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Abstract

Endothelial cells (ECs) form a semi-permeable barrier between the interior space of blood 

vessels and the underlying tissues. Pulmonary endothelial barrier integrity is maintained through 

coordinated cellular processes involving receptors, signaling molecules, junctional complexes, 

and protein-regulated cytoskeletal reorganization. In acute lung injury (ALI) or its more severe 

form acute respiratory distress syndrome (ARDS), the loss of endothelial barrier integrity 

secondary to endothelial dysfunction caused by severe pulmonary inflammation and/or infection 

leads to pulmonary edema and hypoxemia. Pro-inflammatory agonists such as histamine, 

thrombin, bradykinin, interleukin 1β, tumor necrosis factor α, vascular endothelial growth factor, 

angiopoietin-2, and platelet-activating factor, as well as bacterial toxins and reactive oxygen 

species, cause dynamic changes in cytoskeletal structure, adherens junction disorganization, and 

detachment of vascular endothelial cadherin (VE-cadherin) from the actin cytoskeleton, leading 

to an increase in endothelial permeability. Endothelial interactions with leukocytes, platelets, 

and coagulation enhance the inflammatory response. Moreover, inflammatory infiltration and the 

associated generation of pro-inflammatory cytokines during infection cause EC death, resulting 

in further compromise of the structural integrity of lung endothelial barrier. Despite the use 

of potent antibiotics and aggressive intensive care support, the mortality of ALI is still high, 

because the mechanisms of pulmonary EC barrier disruption are not fully understood. In this 

review, we summarized recent advances in the studies of endothelial cytoskeletal reorganization, 

inter-endothelial junctions, endothelial inflammation, EC death, and endothelial repair in ALI and 

ARDS, intending to shed some light on the potential diagnostic and therapeutic targets in the 

clinical management of the disease.
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Introduction

The pulmonary endothelium is a semi-permeable barrier that is critical for lung gas 

exchange at the alveolar–capillary interface and regulation of fluid and solute passage 

between the blood and interstitial compartments in the lung. Having initially been thought 

of as an inert, static structure, the lung endothelium is increasingly recognized as a dynamic, 

metabolically active organ that modulates several key regulatory functions including 

leukocyte diapedesis, intravascular coagulation, vasomotor tone, and solute and fluid 

trafficking via regulation of barrier permeability.1 Pulmonary endothelial barrier integrity 

is maintained through coordinated cell processes involving receptors, signaling molecules, 

junctional complexes, and protein-regulated cytoskeletal reorganization. Disruption of lung 

endothelial barrier function represents the most striking pathophysiological changes in acute 

lung injury (ALI), which in its most severe form manifests clinically as acute respiratory 

distress syndrome (ARDS).2 ARDS is characterized by dysfunction of the alveolar–

capillary membrane barriers, which leads to hypoxia, hypercapnia, and pulmonary edema. 

In addition, inflammation of the pulmonary endothelium results in leukocyte adhesion, 

platelet aggregation, and coagulation activation, which, in turn, can lead to cell death, 

microthrombosis, and fibrin deposition, contributing to increased vascular permeability.3 

This review will focus on recent advances in the pathophysiological mechanism of lung 

endothelium in ALI and ARDS.

Endothelial cytoskeletal reorganization in ARDS: actin microfilaments, 

microtubules, and intermediate microfilaments

The cytoskeleton consists of an interconnected network of three types of microfilaments: 

actin microfilaments, microtubules, and intermediate microfilaments.4 The actin 

microfilaments are made of filamentous polymerized actins (F-actin), which are arranged 

as a string of uniformly oriented globular actin (G-actin) subunits in a tight helix.5 Actin 

polymerization is required for the formation of F-actin, which drives actin-based cell 

locomotion.5 In lung endothelial cells (ECs), F-actin is found in three forms: membrane 

skeleton, cortical F-actin, and actin stress fibers.6 The membrane skeleton is composed 

of short F-actin microfilaments that are immediately adjacent to the plasma membrane. 

The membrane skeleton maintains plasma membrane organization, and interacts with the 

underlying cortical actin rim through their interaction with spectrin and its binding proteins. 

The cortical F-actin is located beneath the membrane skeleton. This dense F-actin rim is 

organized by actin-binding and cross-linking proteins, including spectrin, filamin, cortactin, 

Wiskott-Aldrich syndrome protein (WASP), vasodilator-stimulated phosphoprotein (VASP), 

gelsolin, cofilin, ezrin-radixin-moesin (ERM), and heat shock protein 27 (HSP27).7 The 

cortical F-actin provides structural stability and anchoring for multiple membrane-bound 

junctional complexes, which become activated, strengthening the assembly of ECs and EC-

matrix adhesions. The stress fibers are prominent transcellular actomyosin bundle cables, 
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which are linked to the cell membrane at focal adhesions.8 The actin stress fibers generate 

contractile forces through the association of actin with myosin. The dynamic changes in 

the actin cytoskeleton in ALI/ARDS are mediated by Ras homolog family member A 

(RhoA), Ras-related C3 botulinum toxin substrate 1 (Rac1), cell division cycle 42 (Cdc42), 

and Ras-related protein 1 (Rap1). A range of circulating (tumor necrosis factor [TNF], 

interleukin 6 [IL-6], lipopolysaccharide [LPS], vascular endothelial growth factor [VEGF], 

thrombin), released (reactive oxygen species [ROS], histamine), and physical (mechanical 

stretch) effectors activate RhoA in lung microvascular ECs.9 RhoA activation can also be 

induced by activated integrin in focal adhesions through binding to cleaved talin head and 

rod domains in LPS-induced ALI.10 The downstream events for Rho activation include 

activation of Rho kinase (ROCK) and increased formation of actin stress fibers.11 Over-

expression of dominant-active RhoA mutant V14 increased formation of actin stress fibers, 

and over-expression of dominant-negative RhoA mutant N19 reduced formation of actin 

stress fibers in dermal microvascular ECs,12 and in lung ECs.11 RhoA also potentiates 

myosin light chain (MLC) phosphorylation by inhibiting MLC phosphatase activity through 

its downstream effector ROCK. The adenosine triphosphate (ATP)-dependent ratcheting of 

myosin heads against actin microfilaments generates contractile tension. The contraction 

of actin stress fibers causes EC shape change and intercellular gap formation leading to 

functional compromise of barrier integrity. Indeed, ROCK inhibition by the compound 

Y-27632 can alleviate pulmonary edema in animals after LPS challenge or re-expansion 

of the lung. Rac1, Cdc42, and Rap1 contribute to an intact barrier function.13,14 Over-

expression of dominant-active Rac mutant V12 increased formation of cortical F-actin 

and over-expression of dominant-negative Rac mutant N17 reduced formation of cortical 

F-actin.15 Cdc42 directly regulates cortical actin organization as well as a host of proteins 

including cofilin, MLC kinase (MLCK), and neural-Wiskott-Aldrich syndrome protein 

(WASP) that affect actin organization and cell adhesion to the extracellular matrix (ECM).16 

Rap1 enhances barrier function via inhibition of Rho and activation of Cdc42.17,18

Microtubules are long tubes made from tubulin heterodimers packed around a central core. 

The wall of microtubules is made of a helical array of repeating tubulin heterodimers of α-

tubulin and β-tubulin. Microtubules are structures that can rapidly grow via polymerization 

or shrink via depolymerization in length, depending on how many tubulin molecules they 

contain.19 Changes in microtubule dynamics caused by vasoactive or inflammatory agonists 

and mechanical forces in ALI/ARDS regulate lung endothelial permeability via signaling 

crosstalk with actin cytoskeleton and endothelial junctions.20 Stabilizing microtubules 

enhances endothelial barrier integrity, while disassembly of the microtubule network is 

associated with an increase in endothelial permeability.21 Partial depolymerization of 

peripheral microtubules promoted, while stabilization prevented activation of the RhoA 

signaling pathway of endothelial permeability.21 Thrombin-induced peripheral microtubule 

depolymerization leading to RhoA activation and endothelial permeability was associated 

with increased microtubule instability caused by thrombin-induced phosphorylation of 

microtubule regulatory protein tau at Ser409 and Ser262.22 Partial dissolution of the 

peripheral microtubule network during endothelial permeability caused by TNF and 

ROS was linked to the activation of p38 mitogen-activated kinase and subsequent 

destabilization of microtubule structure.23-25 Microtubule depolymerization was shown to 
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activate the inflammatory nuclear factor-κB (NF-κB) signaling pathway in ALI/ARDS and 

to upregulate the expression of intercellular adhesion molecule 1 (ICAM-1) and vascular 

cell adhesion molecule 1 (VCAM-1), which in turn increases Rho activation and endothelial 

permeability.25 In addition, destabilization of microtubules due to histone deacetylase 6 

(HDAC6)-mediated deacetylation of α-tubulin in ARDS also contributes to LPS-induced 

endothelial barrier disruption in ALI.26,27 On the other hand, hepatocyte growth factor 

stimulates association of Rac-specific guanine nucleotide exchange factor Asef with 

adenomatous polyposis coli (APC) protein, a microtubule-associated protein, in peripheral 

microtubules leading to Rac-related endothelial barrier enhancement in ARDS.28,29

Intermediate microfilaments are the most stable of the three cytoskeletal microfilaments. 

They are tissue-specific with different protein expressions depending on the tissue type 

or developmental stage. The major intermediate filament protein in ECs is vimentin.30 

Intermediate microfilaments are not necessary for cell viability but may contribute to 

mechanical stability of ECs, such as shear and contractile forces in blood vessels.31 The 

vimentin intermediate microfilaments link to VE-cadherin through desmosomal plakoglobin/

desmoplakin or p0071 linker proteins. The adherens junction (AJ) protein VE-cadherin 

binds to F-actin via catenins and vimentin.32 Depolymerization of the vimentin intermediate 

microfilaments during inflammation can loosen the intercellular junctions and increase 

endothelial permeability.32 Phosphorylation of elements of the VE-cadherin complex 

disrupts the link between VE-cadherin and the vimentin intermediate microfilaments and 

causes endothelial barrier dysfunction.33 Increased phosphorylation of vimentin has been 

associated with the disassembly of microfilaments and lung endothelial barrier disruption in 

ARDS.34 Thus, blocking vimentin phosphorylation protects the endothelial barrier against 

endotoxin, implicating it as a target for drug development against ALI and ARDS.34

Inter-endothelial junctions in ARDS: AJs, tight junctions, and gap junctions

Inter-endothelial junctions are composed of AJs, tight junctions (TJs), and gap junctions 

(GJs).35 These junctions link ECs and are supported by cytoskeletal microfilaments to 

facilitate both maintenance of barrier function and modulation of signal transduction in 

response to tethering and contractile forces.1 Inter-endothelial junctions dynamically open 

to allow the passage of small molecules such as glucose, water, and ions, and inflammatory 

cells for tissue homeostasis and immune surveillance.35

AJs are composed of cadherins, primarily VE-cadherin, that bind intracellular catenin 

proteins including p120-catenin that in turn binds to other protein partners in the actin 

cytoskeleton.36,37 AJs (or VE-cadherin) are key regulators of paracellular permeability, 

which determines leucocyte transmigration and edema formation while cell membrane 

scaffolding proteins called caveolins regulate transendothelial trafficking (transcytosis) 

of macromolecules including albumin.38 EC barrier disruption is associated with a loss 

of AJ stability mediated through VE-cadherin/catenin signaling.3 In ALI/ARDS, pro-

inflammatory agonists such as histamine, thrombin, bradykinin, IL-1β, TNF, VEGF, Ang2, 

and platelet-activating factor, as well as bacterial toxin LPS and ROS cause Src-dependent 

tyrosine phosphorylation of VE-cadherin, β-catenin, plakoglobin, and p120, resulting in 

disorganization of AJ proteins and detachment of VE-cadherin from the actin cytoskeleton, 
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leading to increase in endothelial permeability.9,35,39-41 Downregulation of VE-cadherin by 

proinflammatory agonists in ALI causes AJ disassembly.42 Meanwhile, contraction of actin 

stress fiber generates a contractile force, which pulls VE-cadherin inward. This contraction 

forces VE-cadherin to dissociate from its adjacent partner causing inter-endothelial gaps 

and endothelial barrier disruption.9 Focal adhesion kinase (FAK), a non-receptor tyrosine 

kinase, regulates turnover of focal adhesion formation by binding to focal adhesion proteins 

as well as enhancing AJ formation. In experimental ARDS models (including conditional 

FAK deletion), decreased FAK expression was associated with lung edema, as well as with 

albumin and neutrophil influx.43,44

TJs are formed by the fusion of the outer layers of the plasma membranes and are 

comprised of occludin, claudins, and junctional adhesion molecules (JAMs).35 Claudins 

and junctional adhesion molecules are coupled to cytoplasmic proteins and are linked to 

the EC actin cytoskeleton by the zonula occludens (ZO).36 ECs predominantly express 

claudin-5, which binds to ZO-1 protein through its cytoplasmic domain. ZO-1 thus allows 

TJ proteins to interact with each other and with the actin cytoskeleton.36,45 The TJ protein 

ZO-1 also binds cadherins and thus provides a structural connection between TJ, AJ, and 

the cytoskeleton.36 VE-cadherin assembly in AJs also upregulates expression of claudin-5 

through sequestration of the transcriptional repressor β-catenin in the cell membrane, 

thereby preventing β-catenin action in the nucleus.46 The inflammatory mediator histamine 

increases endothelial permeability through Src-dependent phosphorylation of TJ proteins 

that cause the dissociation of ZO-1 from occludin resulting in EC barrier dysfunction.35,47 

TJ proteins such as claudin-5, occludin, and ZO-1 are down-regulated in lung endothelium 

in ARDS.48,49 It has been reported that RNA-binding motif protein 3 (RBM3) induces 

down-regulation of ZO-1 and occludins in lung ECs in ALI models.50

GJs provide a means to facilitate direct cell-to-cell transfer of signaling molecules, ions, 

current, and transmembrane potential. GJs are formed by interaction of two connexins (Cx) 

from opposite cells. Each connexin is made of six connexin subunits (hexamers) potential.51 

Cx37, Cx40, and Cx43 are expressed in ECs.52 Cx40- and/or Cx43-based GJs are required 

to maintain the endothelial barrier function without altering the expression and localization 

of the tight-junction components.53 The expression of GJ protein Cx40 is suppressed by LPS 

in ALI, which leads to increased pulmonary vascular permeability.54,55

Endothelial inflammation in ARDS: interactions with leukocytes, platelets, 

and coagulation

Under physiological conditions, the lung endothelium adopts a predominantly inhibitory 

effect on inflammation and coagulation. The vascular endothelium maintains a negative 

transmural electrical charge, which prevents the adhesion of leukocytes and platelets. ECs 

release prostacyclin (PGI2), nitric oxide (NO), proteins C and S, and proteoglycans, which 

inhibit leukocyte and platelet adhesion and the coagulation cascade, as well as plasminogen 

activators, which activate the physiologic fibrinolytic pathway.56,57

Lung ECs are increasingly recognized as orchestrators of the inflammatory and coagulation 

response in ARDS.58 The pulmonary endothelium is a key regulator of innate cellular 

Su et al. Page 5

Chin Med J Pulm Crit Care Med. Author manuscript; available in PMC 2024 July 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and cytokine responses, if not the major source of cytokine release.59 Endothelium-

leukocyte and endothelium-platelet interactions resulting from inflammatory reactions 

play an important role in the pathogenesis of ALI and ARDS.60 ECs express various 

leukocyte adhesion molecules including ICAM-1, VCAM-1, and selectins, which mediate 

endothelium–leukocyte and endothelium–platelet interactions.61,62 Stimulated leukocytes 

transmigrate along chemotactic gradients into lung tissue across the endothelium en route 

to sites of pathogen invasion or tissue damage due to a toxic or physical insult.38 

Binding of leukocyte surface integrins on their EC adhesion molecules tethers circulating 

leukocytes reversibly on the EC surface and facilitates rolling of leukocytes along the 

endothelium to the point of transmigration.63 Simultaneously, ligation of EC adhesion 

molecules by neutrophil binding triggers downstream signaling pathways in ECs that 

induce cytoskeletal contraction and junctional opening to allow leukocyte migration.64 The 

activated leukocytes that infiltrate the lungs and migrate into the airways release proteolytic 

enzymes (leukocyte elastase), which digest tissue, and pro-inflammatory cytokines such 

as TNF and IL-1β, which contribute to the endothelial injury and barrier disruption.65 

The leukocytes also release large amounts of oxygen-based free radicals, which cause cell 

injury and upregulation of leukocyte adhesion molecule expression and release of neutrophil 

chemotactic factors.66 Platelet-bound endothelium releases P-selectin, thromboxane A2 

(TXA2), and soluble CD40 ligand, which further enhance endothelium–platelet interactions 

and platelet–leukocyte complex, leading to EC and leukocyte activation.67,68 Blocking 

platelet and endothelial cell adhesion molecule 1 (PECAM) decreases leukocyte infiltration 

and the inflammation level in the lungs and protects lung injury in LPS-induced ALI mouse 

model.69 However, patients with decreased leukocytes and agranulocytosis complicated with 

ARDS have poor prognosis and a high overall mortality,70 suggesting leukocytes may help 

lung injury repair.71

The adhered and aggregated platelets on the endothelial surface provide an excellent 

platform for the activation of the coagulation cascade. In ARDS, intravascular micro-

thrombi in lung capillaries can be formed via either the extrinsic pathway, which is initiated 

by tissue factor expression on ECs and other cells, or via the intrinsic pathway through the 

exposure of blood to denuded vascular wall matrix due to endothelial damage. Cytokines 

such as IL-6 induce tissue factor expression, while TNF-α blocks coagulation-inhibiting 

and fibrinolytic pathways.72,73 Initiation of coagulation leads to proteolytic cleavage of 

prothrombin and thrombin release, which has important downstream effects, including 

cleavage of fibrinogen to fibrin and platelet activation by binding to proteinase-activated 

receptors (PAR).74 Thrombin acts on ECs causing endothelial contraction and increased 

permeability.75

Lung endothelial cell death in ARDS

In ARDS, bacterial infection, inflammatory infiltration, and generation of pro-inflammatory 

cytokines may promote EC death resulting in further compromise of the structural 

integrity of the lung endothelial barriers.76-79 The dead cells and debris may release toxic 

cellular components that may further augment inflammation.80 The dead cell detachment 

allows denuded vascular wall matrix exposure, activates blood coagulation and neutrophil 

infiltration and enhances inflammatory response. Lung endothelial death in ARDS can be 
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induced through diverse cell death pathways, including apoptosis, necrosis, necroptosis, 

pyroptosis, and ferroptosis.78,80

Apoptosis is an ATP-dependent programmed cell death, morphologically characterized 

by cellular shrinkage, chromatin condensation, nuclear DNA fragmentation, cytosolic 

membrane blebbing, and apoptotic body formation.81 It is triggered by the extrinsic (death 

receptor pathway) pathway, or the intrinsic (mitochondrial pathway) pathway, involving a 

group of cysteinyl aspartate proteases (caspases) cleavage (activation).81 Endotoxin (LPS)-

induced apoptosis occurs following its binding to toll-like receptor (TLR)-4. Downstream of 

TLR-4, adapter myeloid differentiation primary response protein 88 (MyD88) is associated 

with and activates IL-1 receptor-associated kinase-1 (IRAK-1). IRAK-1 then dissociates 

from MyD88 and interacts with TNF receptor-associated factor-6 (TRAF-6) leading to 

NF-κB and caspase activation.82 TNF-induced cell death is mainly mediated through 

the activation of the type I TNF receptor, which initiates TNF-related apoptosis-inducing 

ligand (TRAIL) signaling pathway. This death pathway recruits a dozen different signaling 

proteins involving tumor necrosis factor receptor-1-associated death domain (TRADD)–

Fas-associating protein with a novel death domain (FADD)–receptor-interacting protein 

kinase 1 (RIPK1) intermediates. Depending on the ubiquitinylation status of RIPK1 

and the activation status of caspase 8, TNF receptor 1 signaling may either mediate 

inflammation (RIPK1 ubiquitinylated), apoptosis (caspase 8 active), or necroptosis (caspase 

8 inactive).83-85 Apart from TNF, the TRAIL pathway can stimulate a loss of mitochondrial 

membrane potential (Delta Psim) and cytochrome C release in an FADD/caspase-8 

dependent manner.81 In ARDS, ROS regulate lung endothelial apoptosis through apoptosis-

inducing factor (AIF)-dependent and caspase-dependent apoptotic pathways, and the latter 

involves mitochondria-, endoplasmic reticulum (ER) stress-, and Fas receptor-associated 

apoptotic pathways.86,87

In contrast to apoptosis, necrosis is an energy-independent process driven by mitochondrial 

permeability transition (MPT). Necrotic cell death occurs when the intracellular 

microenvironment of a cell is perturbed as during severe oxidative stress and following 

cytosolic Ca2+ overload due to lack of a blood supply or due to a toxin, resulting in 

rapid dissipation of mitochondrial transmembrane potential and osmotic breakdown of 

mitochondrial and cellular membranes.81 Necrotic cell death was observed in ALI induced 

by ischemic acute kidney injury88 and LPS.89

Necroptosis is a regulated inflammatory type of programmed necrosis mediated by RIPK1 

and RIPK3-mixed lineage kinase domain-like (MLKL).90 In this necroptotic pathway, 

MLKL is recruited by the auto-phosphorylated RIPK3 and subsequently phosphorylated 

by RIPK3 at the threonine 357 and serine 358 residues of human MLKL (serine at positions 

345, 347, and 352 and threonine at position 349 for mouse MLKL).90 Phosphorylated 

MLKL then oligomerizes and traffics to the plasma membrane, forming an MLKL pore, 

resulting in necroptosis.91 The occurrence of programmed necrosis causes a series of 

morphological alterations in cells including slight changes in the ultrastructure of the 

nucleus (especially the expansion of the nuclear membrane and the formation of small, 

irregular, and circumscribed patches by chromatin condensation), increases in lucent 

cytoplasm, and organelle swelling.78 The increased permeability of the cell membrane 
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causes the cell to grow in size, resulting in the cell rupturing and the leak-out of intracellular 

contents and provoking the inflammatory response of the surrounding lung tissues.91 

Various ALI/ARDS animal models have demonstrated evidence of necroptosis in endothelial 

barrier dysfunction.92,93

Pyroptosis is a type of programmed cell death that occurs in cells infected with certain 

viruses or bacteria.94 Pyroptosis is mediated by gasdermin D (GSDMD) that contains a 

specific cleavage site for inflammatory caspases, e.g., caspase 1/4/5/11).95 The cleavage 

of GSDMD by activated caspases 1/4/5/11 results in the formation of channels in the 

plasma membrane.94 Besides, inflammatory caspases cleave pro-IL-1β and pro-IL-18, 

converting them to the active IL-1β and IL-18, which are released through the membrane 

channels.96,97 Though pyroptosis mainly occurs in inflammatory cells such as macrophages 

and neutrophils, lung endothelial pyroptosis plays an important role in endothelial barrier 

disruption and pulmonary edema in ALI associated with ARDS.93,97

Ferroptosis is a form of regulated cell death initiated by severe toxic lipid peroxidation, 

which relies on ROS generation and iron accumulation.81,98 Ferroptosis occurs independent 

of caspases, necrosome components, and the molecular machinery for autophagy. 

Ferroptosis manifests with specific morphological features such as plasma membrane 

blebbing without rupture, shrunken mitochondria, increased mitochondrial membrane 

density, and disruption of mitochondria membrane, and lacks chromatin condensation and 

margination.99 In ARDS, cytokines of high levels activate the innate immune system. 

Activated neutrophils produce large amounts of proteases and ROS.100,101 Moreover, ROS 

can further increase the level of cytokines, exacerbating tissue damage and edema. Under 

oxidative stress, inactivation of cellular glutathione (GSH)-dependent antioxidant defenses 

or blocking the function of the GSH-dependent enzyme glutathione peroxidase 4 (GPX4) 

results in the accumulation of toxic lipid ROS and iron-dependent lipid peroxidation.102 

Ferroptosis finally leads to the consistent release of immunostimulatory damage-associated 

molecular patterns (DAMPs) that not only damage lung cells but also recruit and activate 

the immune cells to amplify the lung damage. The release of the DAMPs triggered by 

ferroptosis may promote pyroptosis and necroptosis in ARDS.100

Lung endothelial repair in ARDS

Following the exudative phase of ARDS, the lung goes into recovery from lung injury 

that enables the restoration of an intact endothelial barrier and an efficient gas-exchange 

within the lung. The recovery processes require the removal of pulmonary edema fluid and 

inflammatory debris as well as lung vascular homeostasis and tissue–fluid balance.103,104 

Restoration of the pulmonary microvascular barrier is dependent on the proliferation of 

ECs that generally involves two biological processes, referred to as angiogenesis and 

vasculogenesis.105

Angiogenesis involves the formation of new blood vessels via the migration and 

proliferation of the ECs of local endothelial niches of preexisting vessels and is required for 

neo-alveolarization.106 Stromal-cell-derived factor-1 and vascular endothelial growth factor 

signaling participate in this angiogenesis-related lung repair.107,108
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Vasculogenesis is the de novo formation of blood vessels from endothelial progenitor 

cells (EPCs) from either local resident or bone-marrow-derived EPCs.105,109,110 Several 

studies found that local resident EPCs in the lung are highly proliferative and capable of 

reconstituting the entire proliferative hierarchy of lung microvascular ECs.111 The resident 

EPCs in their study possessed the capacity of integrating into various types of vessels, 

including blood and lymph vessels.112 Transplantation of murine bone marrow-derived 

EPCs suppressed lung inflammation and attenuated endothelial permeability and lung 

edema in ALI animal models.113 Clinically, levels of circulating EPCs are elevated in 

patients with ARDS and are associated with survival in ARDS.114 These results suggest 

that transplantation or mobilization of bone-marrow-derived EPCs can induce endothelial 

barrier protection in ARDS. Resident EPCs are major and bone-marrow-derived EPCs are 

complementary sources of new ECs in endothelial barrier repair, and both resident EPCs and 

bone-marrow-derived EPCs play important roles in endothelial barrier restoration following 

ARDS.110

Potential diagnostic and therapeutic targets in the clinical management of 

the disease

The pulmonary ECs are most important in the pathophysiological mechanism of ALI/ARDS 

(Fig. 1). The loss of endothelial barrier integrity caused by severe pulmonary inflammation 

leads to pulmonary edema and hypoxemia (Fig. 2). During the pathophysiological processes 

of ALI, a number of mediators are produced and could be used as biomarkers for the 

diagnosis and prognosis of ARDS.115 Inflammatory cytokines IL-6, IL-8, and TNF-α 
have been validated as promising biomarkers of ARDS.116,117 Biomarkers of endothelial 

injury can help the diagnosis and prognosis of ARDS.118 Elevated levels of endothelial 

biomarkers can also identify which patients with non-pulmonary sepsis will develop ARDS. 

Von Willebrand factor (vWF), angiopoietin-2 (Ang-2), and thrombomodulin are biomarkers 

for endothelial injury and were found to be significantly associated with mortality in 

ARDS with and without infection-related lung injury.118,119 ICAM-1 has been identified 

as a biomarker of endothelial inflammation in ARDS. An association between ICAM-1 

expression and lung inflammation as well as ARDS progression has been observed in 

ARDS.120 Further studies are needed to translate these biomarkers into clinical use.121

In ARDS, the inflammatory mediators, bacterial toxins, and ROS cause dynamic changes 

in cytoskeletal structure, AJ disorganization, and detachment of VE-cadherin from the actin 

cytoskeleton, leading to increase in endothelial permeability. Endothelial interactions with 

leukocytes, platelets, and coagulation enhance inflammatory response. Bacterial infection 

and inflammatory infiltration and cytokines cause EC death resulting in compromise of 

structural integrity of lung endothelial barrier (Fig. 2). From a clinical perspective, ARDS 

remains a challenging conundrum. Understanding the mechanisms of pathophysiological 

processes in pulmonary endothelium in ALI and ARDS has resulted in a number of 

novel potential therapeutic targets in preventing and treating experimental ALI. Modulating 

cytoskeleton reorganization in lung endothelium would provide a good opportunity for 

ARDS treatment. S1P and its analogue FTY720 reduced vascular endothelial leakage in 

small and large animal lung injury models,122 though the clinical application of S1P and 
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its analogues is currently limited by systemic side effects. Inhibition of calpain attenuates 

talin cleavage, RhoA activation, pulmonary EC barrier disruption, and pulmonary edema in 

mouse ALI model.10 Modulating signal pathways that regulate inter-endothelial junctions 

provides alternative therapeutic strategies for ARDS. Natural products oxypeucedanin123 

and forsythia124 have been found to enhance alveolar–capillary integrity by increasing the 

expression of TJs proteins in ALI models. Myosin II inhibitor lebbistatin downregulates 

the Wnt5a/β-catenin pathway and exerts a protective effect on lung injury.125 Verdiperstat, 

a myeloperoxidase inhibitor, enhances VE-cadherin stability by reducing the activation 

of myeloperoxidase-β-catenin signaling pathway in experimental ARDS.126 Targeting 

endothelial inflammation is another therapeutic opportunity for ARDS. An ICAM-1 

inhibitor MMI-0100 has been shown to inhibit endothelial ICAM-1 expression and reduce 

lung injury and inflammation.127 Chitin derivatives, AVR-25 and AVR-48, have been shown 

to reduce the expression of lung adhesion molecules, decrease neutrophil recruitment 

and improve pulmonary endothelial barrier function and lung injury in the lungs of ALI 

mice.128 Several pharmacological compounds have been reported to mitigate pulmonary EC 

death in preclinical models of ARDS, of which safety and efficacy remain to be further 

examined in clinical studies.129,130 Finally, EPCs and mesenchymal stromal cells (MSCs) 

have therapeutic potential for vascular regeneration and may emerge as a novel strategy 

for the diseases that are associated with ALI/ARDS.131-133 In addition, MSCs also secrete 

a variety of biologically active factors that regulate related signal pathways such as PI3K/

protein kinase B (AKT), Wnt, and NF-κB to reduce inflammation in ARDS.134 Of note, 

a number of preclinical studies on the manipulations of molecular pathways specifically in 

pulmonary endothelium have shown promising. Further clinical trials are needed to translate 

those findings into clinically useful tools to treat and/or improve the management of ARDS.
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Fig. 1. 
Mechanisms of pulmonary endothelial barrier disruption in ALI/ARDS. Endothelial barrier 

disruption is resulted from actin cytoskeletal reorganization due to actin–myosin interaction 

after MLC-phosphorylation, which is regulated by MLCK and MLCP in ALI/ARDS. RhoA 

activation induced by pro-inflammatory mediators potentiates MLC phosphorylation by 

inhibiting MLC phosphatase activity leading to the increased formation of actin stress 

fibers and the dispersal of cortical actin bundles. Ratcheting of myosin heads against 

actin microfilaments generates a contractile tension, which pulls VE-cadherin inward and 

forces VE-cadherin to dissociate from its adjacent partner causing inter-endothelial gaps and 

endothelial barrier disruption. Src activation induced by pro-inflammatory mediators induces 

VE-cadherin phosphorylation leading to disorganization of AJ proteins and detachment of 

VE-cadherin from the actin cytoskeleton. Rac1, Cdc42, and Rap1 contribute to an intact 

barrier function by modifying the formation of cortical F-actin. FAK, a non-receptor tyrosine 

kinase, regulates the turnover of focal adhesion formation by binding to focal adhesion 

proteins as well as enhancing AJ formation. NF-κB activation promotes the expression 

of various leukocyte adhesion molecules including ICAM-1 and VCAM-1 and selectins, 

which mediate endothelium–leukocyte and endothelium–platelet interactions. Initiation of 

coagulation leads to proteolytic cleavage of prothrombin and release of thrombin. Bacterial 

infection and inflammatory infiltration and cytokines cause EC death, resulting in the 

compromise of structural integrity of lung endothelial barrier. AJ: Adherens junction; 

ALI: Acute lung injury; ARDS: Acute respiratory distress syndrome; Cdc42: Cell division 

cycle 42; EC: Endothelial cells; FAK: Focal adhesion kinase; ICAM: Intercellular adhesion 

molecule 1; IL: Interleukin; LPS: Lipopolysaccharide; MLC: Myosin light chain; MLCK: 

MLC kinase; MLCP: MLC phosphatase; NF-κB: Nuclear factor-κB; Rac1: Ras-related 

C3 botulinum toxin substrate 1; Rap1: Ras-related protein 1; RhoA: Ras homolog family 

member A; ROCK: Rho kinase; ROS: Reactive oxygen species; TNF: Tumor necrosis 

factor; VCAM: Vascular cell adhesion molecule 1; VE-cadherin: Vascular endothelial 

cadherin; VEGF: Vascular endothelial growth factor; ZO: Zonula occludens.
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Fig. 2. 
The loss of endothelial barrier integrity leads to pulmonary edema and hypoxemia in ALI/

ARDS. The inflammatory mediator, bacterial toxins, and ROS cause dynamic changes in the 

cytoskeletal structure and inter-endothelial junctions, leading to an increase in endothelial 

permeability. Endothelial interactions with leukocytes, platelets, and coagulation enhance 

inflammatory response. Bacterial infection and inflammatory infiltration and cytokines 

induce EC death, causing the compromise of the structural integrity of lung endothelial 

barrier, eventually resulting in pulmonary edema, impaired gas exchange, and hypoxemia. 

ALI: Acute lung injury; ARDS: Acute respiratory distress syndrome; EC: Endothelial cells; 

ROS: Reactive oxygen species.
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