical disorders that can lead to the development of ARDS in humans, such as sepsis, trauma, aspiration of gastric contents, and reperfusion of ischemic tissues. The animal models reproducing these risk factors and most suitable for the study of ARDS are related to ventilator-induced lung injury (VILI), lipopolysaccharide (LPS), live bacteria, hyperoxia, bleomycin (BLM), oleic acid, cecal ligation and puncture and acid aspiration [10].



3.1. Endothelium Barrier and Transport Functions


The endothelium, apart from being a semipermeable barrier separating blood from the surrounding tissues and, in the lungs, blood from the air, also regulates the transport of fluid and solutes between the blood and the interstitial space [8]. Disruption of the endothelial barrier results in the movement of fluid and macromolecules into the interstitial space and pulmonary air spaces causing pulmonary oedema. Transport across the endothelium can occur either via the endothelial cell (transcellular) or between adjacent cells, through inter-endothelial junctions (IEJs) (paracellular) [11,12]. IEJs are composed of tight junctions (TJs), adherens junctions (AJs), and gap junctions (GJs), which interact with integrin receptors to support EC adhesion to the underlying matrix [13]. TJs, formed by occludin, claudins, and junctional adhesion molecules (JAMs), act as a selective barrier to the entrance of molecules from the circulation; AJs, formed by vascular endothelial cadherin (VE-cadherin), mediate cell-to-cell contact and have a central role in barrier function, while GJs, which are formed by connexins, facilitate direct cell-to-cell transfer of signalling molecules, ions, and transmembrane potential [13,14]. Solutes and water can also cross the endothelial barrier via a transcellular pathway. Vesicles (or caveolae) have long been considered a pathway for the exchange of plasma proteins between the blood and interstitial compartment [15]. Although vascular permeability depends on both the tight junctions and caveolae, oedema develops mainly as a result of dysfunction of tight junctions [9]. Persistent opening of intercellular junctions leads to the formation of protein-rich oedema in the interstitial tissue, the main characteristic of tissue inflammation that may cause fatal diseases such as ARDS [16]. Thus, understanding the signalling pathways that prevent the disruption of endothelial barrier functions will be important for reversing ARDS and other diseases occurring as a consequence of such disruption. Indeed, a very recent study has shown that treatment with unfractionated heparin alleviated sepsis-induced lung injury in vivo by protecting TJs in lung microvascular endothelial cells (LMVECs) [17]. IEJs are also covered by a layer of fibrous matrix, the endothelial glycocalyx (EG). Dysfunction of the glycocalyx can also cause microvascular leakage, and evidence of EG shedding was discovered in ARDS established after flu syndrome [18]. Moreover, the carotenoid chemical compound, crocin, alleviated LPS-induced ARDS by means of protecting against glycocalyx damage [19].




3.2. Vascular Tone


The vascular endothelium has an important metabolic function with respect to vasoactive substances. Several vasoconstrictors and vasodilators are produced by the endothelium, such as endothelin-1, angiotensin-2, nitric oxide, and prostacyclin, which regulate vasomotor tone and the recruitment and activity of inflammatory cells and regulate thrombosis [20]. The normal balance between pulmonary vasodilators and vasoconstrictors is disrupted in ALI in favour of the latter, and thus results in increased pulmonary vascular resistance and pulmonary hypertension [21].



3.2.1. Endothelin-1


Endothelin-1 (ET-1), a potent vasoconstrictor peptide produced by endothelial cells and degraded predominantly in the pulmonary vasculature, has long been implicated in the development of lung injury. ET-1 concentrations are elevated in ARDS as the result of both increased formation and decreased disposal [22]. In critically ill patients with sepsis, including ARDS subjects, increased endothelin production may contribute to local increases in vascular resistance, hypoperfusion, and the development of organ failure [23]. Patients with ARDS have increased plasma endothelin-1 levels, associated with abnormal pulmonary endothelin-1 metabolism. These abnormalities reverse in patients who recover [24]. It has been suggested that raised circulating ET-1 levels may partly contribute to the development of pulmonary vasoconstriction and bronchoconstriction associated with acute respiratory failure [25]. ET-1 has also been found in the lungs of subjects who died with ARDS, interestingly along with a decrease in both endothelial nitric oxide synthase and inducible nitric oxide synthase in the lung [26]. It has also been demonstrated that in patients with ARDS, ET-1 is produced mainly in the lung and is associated not only with pulmonary vasoconstriction but also the development of permeability oedema, leading to the impairment of oxygenation [27].



In experimental models of ARDS, ET-1 could contribute to pulmonary hypertension seen in acute lung injury [28], while the production of both ET-1 and nitric oxide (NO) was increased in serum and lung tissue in a VILI model [29]. ET-1 was released in an experimental model of oleic acid-induced lung injury [30]. ET-1 has been shown to be downregulated at a transcriptional and translational level by angiopoietin-1 (Ang-1) in both in vitro and in vivo systems, and moreover, cell-based Ang-1 gene transfer markedly ameliorated inflammation in vivo in an experimental model of ARDS. It was suggested that cell-based gene transfer of Ang-1 may provide a novel treatment strategy for ARDS by attenuating vascular inflammation via suppression of ET-1 [31].



Endothelin inhibitors and/or endothelin receptor blockade have also provided further evaluation for the involvement of ET-1 in lung injury and the use of ET-1 suppressors as potential treatments for inflammatory lung diseases. More specifically, phosphoramidon, an endothelin-converting enzyme inhibitor, attenuated LPS-induced ALI [32]; non-selective ET-1 receptor blockade by tezosentan attenuated lung injury in endotoxaemic sheep [33] and alpha-naphthylthiourea-induced lung injury in rats [34]; the P1/fl peptide that selectively antagonises endothelin-A receptors attenuated LPS-induced pulmonary NO production [35]; furthermore, the highly selective ET-1 receptor A inhibitor, sitaxentan, prevented BLM-induced pulmonary inflammation and fibrosis in a murine model [36].




3.2.2. Renin–Angiotensin–Aldosterone System (RAAS)


Angiotensin converting enzyme (ACE), the key RAAS enzyme, is highly expressed on the surface of pulmonary microvascular EC [37]. ACE hydrolyses angiotensin I to angiotensin II and breaks down bradykinin, while its analogue, ACE2, converts angiotensin II into angiotensin (1–7). Angiotensin II exerts powerful vasoconstricting, pro-fibrotic, and pro-inflammatory effects, while angiotensin (1–7) is a potent vasodilator, anti-apoptotic, and anti-proliferative agent [38]. Therefore, ACE2 is considered a negative regulator of the classical ACE [39]. Results of both clinical and experimental studies have provided evidence for the implication of RAAS, and in particular of ACE, in the pathogenesis of acute lung injury.



Clinical cohort studies have suggested the possible involvement of ACE in patients with ARDS. Plasma soluble ACE activity is decreased in ARDS patients [40] and the authors speculated that the decreased ACE levels in sepsis-induced ARDS are due to the presence of circulating inhibitors of ACE. Serum ACE levels were decreased and closely correlated with the severity of lung injury [41], while ACE2 activity was reduced in patients succumbing to ARDS [42]. Bronchoalveolar lavage fluid (BALF) ACE was elevated in ARDS patients with infectious causes of lung injury, possibly reflecting endothelial damage or local increase in ACE production in response to sepsis [43]. Thus, it has been suggested that the balance between ACE and ACE2 is crucial for controlling angiotensin II levels. ACE and ACE2 also appear to modify the severity of ARDS, with ACE2 playing a protective role [44]. A recent study has shown that the number of ACE-positive microvascular circulating endothelial microparticles (EMPs) were a prognostic marker for the development of ARDS in septic patients [45].



Various experimental studies have also demonstrated altered ACE activity in lung injury models. Angiotensin II induces pulmonary oedema in rabbits [46], while in a rat model of smoke inhalation-induced ARDS, inflammation pulmonary oedema and histological changes were possibly attributed to abnormal expression of ACE and ACE2 related pathway [47]. Another study has suggested that the reduced pulmonary microvascular endothelial ACE expression observed in septic ARDS is caused by a two-step process, involving an initially increased shedding of ACE followed by a compensatory downregulation of ACE mRNA and protein expression [48]. ACE2 gene deletion worsens bleomycin-induced lung injury, whereas ACE2 protects against BLM-induced fibrosis. Hence, recombinant ACE2 may have therapeutic potential to reduce respiratory morbidity in ALI/ARDS [49]. ARDS is developed, in part, due to reduced pulmonary levels of angiotensin (1–7), and repletion of this peptide or an angiotensin II receptor antagonist can halt the development of ARDS [50]. It has also been reported that ACE2 and the angiotensin II type 2 receptor protect animals from severe acute lung injury induced by acid aspiration or LPS [51,52].



ACE2 was unexpectedly shown to act as the receptor for the severe acute respiratory syndrome (SARS) virus. It is now known that cells with increased expression of ACE2 have a higher probability to be infected by the new SARS coronavirus 2 (SARS-CoV2) also. Upregulation of ACE2 expression and function is increasingly recognized as a potential therapeutic strategy in hypertension and cardiovascular disease, diabetes, lung injury, and fibrotic disorders. Quantitative mRNA expression profiling of ACE2 showed expression in the thyroid and adrenal glands, and the pancreas [53,54].



The human ACE gene (DCP1) contains a restriction fragment length polymorphism within the coding sequence defined by the presence (insertion, I) or absence (deletion, D) of a 287-bp repeat. The human ACE2 D allele confers increased ACE activity [55]. ACE I/D polymorphism has been shown to be associated with predisposition and prognosis in ARDS [56], while another study has shown that in ARDS patients, it acts as an independent risk factor for mortality [57]. A possible association between the ACE I/D polymorphism genotype and the mortality risk of ALI/ARDS in Asians has been also demonstrated [58], whereas in Chinese patients, the ACE I/D polymorphism is a significant prognostic factor for the outcome of ARDS, patients with the II genotype have a significantly better chance of survival; however, patients with the D allele do not have an increased risk for ARDS [59]. Other studies have failed to show any association. In paediatric ARDS, data did not support the association between ACE I/D genotype and ARDS, although severe hypoxemia was less frequent in D allele carriers, and ACE I/D polymorphism modified angiotensin-II levels [60]. Additionally, another study had data that did not support an association of the ACE gene I/D polymorphism with susceptibility or mortality in severe sepsis or with sepsis-induced ARDS in Spanish patients [61]. ACE activity may be the highest in patients with the DD genotype; however, its concentration and activity are also influenced by other mechanisms, in addition to the genotype; this might possibly explain the differing results regarding the ACE I/D polymorphism and ARDS susceptibility in the reports mentioned above.



The use of angiotensin II receptor blockers or ACE inhibitors has been shown to decrease lung injury in various animal models (reviewed in [62]); however, such a treatment in humans could lead to systemic hypotension [63]. Since ACE2 protects the lung from developing ARDS and functions as a coronavirus receptor for SARS [64], the recombinant ACE2 (rACE2) protein may have an important place in protecting ARDS patients and as a potential therapeutic approach in the management of emerging lung diseases [65].




3.2.3. Pulmonary Endothelial ACE Activity as a Measure of Endothelial Function


Due to the very high enzyme concentrations in the capillaries, monitoring pulmonary endothelial ACE activity practically equals the monitoring of pulmonary capillary endothelium-bound (PCEB) ACE activity [66]. PCEB-ACE activity has been studied to a great extent in animal models and humans and has proven to comprise a quantifiable and sensitive measurement of endothelial function under normal conditions and lung diseases [5,7,67,68,69]. Pulmonary capillary ACE activity has been proven to be a reliable index of endothelial dysfunction in variable pulmonary diseases [70,71,72,73,74]. PCEB-ACE activity decreases early during ALI, which correlates with the clinical severity of both the lung injury and the underlying disease, and may be used as a quantifiable marker of underlying pulmonary capillary endothelial dysfunction [71].




3.2.4. Endothelial Nitric Oxide Synthase (eNOS)


Nitric oxide (NO) is an effective vasodilator and inhibitor of vasoconstriction and platelet aggregation. Endothelial nitric oxide synthase (eNOS) is an enzyme abundantly expressed in the lung that constitutively produces nitric oxide (NO) [75]. Increased levels of eNOS-derived NO have been correlated with attenuated endotoxaemia, ventilator, ischemia-reperfusion and revascularization induced lung injury models [76,77,78,79,80,81,82,83,84]. On the other hand, animal studies seem to suggest that high bioavailability of NO from inducible NO synthase (iNOS) may worsen lung injury [85,86]. This might be explained by the fact that high or sustained NO levels may result in the formation of cytotoxic reactive nitrogen intermediates [87]. Furthermore, NO has been shown to rapidly react with oxygen in the lung forming nitrogen dioxide, a potent pulmonary irritant, and superoxide anion forming peroxynitrite, a cytotoxic oxidant that can lead to surfactant depletion [87]. Both iNOS and eNOS knock-out mice have been found to be more resistant to LPS-mediated increase in inflammatory cell infiltration, inflammatory cytokine production, and lung injury [88,89].



Therapeutic NO inhalation improves oxygenation in several ALI animal models and in responder ARDS patients, while in addition, it inhibits neutrophil activation, platelet adhesion, and the production of inflammatory mediators in the injured lungs [90,91,92,93,94]. However, subsequent clinical trials and meta-analyses have reported that inhaled nitric oxide resulted in a transient improvement in oxygenation but did not reduce mortality or duration of ventilator support in patients with ARDS, regardless of severity [95,96,97,98,99,100,101,102,103]. In some cases, it even seemed to be harmful, as it increased renal impairment [104,105]. Hence, it is suggested that the overall effect of inhaled nitric oxide in aggravating or attenuating inflammation and oxidative damage in injured lungs is dependent on its levels.




3.2.5. Prostacyclin


Prostaglandins and thromboxanes are members of the group of biologically active lipid compounds called eicosanoids, and important mediators of inflammation. Prostaglandins include primary prostaglandins (PGE2, F2 alpha, D2) and prostacyclin (PGI2). Prostacyclin is a powerful vasodilator that inhibits the aggregation of blood platelets. In platelets, the actions of NO and prostacyclin are synergistic [106]. Fewer data are available for inhaled prostacyclin (iEPO). The most beneficial effects of iEPO have been seen in adult patients with severe ARDS, as demonstrated by the improvement in hemodynamic parameters and oxygenation [107,108,109,110]. A review originally published in 2010 and updated in 2017 concluded that there is no current evidence supporting or rebutting the routine use of aerosolised prostacyclin for ARDS patients [111].





3.3. Host Defence


The pulmonary endothelium is positioned between the vascular and lung airspaces, so it plays a critical role in establishing immune responses that lead to ARDS. ECs are key players in host defence and inflammation. Specifically, the lung endothelium provides the surface that joins inflammatory pathways of the innate immune system with the coagulation cascade [112]. Immune and inflammatory responses depend on communication between cells, which is mediated through cytokines, chemokines, interleukins, adhesion molecules, and growth factors. ECs produce and react to a variety of cytokines and other mediators [113,114]. The earliest work on ARDS biomarkers measured inflammatory cytokines in the BALF of “acute respiratory failure” patients. Interleukin-6 (IL-6), IL-8 and IL-10 have been the most widely studied cytokines to evaluate the intensity of the inflammatory response and help determine the prognosis for the patient. These markers also seem predictive of an adverse outcome in patients with localized infection and inflammation, such as in acute lung injury [115]. IL-6 is a prototype pro-inflammatory cytokine, IL-8 is a major chemokine, and IL-10 represents an important anti-inflammatory cytokine.



3.3.1. Interleukins


IL-6


The study of inflammatory cytokines in the BALF of patients with ARDS has mainly shown persistent elevation over time with the prediction of poor outcome [116,117]. Plasma IL-6 levels correlate with ARDS development in intensive care unit (ICU) patients [118,119,120,121], but show variable results in trauma patients [122,123]. Other studies have also been able to confirm an inverse correlation between injurious ventilation and IL-6 levels [124,125]. An experimental study showed that IL-6 displays lung anti-inflammatory properties and exerts protective hemodynamic effects in a double-hit murine acute lung injury model [126]. Recently, it was shown that IL-6 levels in serum and BALF of an ARDS rat model were clearly increased compared with the normal control group [127].




IL-8


A study on IL-8 in BALF samples has also provided evidence of a relation between the presence of IL-8 in BALF and the development of ARDS. The authors suggested that the early appearance of IL-8 in BALF of patients at risk of ARDS may be an important prognostic indicator for the development of the disorder [128]. Likewise, plasma IL-8 levels have been shown to correlate with ARDS development in ICU and trauma patients [119,122,123]. A combination of biomarkers that include IL-8 has been shown to be superior to clinical predictors or single biomarkers for predicting mortality in ARDS [129,130,131]. Very recently, it was shown that plasma IL-8 levels were associated with clinical outcomes such as mortality, but not associated with paediatric ARDS development [132].



A monoclonal antibody against IL-8 has shown protective effects in lung injury caused by various insults, presenting a new hope for the prevention and treatment of ARDS [133,134,135,136].




IL-10


In VILI experimental models, IL-10 has been shown to regulate the inflammatory response in the lung tissue, improve lung tissue oxygenation, inhibit oxidative stress and reduce biotrauma and mortality, revealing a potential new treatment option for VILI [137,138,139]. Plasma cytokines IL-6, IL-8, and IL-10 are associated with ARDS in patients with severe traumatic brain injury [140]. Moreover, plasma biomarkers measured at the onset of acute lung injury, when combined with clinical data, can improve prognosis accuracy [129,131].



Genetic variability in pro- and anti-inflammatory cytokines has been suggested to contribute to different clinical phenotypes in patients at high risk of critical illness, including ARDS [141].





3.3.2. Leukocytes and Pulmonary Endothelium


Activation and transmigration of circulating polymorphonuclear leukocytes (PMNs) play a major role in the early development of ALI [142]. Transendothelial migration of leukocytes is required for normal host defence, vasomotor tone, and inflammation. Persistent opening, however, of the intercellular junctions leads to the formation of protein-rich oedema in the interstitial tissue, which can lead to life-threatening illness, such as ARDS [16]. The activated neutrophils transmigrate into lung tissue across the endothelium to sites of pathogen invasion or tissue damage due to a toxic or physical insult. Apart from the beneficial roles of PMNs at the inflamed sites, production of reactive oxygen species (ROS) and secretion of neutrophil extracellular traps (NETs), also confer to PMNs auto-damaging functions [143]. The overproduction of NETs has been shown to be involved in the inflammatory injury of lung tissues [144,145,146,147].



The Selectin Family


The selectin family is an early mediator of the adhesion of activated PMNs to endothelial cells in inflammatory states, before their firm adhesion and diapedesis at sites of tissue injury and inflammation [148]. The initial steps of the leukocyte adhesion cascade include capture and rolling of circulating leukocytes and require E-, L and P-selectin [149]. Ligands of the selectin family, comprising L-selectin (expressed on leukocytes), E-selectin (expressed on ECs) and P-selectin (ECs and platelets), tether circulating leukocytes reversibly on the EC surface and facilitate rolling of leukocytes along the endothelium to the point of transmigration. Selectins are a family of adhesion molecules implicated in leukocyte-endothelial adhesion; whose receptors can exist in a soluble (s) form.



Plasma levels of sE- and sP-selectin have been found to be elevated among ARDS patients [150,151,152]. Another study has shown that determination of sE-selectin levels might be useful for prediction of the development of ARDS in critically ill patients [153] and furthermore, ARDS patients with alcohol abuse problems have elevated concentrations of plasma sE-selectin [154]. Elevated sE-selectin levels were found in patients with established ARDS, raising the possibility that sE-selectin exerts pro-inflammatory effects upon neutrophil function at sites of inflammation, thereby aggravating disease processes [155]. Plasma sE-selectin was also a good predictor biomarker for both mechanical ventilation duration and mortality risk in children with ARDS [156].



Treatment, however, with antibodies against selectins has shown conflicting results, depending on the type of lung injury. An antibody to E- and L-selectin did not protect against Gram-negative sepsis-induced lung injury in primates [157], while a dual-binding antibody to E- and L-selectin attenuated sepsis-induced lung injury in swine [158]. An anti-P-selectin antibody failed to protect against lung injury; however, it decreased some aspects of injury in the peripheral microcirculation in sheep with burn and smoke-induced lung injury [159]. Other studies, on the other hand, were able to show protective effects by blocking P-selectin with antibodies in LPS-induced lung injury [160], in cobra venom factor-induced lung injury [161], and in acid-aspiration-induced lung injury [162].



Recently, the selectin P ligand gene (SELPLG) was identified as a novel ARDS susceptibility gene among individuals of European and African descent, and furthermore an antibody that neutralizes P-selectin glycoprotein ligand 1 significantly attenuated LPS-induced lung inflammation [163].



Since leukocyte migration into the tissues is a key process in the pathogenesis of inflammatory diseases and activation of circulating neutrophils and transmigration into the alveolar airspace are associated with the development of ARDS, inhibitors of neutrophil recruitment may attenuate lung damage [164].




Soluble Intercellular Adhesion Molecule-1 (sICAM-1)


Intercellular adhesion molecule-1 (ICAM-1) controls the firm adhesion of neutrophils on the endothelium and facilitates their transendothelial migration via the platelet-endothelial cell adhesion molecule-1 (PECAM-1). Similar to the selectin family mentioned above, elevated soluble ICAM-1 levels have been observed in the serum of patients with ARDS or those who are at risk of developing ARDS [165,166,167], while immunohistochemical investigations have demonstrated the induction of ICAM-1 in human ARDS lungs [168].



In animal models, the central role of ICAM-1 in ARDS has been extensively studied [169]. To this end, various compounds have been successful in ameliorating lung inflammation in animal models of ARDS by reducing endothelial expression of ICAM-1 [170,171,172,173].






3.4. Haemostasis and Coagulation


Inflammation and coagulation are critical host responses to infection and injury and are involved in ARDS pathogenesis. It has been recognized that ECs coordinate the immune and haemostatic response by shifting from their normal anti-thrombotic and anti-inflammatory phenotype to an activated state of endothelial dysfunction [174]. ECs actively regulate haemostasis by producing a variety of proteins, which include pro-thrombotic substances (von Willebrand factor, P-selectin), molecules restricting coagulation (heparan sulphate, thrombomodulin, NO, prostacyclin, tissue factor pathway inhibitor) and fibrinolytic factors (plasminogen activators) [175].



3.4.1. von Willebrand Factor (vWf)


Key events leading to the activated state of the endothelium include the expression of adhesion molecules to leukocytes and platelets on the EC surface in addition to the expression of activators of the humoral clotting system, including tissue factor and von Willebrand factor (vWf) [176,177]. Numerous studies have shown that vWF is altered in ALI/ARDS and that it is a sensitive marker indicating EC injury or activation [129,131]. For example, plasma vWf levels are predictive of the development of ARDS and denote poor prognosis in patients following severe trauma [178], while higher levels have been detected in non-survivors [179,180]. Moreover, increased concentrations of the A2 domain of vWf in the first 24 h post admission in burn-injured patients were strongly associated with the development of ARDS [181]. In patients with non-pulmonary sepsis, elevated plasma vWf levels may be used as an early marker of endothelial damage with both predictive and prognostic value [182]. vWf levels also seem to correlate with ARDS mortality in paediatric patients [183]. However, in heterogeneous cohorts of “at risk” patients, vWf levels are not predictive for ARDS [184,185,186]. The biology and prognosis of ARDS differ between direct and indirect mechanisms of lung injury and the contrasting findings of the association of vWF and ARDS in the studies discussed above can be attributed to diverse study cohorts [187].



In experimental animal models, plasma vWF appears to be considerably increased prior to significant damage to the endothelium [176].




3.4.2. Coagulation


The coagulation system is a major participant in ARDS [188]. Enhanced activation of coagulation combined with dysfunction of the anti-coagulant mechanisms constitute both consequences of and contributors to ongoing lung injury. Upon vascular injury, the haemostatic system initiates a series of vascular events, which result in activation of extravascular receptors that act to seal off the damage by increasing coagulation and depressing fibrinolysis [189]. Tissue factor (TF) is the major initiator of the extrinsic coagulation pathway. TF binds and activates factor VII, and the TF-activated factor VII (FVIIa) generated complex triggers coagulation by activating factor X. Activated factor X (FXa) allows conversion of prothrombin to thrombin [190]. Conversely, the protein C (PC) system provides important control of coagulation by virtue of the capacity of activated protein C (APC) to proteolytically inactivate the cofactors Va and VIIIa. APC is generated by thrombomodulin (TM)-bound thrombin [191]. The endothelial protein C receptor (EPCR) facilitates this activation. The membrane-bound EPCR regulates the protein C anticoagulant and anti-inflammatory pathways, while its soluble form (sEPCR) inhibits APC activities and has been implicated in sepsis [192]. TM is an anticoagulant proteoglycan located on the EC surface, which reacts with thrombin producing a marked increase in the thrombin-catalysed activation of protein C; hence, thrombin also has anticoagulant properties in addition to pro-coagulant properties [7,193,194]. While the pro-coagulant protein thrombin disrupts inter-endothelial junctions, the anti-coagulant APC enhances the vascular barrier [195,196].



In ARDS, alveolar thrombin generation seems to be mediated by the TF pathway, which is extensively activated in such patients [197]. Patients who develop ventilator-associated pneumonia (VAP) have increased BALF levels of soluble TF and FVII, and moreover, increased BALF levels of soluble TF, FVIIa and FXa have been demonstrated in patients with ARDS [115]. Inhibition of the TF-FVIIa pathway completely abolished intrapulmonary fibrin deposition in ARDS patients [198], attenuated lung injury and prevented local activation of coagulation in models of pneumonia [199]. Pro-coagulant activity in the form of factor X activating activity has been observed in the BALF of adult patients with ARDS [200].



Altered plasma levels of PC, TM and EPCR are associated with poor clinical outcomes in patients with ARDS. Apart from a reduction in APC levels, soluble levels of TM in pulmonary oedema fluid from patients with ARDS are significantly higher than those in plasma [201]. The PC system is markedly disrupted in patients with ARDS and plasma TM is increased in ARDS patients, possibly through proteolytic release from the injured pulmonary endothelium [202,203]. Similarly, plasma TM is increased in infants with respiratory distress syndrome, especially in those treated with mechanical ventilation [204], while elevated plasma soluble (s)TM levels were associated with organ dysfunction in children with ARDS and with higher mortality in children with indirect lung injury [205]. Soluble TM in BALF was found to be an independent predictor of severe drug-induced lung injury [206], and moreover, higher plasma sTM levels were associated with increased mortality in ARDS [207]. Protein C has also been found to be an independent predictor of mortality for ALI/ARDS [130,208]. Mice with malaria-associated ARDS showed an increase in EPCR concentrations in lung homogenates [209], whereas loss of EPCR and TM was seen in lung specimens from patients who died from severe falciparum malaria with coexisting ARDS [210].



Genetic variants in the TM and EPCR genes have been demonstrated to be additively associated with mortality in ARDS, suggesting that genetic differences may be at least partially responsible for the observed associations between dysregulated coagulation and poor outcomes in ARDS [211].




3.4.3. Fibrinolysis


The pulmonary endothelium is actively involved in the fibrinolytic process, expressing, amongst others, plasminogen activator inhibitors [193]. Plasminogen activator inhibitor-1 (PAI-1) is the major inhibitor of fibrinolysis, whose upregulation leads to a shift from pro- to anti-fibrinolytic phenotypes [212]. Several studies have shown an increase in serum levels in patients with ARDS [131,213]. Additionally, human pulmonary microvascular endothelial cells (PMECs) isolated from ARDS patients expressed higher pro-coagulant activity and PAI-1, and lower fibrinolytic potential compared to controls, confirming the pro-coagulant properties of the pulmonary endothelium in ARDS [214]. Increased plasma concentrations of TF and PAI-1 might support ARDS diagnoses in mechanically-ventilated patients [215], and alveolar PAI-1 predicts ARDS in aspiration pneumonitis [216]. In another study, PAI-1 levels in pulmonary oedema fluid and plasma were able to identify ARDS patients who have a poor prognosis [217], while enhanced pro-coagulant and depressed fibrinolytic activities were found in the BALF of patients with ARDS [218]. In addition, patients who developed VAP showed a significant increase in pro-coagulant activity with concomitant depressed fibrinolytic activity [219].



Coagulation (as measured by plasma levels of protein C) and fibrinolysis (as measured by plasma levels of PAI-1) have been shown to be markedly abnormal in ARDS and independently associated with adverse clinical outcomes; this pro-coagulant, anti-fibrinolytic phenotype was present regardless of the underlying cause of lung injury [208]. Coagulopathy and alveolar epithelial injury have been also observed in patients with direct common risk factors (direct ARDS) and those with idiopathic or immune-related diseases (indirect ARDS); however, their biomarker profiles were significantly different [220].



Regulation of coagulation and thrombolysis and promotion of haemofluidity aid in maintaining rapid and unobstructed blood flow. Targeting these pathways has been a focus of therapy-based approaches, with limited success. In patients with ARDS, combined treatment with sivelestat, an inhibitor of human neutrophil elastase, and recombinant human TM (rhTM) had beneficial effects on survival [221]. Data from murine experimental models have suggested that recombinant TM (rTM) may have a potential therapeutic effect for surgical ARDS via suppression of the secretion of pro-inflammatory cytokines [222], while in a murine model of severe ARDS, rTM administration prolonged the survival time and ameliorated the development of ARDS [223]. In two murine models of LPS and LPS + VILI, single therapy with anti-thrombin did not attenuate the pronounced pulmonary coagulation or inflammatory response [224].




3.4.4. Platelet–EC Interaction


Platelets prevent blood loss by forming the platelet haemostatic plug. They also serve as a platform for coagulation factors. The interaction of the endothelium with platelets possesses a central part in their activation and regulation; an intact endothelium prevents the adhesion of platelets, while activated ECs express molecules and receptors that promote platelet adhesion to the injury site. Although platelets induce lung inflammation leading to ARDS, the extent of platelet–EC interactions remains poorly understood. Furthermore, platelets also interact with immune cells, promoting haemostasis and inflammation [225]. Data from animal and human studies support the important role of platelet–neutrophil interaction in ARDS immunothrombosis. In this review, we will not deal with platelet interactions, but will refer the readers to a recent and thorough review [188].





3.5. Angiogenesis


Vascular development strongly depends on the collaboration of growth factors. Studies have implicated vascular endothelial growth factors (VEGFs), angiopoietins, and ephrins as critical players in particular aspects of vascular development [226].



3.5.1. VEGF


Vascular endothelial growth factor (VEGF) is a glycoprotein originally isolated as a permeability factor with unique specificity for vascular ECs [227], but was subsequently shown to have mitogenic and angiogenic properties [228].



The majority of research investigating the role of VEGF in the lung has focused on the VEGF-A molecule. To date, most studies of lung injury in humans show a reduction in intrapulmonary VEGF levels in the early stages of ARDS [229]. Maitre et al. showed that the initial phase of ARDS is associated with a decrease in VEGF in the lung and they suggested that this down-regulation may represent a protective mechanism by limiting endothelial permeability [230]. In a separate study, the possible role of decreased VEGF levels in lowering lung perfusion in ARDS was demonstrated [231], while Azamfirei et al. showed that the initial phase of ARDS is associated with a decrease in VEGF in the lung with a simultaneous increase in the plasma. They also reported that persistent elevation of plasma VEGF over time predicts poor outcome [232]. The VEGF receptors 1 and 2 (VEGFR1 and VEGFR2, respectively) were significantly up-regulated in later ARDS compared to normal subjects and early ARDS; this up-regulation of VEGFR1 and VEGFR2 in late ARDS suggests regulation of VEGF bioactivity by its receptors, assigning a protective role to VEGF in lung injury recovery [233]. Another human study was able to show the presence of soluble VEGFR1 in the BALF of ARDS patients, possibly explaining the reduced levels of bioactive VEGF in early ARDS [234]. A different study showed increased plasma VEGF levels in ARDS patients compared to normal control subjects. The increased plasma VEGF levels were associated with mortality [235]; these increased levels are thought to arise from the VEGF “pool” contained in activated neutrophils [236] and macrophages [237]. Moreover, the latter study has demonstrated that initially increased VEGF levels in the alveolar space in ARDS patients are reduced in recovery; the authors suggested that VEGF in the alveolar space may reflect the exudative and repair phase of ARDS, as opposed to plasma levels [237]. The VEGF-B molecule has also been found to be decreased in ARDS, suggesting a role in repair after lung injury [238].



Variations in plasma VEGF levels might also be attributed to the several polymorphisms reported for the VEGF gene. Specifically, lower VEGF plasma levels have been linked to the presence of the T allele in the +936 CT polymorphism. Hence, several studies have hypothesized that the presence of the T allele might be associated with the development and severity of ARDS. Indeed, the CT and TT genotype frequencies were increased in ARDS patients compared with normal subjects [239], while they were also significantly associated with increased mortality and contributed to the prognosis and inter-individual variations in circulating VEGF levels in patients with ARDS [240]. Another study has demonstrated that the VEGF +936 TT genotype is a risk factor and may contribute to the prognosis of ARDS in the Chinese population [241]. Another possible explanation for the reduction in intrapulmonary VEGF in ARDS subjects includes alternative splicing of the VEGF gene, yielding soluble and membrane-bound isoforms. Indeed, the ratio of soluble to membrane-bound isoforms is lower in early ARDS compared to healthy subjects and later ARDS [242].



VEGF levels in serum and BALF of an ARDS rat model were increased compared with the normal control group [127]. In another study, fat embolism (FE)-induced acute lung injury significantly increased pulmonary VEGF expression; furthermore, systemic administration of a VEGFR2 antagonist significantly attenuated the FE-induced inflammatory response and histological damage [243]. Kaner et al. showed that overexpression of VEGF in murine lung may represent one mechanism of increased pulmonary vascular permeability in the early stages of ALI. In the same study, pre-treatment with recombinant VEGFR1 completely abrogated the increased vascular permeability [244]. Similarly, pre-treatment with VEGFR2 prevented ischemia-reperfusion induced lung injury in rats [245]. Bevacizumab (an anti-VEGF antibody) attenuated oedema caused by high permeability [246], while instillation of VEGF via anti-VEGFR2 antibodies protected mice against respiratory distress syndrome [247].




3.5.2. Angiopoietin-2 (Ang-2)


Angiopoietins (Angs) are a novel class of angiogenic growth factors, which have been implicated in the pathophysiology of sepsis and ARDS. Ang-1 is a Tie2 receptor agonist that induces endothelial migration, inhibits endothelial apoptosis, reduces vascular permeability and inflammation, maintains vascular integrity, and has diverse vasoprotective and anti-inflammatory actions. In contrast, Ang-2 disrupts the protective effects of Ang-1-Tie2 signalling [248,249].



The release of Ang-2 has been shown to directly reflect vascular barrier breakdown [250,251,252]. Circulating Ang-2 has been correlated with mortality in a surgical population with ARDS [253], and with pulmonary permeability oedema, incidence and severity of ARDS in patients with and without sepsis [254]. Plasma Ang-2 predicts the onset of ARDS in critically ill patients [186], while increased pulmonary vascular permeability and inflammation due to Ang-2 have been suggested to play a role in the pathogenesis of idiopathic interstitial pneumonia [255]. The plasma levels of Ang-2 were significantly increased in patients with ARDS [152] and have been correlated with the severity of lung injury [256]. Moreover, plasma Ang-2 has been shown to surpass other markers of endothelial injury in prognosticating paediatric ARDS mortality [257], while it was also shown that increased Ang-2 levels in the alveolar compartment of ARDS patients were associated both with increased mortality and failure in other organs in addition to the lung [258]. In ARDS not related to infection, higher baseline Ang-2 levels were strongly associated with increased mortality [259]. Recent studies have demonstrated that increased Ang-2 levels early after admission are significantly associated with the risk of mortality in sepsis patients with concomitant ARDS [260], which could be a causal factor in sepsis-associated ARDS development [261], and could also predict severe acute kidney injury (AKI), specifically in ARDS patients [262]. Finally, a very recent systematic review and meta-analysis of 10 prospective cohort studies has shown that higher circulating Ang-2 levels constituted independent predictors of the risk of mortality in patients with ARDS [263].



Genetic variants in the Ang-2 gene have also been associated with increased risk of ARDS [264], while soluble receptors of angiogenic factors, namely sVEGFR2, are considered to be valuable predictive biomarkers in the development of ARDS associated with critical illness and mortality in such patients [265]. Biomarker panels that include Ang-2 have also performed well across multiple patient cohorts and have outperformed clinicians’ diagnosis of ARDS in severe trauma [266]. Thus, such panels could improve both diagnosis and treatment of ARDS [152,266,267].



Synthetic Tie-2 agonists have been shown to protect against vascular leakage in murine sepsis models and activate the receptor and its downstream pathways [268,269]. Therefore, it has been suggested that targeting the Tie-2 receptor may be important in treatment of pathological vascular leakage. Other data have demonstrated that selective blockade of the Ang-2 function decreased lung protein leak and indices of inflammation, and improved survival in an ARDS murine model [270], while lung-targeted RNA interference of Ang-2 ameliorated multiple organ dysfunction and mortality in sepsis [271].



Hence, inhibiting Ang-2 may represent a potential anti-inflammatory and anti-vascular hyper-permeability strategy in the treatment of sepsis and ARDS [272].





3.6. COVID-19 and ARDS


A novel coronavirus, SARS-CoV-2, caused the outbreak of an unknown infectious pneumonia, which is now termed coronavirus disease-19 (COVID-19) [273]. The global pandemic of COVID-19 is associated with the development of ARDS, requiring ventilation in critically ill patients. COVID-19 has been associated with ischemic complications, coagulation disorders, and endothelitis. ACE2 is thought to be a primary mechanism of SARS-CoV-2 entry and infection [274]. This could possibly provide a mechanism for the vascular thrombosis seen in COVID-19 patients. [274,275].



The histologic pattern in the peripheral lung of non-survivors with COVID-19-associated respiratory failure was diffuse alveolar damage with perivascular T-cell infiltration. The lungs of the COVID-19 patients also showed distinct vascular features, including severe endothelial injury and disrupted cell membranes. Most importantly, vascular angiogenesis could discriminate the pulmonary pathobiology of COVID-19 from that of influenza infection [276].



A characteristic feature of COVID-19 patients is elevated D-dimers and fibrinogen. The fibrin deposits found in the patients’ lungs are most possibly due to dysregulation of coagulation and fibrinolysis. Damaged endothelial cells and leukocytes expose TF, promoting fibrin deposition, while increased PAI-1 levels from lung epithelium and ECs promote a hypo-fibrinolytic state. Hence, nebuliser plasminogen activators may provide a treatment therapy for COVID-19 patients, by facilitating fibrin degradation and improving oxygenation [213].



A recent study has demonstrated that Ang-2 could be a predictive marker for ICU admission in COVID-19 patients; this endothelial activation seen in COVID-19 further supports the hypothesis of a COVID-19-associated microvascular dysfunction [277].



A common complication of COVID-19 is the phenomenon of a “cytokine storm”. Cytokine-driven vascular leak in the lung alveolar-endothelial interface promotes acute lung injury in the setting of viral infection. This hyperinflammatory response results in diffuse alveolar damage [278]. Furthermore, two main pathomechanisms preceding COVID-19-associated severe respiratory failure have been proposed: (1) macrophage activation syndrome, and (2) IL-6-driven defective antigen-presentation [279]. Thus, molecules are being tested to improve the clinical outcomes of COVID-19 by attenuating hyperinflammation and immune dysregulation, and the potential development of a cytokine storm. Ciceri et al. have actually suggested a new name for the disease, the use of microvascular COVID-19 lung vessels obstructive thromboinflammatory syndrome (MicroCLOTS). They hypothesise that, in predisposed individuals, alveolar viral damage is followed by an inflammatory reaction and by microvascular pulmonary thrombosis [280].



Given that the virus affects multiple organs, including the heart, it likely gains access into systemic circulation by infecting or passing from the respiratory epithelium to the endothelium for viral dissemination. Indeed, cardiovascular complications of COVID-19 are highly prevalent and include acute cardiac injury, myocarditis, and a hypercoagulable state, all of which may be influenced by altered endothelial function [278].



Goshua et al. suggested that endotheliopathy and platelet activation are important features of COVID-19 in hospitalised patients and are likely to be associated with critical illness and death. Hence, they propose that early identification of endotheliopathy and strategies to mitigate its progression might improve outcomes in COVID-19 [281].



Rapidly emerging data on COVID-19 are providing insight into how endothelial dysfunction may contribute to the pandemic. This may lead to the search for prognostic biomarkers, as well as therapeutics targeting pathogenic endothelial responses.





4. Conclusions


The pulmonary endothelium is a major component of the alveolar-capillary unit, rendering it vulnerable to injury from various insults (mechanical, chemical, or cellular) that are either inhaled or delivered to the lung through pulmonary circulation. The most severe form is acute respiratory distress syndrome (ARDS), which is associated with high morbidity and mortality rates. ARDS is caused by an unregulated, auto-destructive inflammatory process characterized by the activation of intrapulmonary and circulating cells, as well as the invasion of neutrophils and cytokine production, resulting in the breakdown of the lung barrier and gas exchange functions. ARDS pathogenesis has not been completely elucidated; however, it is known that the pulmonary endothelium plays a major role by altering haemostasis, weakening barrier function and mediating intercellular signalling [7]. The overall result in the lung is a clinical picture of increased alveolar oedema with diffuse infiltrates, respiratory distress, refractory hypoxemia, and respiratory failure [1,193,282]. Thus, understanding the pathophysiological mechanisms leading to this disorder may give insights into future therapies.
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Abbreviations




	ARDS
	acute respiratory distress syndrome



	COVID-19
	coronavirus disease 19



	ALI
	acute lung injury



	VILI
	ventilator-induced lung injury



	LPS
	lipopolysaccharide



	BLM
	bleomycin



	EC
	endothelial cell



	IEJ
	interendothelial junction



	TJ
	tight junction



	AJ
	adherens junction



	GJ
	gap junction



	JAM
	junctional adhesion molecule



	VE-cadherin
	vascular endothelial cadherin



	LMVEC
	lung microvascular endothelial cell



	EG
	endothelial glycocalyx



	ET-1
	endothelin-1



	NO
	nitric oxide



	Ang-1
	angiopoietin-1



	RAAS
	renin–angiotensin–aldosterone system



	ACE
	angiotensin converting enzyme



	BALF
	bronchoalveolar lavage fluid



	EMP
	endothelial microparticle



	SARS
	severe acute respiratory syndrome



	SARS-CoV-2
	severe acute respiratory syndrome coronavirus 2



	rACE2
	recombinant ACE2



	PCEB
	pulmonary capillary endothelium-bound



	eNOS
	endothelial nitric oxide synthase



	iNOS
	inducible nitric oxide synthase



	iEPO
	inhaled prostacyclin



	IL
	interleukin



	ICU
	intensive care unit



	PMN
	polymorphonuclear cell



	ROS
	reactive oxygen species



	NET
	neutrophil extracellular trap



	sE-selectin
	soluble E-selectin



	sP-selectin
	soluble P-selectin



	sICAM-1
	soluble intercellular adhesion molecule-1



	PECAM-1
	platelet-endothelial cell adhesion molecule-1



	vWF
	von Willebrand factor



	TF
	tissue factor



	PC
	protein C



	APC
	activated protein C



	TM
	thrombomodulin



	EPCR
	endothelial protein C receptor



	VAP
	ventilator-associated pneumonia



	PAI-1
	plasminogen activator inhibitor 1



	PMEC
	pulmonary microvascular endothelial cell



	rhTM
	recombinant human TM



	rTM
	recombinant TM



	VEGF
	vascular endothelial growth factor



	VEGFR1
	VEGF receptor 1



	VEGFR2
	VEGF receptor 2



	FE
	fat embolism



	AKI
	acute kidney injury



	COVID-19
	coronavirus disease-19



	MicroCLOTS
	microvascular COVID-19 lung vessels obstructive thromboinflammatory syndrome
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Figure 1. Underlying pathology of endothelial dysfunction leading to acute respiratory distress syndrome (ARDS). ARDS is characterized by damage to the capillary endothelium and alveolar epithelium. Disruption of the endothelial barrier results in the movement of fluid and macromolecules into the interstitial space and pulmonary air spaces causing pulmonary oedema. The formation of a hyaline membrane in alveolar walls allows exudation of neutrophils and protein-rich fluid into the alveolar space. Transport across the endothelium can occur either via the endothelial cell (transcellular) or between adjacent cells, through inter-endothelial junctions (IEJs) (paracellular). The changes in the microvascular endothelial structure and function play a central role in the acute inflammatory response, in which the body tries to eliminate microbial invaders. To achieve this, the endothelium becomes leaky and inflamed, allowing innate immune cells and humoral effector molecules to cross the barrier to the site of infection. This defence mechanism may become deleterious, under overwhelming pathological conditions, leading to ARDS. The cells of the innate immune system release large amounts of pro- and anti-inflammatory cytokines, such as IL-1β, IL-6, IL-8, and TNF-α. The high levels of circulating cytokines can potentiate organ damage by endothelial injury and other routes. Endothelial damage is associated with activation of neutrophils and expression of neutrophil and endothelial adhesion molecules. E-selectin and P-selectin are early mediators of the adhesion of activated neutrophils to endothelia in inflammatory states, prior to their firm adhesion and diapedesis at sites of tissue injury and inflammation. Intercellular adhesion molecule-1 (ICAM-1) controls the firm adhesion of neutrophils on the endothelium and facilitates their subsequent transendothelial migration via the platelet-endothelial cell adhesion molecule-1 (PECAM-1) to infection sites. In addition to inflammation, coagulation and fibrinolysis are also critical host responses to infection and injury involved in ARDS. Endothelial cells (ECs) coordinate this response by shifting from their normal anti-thrombotic, anti-inflammatory, and pro-fibrinolytic phenotype to an activated state of endothelial dysfunction. ECs actively regulate haemostasis by producing a variety of proteins, including pro-thrombotic substances (von Willebrand factor, P-selectin), molecules restricting coagulation (thrombomodulin) and fibrinolytic factors (plasminogen activators). Plasminogen activator inhibitor-1 (PAI-1) is the major inhibitor of fibrinolysis, whose upregulation leads to a shift from pro- to anti-fibrinolytic phenotypes. The protein C (PC) system provides important control of coagulation by virtue of the capacity of activated protein C (APC) to proteolytically inactivate the cofactors Va and VIIIa. The PC anticoagulant system also involves protein S, and the endothelial receptor thrombomodulin (TM). Conversion of protein C to the anti-coagulant APC is generated by TM-bound thrombin. The vascular endothelium has an important metabolic function with respect to vasoactive substances. Several vasoconstrictors and vasodilators are produced by the endothelium, such as endothelin-1, angiotensin-2, nitric oxide, and prostacyclin, which regulate vasomotor tone and the recruitment and activity of inflammatory cells and regulate thrombosis. In addition to breaking down bradykinin, ACE hydrolyses angiotensin I to angiotensin II and the balance between ACE and ACE2 has been suggested to be crucial for controlling angiotensin II levels. Vascular development strongly depends on the collaboration of growth factors. Vascular endothelial growth factor (VEGF) is a glycoprotein originally isolated as a permeability factor with unique specificity for vascular ECs. Angiopoietin-2 (Ang-2) disrupts the protective effects of Ang-1-Tie2 signalling, promoting vascular leakage. Ang-1, angiopoietin-1; Ang-2, angiopoietin-2; APC, activated protein C; IEJs, inter-endothelial junctions; IL, interleukin; PAI-1, plasminogen activator inhibitor 1; PECAM-1, platelet-endothelial cell adhesion molecule-1; sICAM-1, soluble intercellular adhesion molecule-1; sTM, soluble thrombomodulin; TNF-α, tumour necrosis factor-alpha; VEGF, vascular endothelial growth factor; VEGF-R, VEGF receptor; vWF, von Willebrand factor. 
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Table 1. Major pulmonary endothelial functions.






Table 1. Major pulmonary endothelial functions.





	Barrier and transport functions



	Synthesis of vasoactive compounds–maintenance of vascular tone



	Host defence—production of cytokines and chemokines



	Haemostasis and coagulation



	Angiogenesis—production of growth factors



	Expression of receptors and signal transduction molecules



	Expression of adhesion molecules



	Production of reactive oxygen species
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