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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 . 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 . 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 . 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 . Understanding the molecular

mechanisms of endothelial dysfunction has potential diagnostic, prognostic, and therapeutic implications for this fatal

disease . 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 .

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 . Moreover, endothelial cells produce various cytokines and adhesion

molecules .

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.
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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 .

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

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
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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.

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 .

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) . 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 . 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 . 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 . Although vascular permeability depends on both the tight junctions and caveolae, oedema develops

mainly as a result of dysfunction of tight junctions . 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 . 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) . 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 . Moreover, the carotenoid chemical compound,

crocin, alleviated LPS-induced ARDS by means of protecting against glycocalyx damage .

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 . 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 .
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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 . 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 . Patients with ARDS have increased plasma endothelin-1 levels, associated with

abnormal pulmonary endothelin-1 metabolism. These abnormalities reverse in patients who recover . 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 . 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 . 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 .

In experimental models of ARDS, ET-1 could contribute to pulmonary hypertension seen in acute lung injury , while the

production of both ET-1 and nitric oxide (NO) was increased in serum and lung tissue in a VILI model . ET-1 was

released in an experimental model of oleic acid-induced lung injury . 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 .

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 ; non-selective ET-1 receptor

blockade by tezosentan attenuated lung injury in endotoxaemic sheep  and alpha-naphthylthiourea-induced lung injury

in rats ; the P1/fl peptide that selectively antagonises endothelin-A receptors attenuated LPS-induced pulmonary NO

production ; furthermore, the highly selective ET-1 receptor A inhibitor, sitaxentan, prevented BLM-induced pulmonary

inflammation and fibrosis in a murine model .

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 . 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 .

Therefore, ACE2 is considered a negative regulator of the classical ACE . 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  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 , while ACE2 activity was reduced in patients succumbing to ARDS . 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 . 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 . 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 .

Various experimental studies have also demonstrated altered ACE activity in lung injury models. Angiotensin II induces

pulmonary oedema in rabbits , 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 .

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 . 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 . ARDS is developed, in part, due to reduced pulmonary levels of angiotensin
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(1–7), and repletion of this peptide or an angiotensin II receptor antagonist can halt the development of ARDS . 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 .

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 .

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 . ACE I/D polymorphism has been shown to be associated with predisposition and prognosis in ARDS , while

another study has shown that in ARDS patients, it acts as an independent risk factor for mortality . A possible

association between the ACE I/D polymorphism genotype and the mortality risk of ALI/ARDS in Asians has been also

demonstrated , 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 . 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 . 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 . 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 ); however, such a treatment in humans could lead to systemic hypotension . Since ACE2

protects the lung from developing ARDS and functions as a coronavirus receptor for SARS , 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 .
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