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Acute respiratory distress syndrome (ARDS) is a severe organ failure occurring 
mainly in critically ill patients as a result of different types of insults such as 
sepsis, trauma or aspiration. Sepsis is the main cause of ARDS, and it contributes 
to a high mortality and resources consumption both in hospital setting and in 
the community. ARDS develops mainly an acute respiratory failure with severe 
and often refractory hypoxemia. ARDS also has long term implications and 
sequelae. Endothelial damage plays an important role in the pathogenesis of 
ARDS. Understanding the mechanisms of ARDS presents opportunities for 
novel diagnostic and therapeutic targets. Biochemical signals can be  used in 
concert to identify and classify patients into ARDS phenotypes allowing earlier 
effective treatment with personalised therapies. This is a narrative review where 
we aimed to flesh out the pathogenetic mechanisms and heterogeneity of ARDS. 
We examine the links between endothelium damage and its contribution to organ 
failure. We have also investigated future strategies for treatment with a special 
emphasis in endothelial damage.
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Introduction

The acute respiratory distress syndrome (ARDS) is a complex and varied syndrome that is 
characterized by severe and often refractory hypoxemia, resulting in a high morbidity and 
mortality rate (1). ARDS is caused by a local injury to the alveolar capillary membrane due to 
endothelial dysfunction, alveolar injury, or both. The most accurate estimate is that around 10% 
of invasively ventilated patients fulfil the criteria for ARDS (2). The current and most widely 
used definition requires an acute onset, radiographic bilateral infiltrates consistent with 
pulmonary (not cardiogenic reason) oedema and severe hypoxemia despite 5 cmH2O of positive 
end-expiratory pressure (PEEP) – so known as the Berlin criteria (3). This condition affects 
between 17 and 20 people per 100,000 annually, which represents nearly 5% of mechanically 
ventilated patients (4).
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ARDS definition has been modified over the years and new 
ongoing definitions are being developed. Sub-phenotypes of ARDS 
have also been identified based on plasma biomarkers of inflammatory 
host response, endothelial dysfunction, and coagulopathy (5–7). 
Around 1/3 of patients with ARDS present with a hyper-inflammatory 
sub-phenotype, while the other 2/3 presents with a hypo-inflammatory 
sub-phenotype (8). While pulmonary endothelial dysfunction is 
frequently overlooked in ARDS pathophysiology, pre-clinical models 
have established that endothelial dysfunction can be responsible for 
development of pulmonary oedema (9). It is plausible to hypothesize 
that a subset of patients has an endothelial-driven injury 
sub-phenotype. This paper aims to summarize the pathophysiological 
links between endothelial dysfunction and injury and the development 
of ARDS. It will not only focus on biomarkers measurable in the 
systemic circulation but also on the analysis of local biochemical 
changes. Furthermore, it will explore the heterogeneity of these 
processes in patients with ARDS and review the available interventions 
to target the endothelium in ARDS.

Methods

For this review a literature search was conducted on PubMed/
MEDLINE, Embase and Google Scholar database using combinations 
of keywords; “acute respiratory distress syndrome,” “endothelium,” 
“endothelial dysfunction,” “heterogeneity” and “microcirculation.” 
Published articles focusing on the role, implications and treatment of 
endothelial dysfunction in ARDS were included. Relevant articles 
referenced within included reports were also accessed. We identified 
case studies, case series, observational studies, randomised controlled 
trials and review articles.

Pathophysiology

ARDS is characterized by acute onset of hypoxemia, bilateral 
pulmonary infiltrates on chest imaging, and respiratory failure 
requiring mechanical ventilation (3). There are two main types of 
ARDS: direct and indirect. Direct ARDS refers to cases where the lung 
injury is caused by a direct insult to the lung tissue itself, such as 
pneumonia or aspiration (10). In direct ARDS, there is damage to the 
alveolar epithelial and endothelial cells, which can lead to the 
accumulation of fluid in the lungs, impaired gas exchange, and 
decreased lung compliance (11). Indirect ARDS, on the other hand, 
refers to cases where the lung injury is caused by an indirect insult, 
such as sepsis or trauma. In indirect ARDS, the lung injury is thought 
to be caused by an inflammatory response that is triggered by the 
systemic insult (12). This can lead to the activation of various immune 
cells and the release of inflammatory mediators, which can damage 
the pulmonary endothelium and alveolar epithelium, resulting in lung 
injury and respiratory failure.

The difference between pulmonary and extrapulmonary ARDS 
has been acknowledged for nearly 2 decades (13). The endothelium 
is primarily distorted following an extrapulmonary insult, with 
damage due to the action of inflammatory mediators in the 
systemic circulation that increase vascular permeability and 
oedema resulting in microcirculation congestion. As opposed to 
direct pulmonary insults, that activate alveolar macrophages and 

neutrophils, increasing IL-6 and altered type I and type II cells in 
bronchoalveolar lavage samples, leading to intrapulmonary 
inflammation and increased extracellular matrix remodelling (14). 
A recent prospective observational study of airspace fluid from 153 
mechanically ventilated patients found increased 
glycosaminoglycan shedding in patients with direct lung injury 
aetiology for ARDS (15). This experiment showed a link between 
epithelial layer shedding and reduced surfactant, a pathological 
mechanism in ARDS that was also increased by duration of 
mechanical ventilation. Using this distinction and differentiating 
patients by source of ARDS or degree of endothelial involvement 
could be helpful in both predictive and prognostic enrichment of 
future studies.

Endothelial glycocalyx
The pulmonary endothelium consists of a single layer of 

mesenchyme-derived and non-fenestrated endothelial cells. The 
luminal surface of blood vessels is lined with endothelial cells which 
are in turn covered by a jelly-like layer of glycocalyx, made up of 
proteoglycans and glycosaminoglycans separating the intravascular 
compartment from the interstitium (16). The glycocalyx is important 
in maintaining the endothelial integrity and is implicated in 
coagulation, cell signalling and inflammation (17). It is composed of 
carbohydrate-like glycosaminoglycans, heparan sulfate, hyaluronic 
acid (HA) and syndecans (Table  1). The syndecan family of 
transmembrane proteoglycans consists of four main types (SDC1-4), 
and their expression levels can vary between different tissues and 
organs (18). Syndecan-1 (SDC1) is primarily expressed on the surface 
of epithelial cells and is involved in a variety of cellular functions 
(19–21). It has been implicated in mechanosensation, or the ability of 
cells to sense and respond to physical forces in their environment (22). 
SDC1 also plays a role in vascular permeability, or the ability of 
substances to pass through blood vessel walls, and has been shown to 
promote leukocyte adhesion, which is the attachment of white blood 
cells to the walls of blood vessels (22).

In addition to these functions, SDC1 has been implicated in a 
variety of other biological processes, including cell migration, 
differentiation, and proliferation. It is also involved in wound healing 
and tissue regeneration and has been shown to interact with a variety 
of signalling molecules, including growth factors and extracellular 
matrix proteins.

Pulmonary endothelium
The function of the lungs in gas exchange means the endothelium 

here is unique from endothelium in other parts of the body. The lungs 
are a low-pressure system where the entire blood volume passes 
through. Hypoxic pulmonary vasoconstriction (HPV) is a 
physiological response of the lungs to low oxygen levels in the alveoli 
(the tiny air sacs where gas exchange occurs). This response involves 
the constriction of blood vessels in the lungs, which helps to redirect 
blood flow to areas of the lungs with better oxygenation and improve 
the efficiency of gas exchange. While the systemic circulation 
vasodilates in response to low oxygen signals, the pulmonary vessels 
constrict to redirect blood flow to better aerated alveoli. This response 
is more pronounced as the diameter of the vessels decreases (23). The 
pulmonary endothelium is highly metabolically active and involved 
in maintaining vascular tone through nitric oxide, prostacyclin, 
serotonin and endothelin production (24).
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One of the main functions of the pulmonary vascular endothelium 
is to preserve the airspaces against vascular fluid. The permeability of 
this membrane is concerned in several disease states, indicative of the 
health of different organs. Permeability leads to trans-endothelial 
movement of fluid and cells into airspaces (Figure 1).

The lungs are also an important site of immunological defence, so 
the endothelium is specialised at vascular branch points, which act as 
filters to trap and transport potential antigens to local lymph nodes 
(25). The immune response recruits inflammatory cells to the lung 
where adjacent cells respond by releasing inflammatory substances 
such as arachidonate, ATP and reactive oxygen species which damage 
the endothelium (26–28). ARDS precipitants such as gastric acid and 
mechanical stress increase mitochondrial transcription of leukocyte 
adhesion molecules (28). ARDS generating conditions increase the 
concentration of mitochondrial cytosolic calcium which leads to 
nuclear factor kappa B (NFκB) production through a hydrogen 
peroxide pathway. This activation leads to production of E-selectin 
and P-selectin, important inflammatory and adhesion molecules in 
the lung.

Alveolar glycocalyx
The alveolar glycocalyx is a layer of glycoproteins and 

proteoglycans that covers the surface of the alveolar epithelium, which 
is the tissue that lines the alveoli in the lungs (29). The glycocalyx is a 
part of the extracellular matrix of the alveoli and plays an important 
role in maintaining the integrity and function of the alveolar barrier 
(30). The alveolar glycocalyx is involved in regulating the exchange of 
fluids, electrolytes, and other molecules across the alveolar epithelium, 
which is essential for normal lung function (Figure 1). It also helps to 
protect the alveolar epithelium from damage caused by mechanical 
stress and inflammation. Recent studies have suggested that the 
alveolar glycocalyx may play a role in the pathogenesis of ARDS (15, 
30, 31). Damage to the glycocalyx has been shown to increase the 
permeability of the alveolar barrier and contribute to the development 
of pulmonary oedema (Figure  2). Animal models of inhaled 

pulmonary insults lead to alveolar epithelial glycocalyx breakdown, 
loss of surfactant and reduced lung function (11). Studies have shown 
that direct pulmonary insults lead to epithelial glycocalyx breakdown 
and are correlated to PaO2/FiO2 and outcomes (duration of 
mechanical ventilation) in ARDS patients (15). This distinction 
between the pathogenesis of direct and indirect lung injury in ARDS 
could lead to new diagnostic and treatment targets (32).

Endothelial glycocalyx destruction and ARDS
The destruction of the endothelial glycocalyx has been associated 

with increased vascular permeability, leukocyte adhesion, and 
inflammation in the lungs (33, 34). Moreover, clinical studies have 
demonstrated that patients with ARDS have increased levels of 
glycocalyx components in their circulation, suggesting that glycocalyx 
damage may be a feature of the disease (35–37). Although the exact 
mechanisms underlying glycocalyx destruction in ARDS are not fully 
understood, it is thought to be related to a combination of factors, 
including oxidative stress, inflammation, and mechanical stress.

Animal models have been used to demonstrate the relationship 
between endotoxemia and loss of endothelial thickness (38–41). LPS 
injection causes increased pulmonary capillary permeability with 
endothelial leak that recovers over 96 h (40).

Disrupted tight junctions
Tight junctions between endothelial cells maintain barrier 

integrity, which is dependent on vascular endothelial cadherin 
(VE-cadherin) (42). Endothelial permeability is regulated by adherens 
junctions and tight junctions, particularly on the venular side where 
there are molecular targets for inflammatory mediators such as 
tumour necrosis factor (TNF), interleukin-1 (IL-1) and vascular 
endothelial growth factor (VEGF) (42, 43). Endothelial leak is 
promoted by intracellular sequestration of VE-cadherin which is 
initiated by mediators such as thrombin and VEGF (44). Inflammatory 
mediators thrombin and VEGF stimulate dismantling of adherens and 
tight junctions in a calcium dependent manner by phosphorylating 

TABLE 1 Endothelial markers and the associations with ARDS.

Endothelial markers Associations with ARDS

Syndecan 1

Negative correlation with PaO2/FiO2

Positive correlation with need for intubation

Higher SOFA score & mortality

Increased in cases of influenza A with ARDS

Indirect ARDS/Extrapulmonary sepsis & ARDS

Increased in non-survivors

Hyaluronan Higher concentrations associated with ARDS

Soluble thrombomodulin
Increases with severity of ARDS

Increased in non-survivors

Angiopoeitin 2
Independent predictor of mortality in ARDS

Associated with infective source ARDS

Intercellular adhesion molecule
Expressed after interaction with bacteria

Associated with protein rich pulmonary oedema

Selectins Associated with ARDS severity & mortality Protein rich pulmonary oedema

Heparan sulfate Indirect ARDS Increased with increasing fluid transfusion

Hyaluronic acid Direct ARDS

SOFA, sequential organ failure assessment score; ARDS, acute respiratory disease syndrome.
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FIGURE 1

A barrier called between the alveolus and capillary prevents the formation of oedema in health (A). This deteriorates in mild (B) and further in severe 
injury (C), becoming more permeable leading to the development of protein rish oedema in the lungs. ENaC, epithelial sodium channel; PMN, 
polymorphonuclear cells; RBC, red blood cell. Reproduced with permission from The Lancet.
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VE-cadherin, leading to actin chain contraction and increased 
intercellular permeability (45).

Angiopoeitin-2
Angiopoeitin 2 (Ang-2) is a marker of endothelial dysfunction 

and has therefore been studied extensively in patients with or at risk 
for ARDS. Ang-2 works with Tie-2 and in opposition to Ang-1 to 
control permeability throughout the vascular network. A retrospective 
analysis of 931 patients from the NHLBI ARDS Network randomised 
controlled trial (RCT) fluid liberal vs. fluid conservative management 
strategy in ALI (FACTT) trial found that Ang-2 was an independent 
predictor of mortality in ARDS as well as being statistically 
significantly associated with infectious aetiology of acute lung injury 
(ALI) (37). A meta-analysis of prospective cohort studies focussing on 
Ang-2 and risk of mortality in ARDS found increased odds of death 
in patients with a raised baseline Ang-2 level (OR 1.56, 95% CI 
1.3–1.89) (46). In patients with infection related ARDS, Ang-2 levels 
higher on day 3 than on day 0 was independently associated with 
death at an OR 2.29 (95% CI 1.54–3.43, p < 0.001). Ang-2 levels on day 
3 were associated with mortality in infection related ARDS (OR 1.64, 
95% Ci 1.32–2.03, p < 0.001) as well as in non-infection related ARDS 
(OR 2.03, 95% CI 1.31–3.16, p  = 0.002). Patients in the fluid 
conservative group had a 13% greater decline in Ang-2 over the 3 days 
(p = 0.005) and this effect was more in those patients who were not in 
shock and experienced a 19.9% fall in Ang-2 levels (37).

Using Mendelian randomisation a causal link between Ang-2 and 
ARDS was investigated (47). In this study the authors found that 
patients with European ancestry who had sepsis were more likely to 
develop ARDS if they expressed the ANGPT2 genetic variant. Five 

ANGPT2 gene variants had associations with ARDS in sepsis patients 
with European ancestry. This not only describes a potential subset of 
patients but also highlights how genetic data could be used to classify 
and phenotype cohorts in ARDS.

A study of single nucleotide polymorphisms (SNPs) in 225 ARDS 
patients found an association with FLT1, which encodes a VEGF 
receptor (48). The authors proposed this as a potential mechanistic 
link between endothelial damage and ARDS. Forty-nine percent of 
patients in the cohort had positive blood cultures with Gram-negative 
bacteria identified and 49% had direct pulmonary injury resulting in 
ARDS (48). Utilizing omics data represents a promising approach for 
elucidating the underlying mechanisms of intricate pathologies, such 
as ARDS.

Intercellular adhesion molecule (ICAM) is a cell surface 
glycoprotein that plays an important role in leukocyte adhesion and 
trans-endothelial migration during inflammation (49). ICAM 
expression on endothelial cells can induce actin stress fibre formation, 
which is a cytoskeletal structure composed of contractile actin 
filaments that are important for maintaining cell shape and motility 
(50). ICAM expression can also increase endothelial permeability 
through a positive feedback loop involving the activation of 
intracellular signalling pathways, such as the RhoA/ROCK pathway. 
The formation of actin stress fibres induced by ICAM expression can 
activate RhoA/ROCK signalling, which in turn leads to the assembly 
of actin-myosin contractile structures and increased endothelial 
permeability (51). This positive feedback loop between ICAM 
expression, actin stress fibre formation, and increased permeability is 
thought to play an important role in the pathogenesis of various 
inflammatory disorders, including acute lung injury and sepsis. In 

FIGURE 2

Demonstrating changes in endothelial permeability and alveolus in acute respiratory distress syndrome. Inflammatory cascade signals breakdown 
endothelial cell adhesion molecules, widening space between endothelial cells. Increased expression of leukocyte adhesion molecules increases 
leukocyte rolling and migration across the endothelial barrier, where cytokine release, reactive oxygen species and damaging enzymes increase the 
inflammatory feedback loop. This leads to oedema and sloughing off of bronchial endothelium, which reduced the gas exchange ability of the 
alveolus. Image adapted from Biorender.
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these conditions, increased ICAM expression and activation of RhoA/
ROCK signalling can lead to a breakdown of the endothelial barrier, 
resulting in the leakage of fluid and cells into the interstitial space and 
impaired organ function (49).

Intracapillary red cell injury
Alveolar red blood cells and pulmonary haemorrhage are also 

features of ARDS. RBC rheology in sepsis is affected by several factors, 
including increased nitric oxide release affecting membrane 
deformability as well as increased aggregation and increased viscosity 
(52). Altered membrane deformability can lead to haemolysis and the 
release of cell free haemoglobin, which travels into alveoli and causes 
damage (53). This was proposed as a mechanism causing transfusion 
related acute lung injury (TRALI) however, two RCTs have disputed 
this mechanism, showing no benefit of fresh RBCs in overall survival 
of critically ill patients (54, 55). Cell-free haemoglobin precipitates 
release of reactive oxygen species (ROS) which impairs the endothelial 
integrity, leading to vasculopathy (56, 57). Large cohort studies have 
been employed to investigate the influence of cell free haemoglobin 
and pulmonary hypertension in sickle cell anaemia (56, 58, 59) RBC 
haemolysis products can be considered danger-associated molecular 
patterns (DAMPs) that could cause lung injury by damaging the 
endothelium (60).

Heterogeneity in endothelial dysfunction in 
patients with ARDS

Patients with a hyper-inflammatory ARDS sub-phenotype also 
have higher plasma concentrations of biomarkers indicative of 
endothelial dysfunction (Table 2) (61). They frequently experience 
multi-organ failure and shock, all consistent with profound endothelial 
dysfunction. Latent class analysis has been used to identify hyper- and 

hypo-inflammatory sub-phenotypes of ARDS, which are consistent 
across a number of large randomised controlled trials, with specific 
biological and clinical characteristics affecting treatment response and 
prognosis (8, 62–64). Pathophysiological mechanisms affecting the 
endothelial barrier function are unlikely to be activated simultaneously 
in all patients who develop ARDS. When comparing patients with 
pulmonary and non-pulmonary causes for ARDS, the latter has higher 
levels of circulating biomarkers indicative of endothelial dysfunction 
(such as Ang2, IL-8 and vWF) (12, 34). Combined with the 
observation that patients with non-pulmonary sepsis frequently 
develop multi-organ failure and that in all of these organs endothelial 
dysfunction may contribute to failure of the organ, it has been 
suggested that endothelial dysfunction plays a more important role in 
this subset of patients (36).

The Fluid and Catheter Treatment Trial (FACTT) identified 2 
definite sub-phenotypes of ARDS that responded differently to fluid 
management (62). The authors randomly assigned ARDS patients to 
receive either conservative or liberal fluid management strategy. They 
found that those with higher inflammatory markers and hypotension 
had 40% mortality when treated with a conservative strategy and 50% 
mortality in the liberal group. However if a patient was not in this 
hyperinflammatory group they had a 26% mortality in fluid-
conservative and 18% mortality if liberally treated with fluid (62). This 
suggests that sub-phenotyping patients according to clinical markers 
can influence treatment decisions. Potentially biochemical or omics 
driven sub-typing could impact treatment as well.

COVID-19 and pulmonary endothelium
The pulmonary endothelium plays an important role in 

COVID-19 related lung injury by blood flow regulation, maintaining 
vascular integrity, and preventing the extravasation of fluid and cells 

TABLE 2 Sub-phenotypes of ARDS, biomarkers and features.

Sub-phenotype Biomarkers Features

Hyper-inflammatory
Higher concentrations IL-6, IL-8, TNF receptor-1, and 

PAI-1, ICAM, vWF, Surfactant protein-D

More sepsis

Higher heart rate

Higher total minute ventilation

Lower SBP

Lower HCO3−

Lower protein C

X3 higher vasopressor at baseline

Higher mortality

Hypo-inflammatory Lower concentrations IL-6, IL-8, PAI-1, ICAM, vWF

More trauma related

More organ failure free days

More ventilator free days

Lower mortality

Pulmonary

Alveolar macrophages, neutrophils

IL-6

Type I & type II cells

Reduced surfactant

GAG shedding

Direct pulmonary injury

Extra-pulmonary

Increased Ang-2, IL-8, vWF

Heparan sulfate

SDC-1

Non-pulmonary sepsis

Multi-organ failure

IL-6, interleukin 6; IL-8, interleukin 8; TNF, tumour necrosis factor; PAI, plasminogen activator inhibitor; ICAM, intercellular adhesion molecule; vWF, von Willebrand factor; SPD, surfactant 
protein D; SBP, systolic blood pressure; HCO3, bicarbonate; GAG, glycosaminoglycan; Ang-2, angiopoeitin 2; SDC-1, syndecan-1.
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into the lung tissue (65). In COVID-19, the virus can infect pulmonary 
endothelial cells through the ACE2 receptor, which is expressed on the 
surface of these cells (66). The viral infection can lead to endothelial 
dysfunction, inflammation, and increased vascular permeability, 
which may contribute to the development of severe respiratory 
symptoms and organ dysfunction in COVID-19 patients (67–69). The 
endothelial dysfunction can also lead to the pro-inflammatory and 
pro-thrombotic state in the pulmonary endothelium with formation 
of microthrombi further exacerbating tissue damage (70).

Treatments targeting endothelial dysfunction
Despite great efforts there has been equivocal results in the search 

for pharmacologic agents to treat ARDS, a Cochrane meta-analysis 
could find no benefit of any recently investigated therapies (71). 
Research around therapeutic options in ARDS has focused on 
inhibiting the damaging aspects of the immune response and 
endothelial degradation. Targeting the endothelium and it’s 
regeneration would offer an important goal for predictive 
enhancement of future trials. Those with a higher proportion of 
endothelial damage involvement (non-pulmonary sepsis) might 
benefit more from drugs targeting the endothelium.

Therapies targeting glycocalyx
Fluid therapy for patients with sepsis is the standard of care 

worldwide (72, 73). Excessive fluid resuscitation and hyper-oncotic 
solutions have been shown to increase damage to the glycocalyx (74). 
The FINNAKI trial showed that fluid administration is correlated to 
amount of fluid transfused and non-survivors had more SDC-1 and 
thrombomodulin circulating than survivors (75). Glycocalyx damage 
assessed by peripheral heparan sulfate levels was also shown to 
correlate with each litre of intravenous fluids administered (74). 
Excess fluid administration is associated with poorer outcomes in 
sepsis (76–78). Albumin also preserves the glycocalyx and reduced 
leukocyte adhesion and SDC-1 concentrations (79). A recent review 
found that plasma and albumin were superior to crystalloids and 
colloids in preserving the glycocalyx (Table 3) (84). Conservative fluid 
resuscitation strategies in ARDS patients aim to prevent pulmonary 
oedema and may act by preventing glycocalyx breakdown and leakage.

Recombinant thrombomodulin has also been investigated as a 
potential therapy to induce endothelial glycocalyx repair in 
ARDS. Thrombomodulin is a key component of the endothelial 

glycocalyx with anticoagulant effect, binding thrombin to generate 
activated protein C. By neutralizing high mobility group B1 
(HMG-B1) released by necrotic cells it attenuates inflammation (85). 
Recombinant thrombomodulin has been investigated as a treatment 
for sepsis induced coagulopathy due to its effect on protein C (86). 
However, the SCARLET trial found no benefit at 28-days for patients 
with sepsis and DIC who received rhTM. A study investigating the 
possible effects of recombinant thrombomodulin on LPS-induced 
ARDS in mice administered recombinant thrombomodulin, which 
was associated with less capillary endothelial disruption and oedema 
than control (39). Genetic analysis suggested that recombinant 
thrombomodulin treatment may affect anti-inflammatory, cell 
proliferative and glycocalyx synthesis pathways and recombinant 
thrombomodulin might enhance glycocalyx synthesis. Survival of 
recombinant thrombomodulin treated mice was significantly higher 
than control mice after 48 h. Another study found that recombinant 
thrombomodulin might be a regulator of inflammation in the lung 
endothelium and protect against endothelial damage due to 
Streptococcus pneumoniae (87). The effect of recombinant 
thrombomodulin to reduce inflammation and possibly influence 
glycocalyx repair in ARDS warrants further investigation.

Neutrophil elastase, released from activated neutrophils in the 
immune response, damages pulmonary endothelium and is a factor 
contributing to ARDS (41). Sivelestat is a competitive inhibitor of 
neutrophil elastase, preventing pulmonary endothelial permeability 
but not affecting the immune response elsewhere (88). Though it has 
shown some efficacy in treating ALI, ARDS and SARS-CoV2,poorly 
designed, negative and small trials have hampered its adoption. 
Although some trials have shown a connection between PaO2/FiO2 
and sivelestat therapy, there was no improvement in ventilation days 
or mortality (89–92). Retrospective studies have also had their validity 
questioned based on how they selected patients to show benefit in 
sepsis patients with disseminated intravascular coagulation and ARDS 
(93). Despite this controversy, the potential for a neutrophil elastase 
inhibitor to improve outcomes in ARDS is intriguing. A well designed 
randomised trial, enriched with subgroups of at risk patients could 
answer these questions in the future (94).

Therapies targeting angiopoietin system
The negative association of high Ang-2 with mortality in 

ARDS has also gained attention as a possible therapeutic target. 

TABLE 3 ARDS therapies and benefits in ARDS (39, 62, 79–81), (82, p. 21), (83).

Therapeutics Benefits in ARDS

Conservative fluid therapy
Reduced glycocalyx damage measured by heparan sulfate concentration

Prevent pulmonary oedema

Albumin Reduced leukocyte adhesion and SDC-1 concentration

Recombinant thrombomodulin
Less endothelial disruption, oedema, inflammation

Enhance glycocalyx synthesis

GSK2586881 (Recombinant human angiotensin converting enzyme type 2)
Anti-inflammatory

Benefits in COVID-19

Imatinib mesylate
Reduced mortality in COVID-19 ARDS

Reverses endothelial dysfunction and improves immunomodulation

Mesenchymal stromal stem cells Anti-inflammatory and endothelial restoration

Statin Improved survival in ARDS hyper-inflammatory subphenotype
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Ang-2 is a product of the renin-angiotensin-aldosterone system 
(RAAS) that is responsible for blood pressure, vascular 
permeability, vasodilation and sodium absorption. GSK2586881 
is a recombinant human angiotensin converting enzyme type 2 
that was studied in ARDS and aimed to reduce levels of Ang-2, 
increasing Ang (1–7) thereby promoting anti-inflammatory and 
vasodilatory effects (95). The study was terminated early for 
failing to meet primary endpoints, though it has gained some 
attention for its potential treating COVID-19, there have been no 
further trials in ARDS, that we  are aware of (80, 96). The 
involvement in of the RAAS in development of ARDS or patient’s 
failure to progress from mechanical ventilation could represent 
an important biologic marker for future prognostic enrichment 
(97, 98).

Imatinib mesylate is a small molecule therapy that was 
initially developed for cancer treatment with several targets 
including Abl, Arg (Abl-related gene), the stem-cell factor 
receptor (c-KIT) and platelet-derived growth factor receptor 
(PDGF-R) (99). Through its effect on Rac1 transmission and Arg, 
it improves endothelial cell barrier function and prevents 
vascular leak (100). Imatinib protects the endothelial barrier 
through inhibition of the ABL-2 tyrosine kinase, which is a key 
regulator of barrier function (100, 101). In vitro and mouse 
models have highlighted its possible differential effect in treating 
LPS-induced and ventilator induced lung injury models of ARDS 
(102). This raises an interesting question about the potential uses 
of the drug in homogenous populations of ARDS patients, 
depending on the inciting cause. A multicentre randomised 
placebo controlled trial of imatinib in COVID-19 disease found 
imatinib reduced mortality (14% placebo group vs. 8% imatinib 
group; adjusted hazard ratio 0.52, CI 0.26–1.05, p = 0.068) (103). 
Although the primary outcome of this trial, time to 
discontinuation of supplemental oxygen, did not reach statistical 
significance. Secondary analysis found that the reduction in 
mortality attributed to imatinib was completely mediated through 
immunomodulation and reversal of endothelial barrier 
dysfunction (81). Imatinib has shown some efficacy in treatment 
of pulmonary vaso-occlusive disease and post-chemotherapy 
fibrotic lung disease (104, 105). Case reports and series have 
emphasised imatinib’s usefulness treating various syndromes of 
endothelial leak, meaning it could have an important role in the 
future treatment of a subset of ARDS patients (82, 105, 106).

Alternative endothelial targeting therapies
Other treatments for ARDS targeting the endothelium have 

been sought out. Including old Chinese remedies such as Crocin, 
that may inhibit inflammation signalling as well as heparanase 
and matrix metalloproteinase 9 to preserve heparan sulfate and 
syndecan-4  in LPS induced ARDS (107). Therapies such as 
mesenchymal stromal stem cells have also been investigated for 
their anti-inflammatory and endothelial restorative abilities (83). 
Statins have also been investigated for their ability to reduce 
vascular leak in ARDS. HARP-2 and SAILS trials did not find any 
benefit of simvastatin or rosuvastatin in ARDS (108, 109). 
Analyses of the results of these trials did subsequently identify 
sub-phenotypes that may benefit from statin therapy. ARDS 
patients with hyperinflammatory sub-phenotypes had a higher 
survival rate with simvastatin compared to placebo (110).

Future directions

Combining radiological, clinical and biochemical signals to 
accurately classify patients is key to delivering appropriate and 
timely care (111). Differential effects of non-pulmonary and 
pulmonary sepsis on the aetiology of ARDS provide opportunities 
for prognostic and predictive enrichment. Ang-2 and the renin-
angiotensin-aldosterone system have been implicated as an 
important mediator in ARDS and the underlying structural lung 
damage, which could represent a target for predictive enrichment 
(112). Finding more targets such as these will depend on the 
application of multi-omics data and specific pathway enrichment 
studies (113). Until a single biomarker or point of care test can 
be  prospectively tested, we  can use large datasets to identify 
characteristic traits (114). Sub-classifying patients according to 
endothelial involvement or epithelial impact on disease could 
help develop treatments or diagnostic tests to catch at risk groups 
earlier. Identifying subtypes of disease and pathogenesis, 
predictive enrichment to reduce patient heterogeneity in trial 
design (115, 116). Genome studies, predictive pathway analysis 
and large repositories of omics data will help identify mechanisms 
and potential targets for treatment.

Conclusion

Here we  have discussed the mechanisms of endothelial 
dysfunction underlying sub-phenotypes of ARDS. Endothelial 
dysfunction in the pathogenesis of sepsis and ARDS is an 
important target for new diagnostic, prognostic and therapeutic 
targets in ICU. Identifying genetic and phenotypic disposition to 
more severe sub-phenotypes of critical illness will enhance the 
delivery of personalised medicine in the future.

Author contributions

RC and IM-L developed the concept for the article. RC researched 
and wrote the article. LB and PP contributed figures and expertise. LB, 
PP, and IM-L reviewed and contributed to the final manuscript. All 
authors contributed to the article and approved the submitted version.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

https://doi.org/10.3389/fmed.2023.1203827
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Cusack et al. 10.3389/fmed.2023.1203827

Frontiers in Medicine 09 frontiersin.org

References
 1. Matthay MA, Zemans RL, Zimmerman GA, Arabi YM, Beitler JR, Mercat A, et al. 

Acute respiratory distress syndrome. Nat Rev Dis Primer. (2019) 5:18. doi: 10.1038/
s41572-019-0069-0

 2. Bellani G, Laffey JG, Pham T, Fan E, Brochard L, Esteban A, et al. Epidemiology, 
patterns of care, and mortality for patients with acute respiratory distress syndrome in 
intensive care units in 50 countries. JAMA. (2016) 315:788–800. doi: 10.1001/
jama.2016.0291

 3. ARDS Definition Task ForceRanieri VM, Rubenfeld GD, Thompson BT, Ferguson 
ND, Caldwell E, et al. Acute respiratory distress syndrome. JAMA. (2012) 307:2526–33. 
doi: 10.1001/jama.2012.5669

 4. Sweatt AJ, Levitt JE. Evolving epidemiology and definitions of the acute respiratory 
distress syndrome and early acute lung injury. Clin Chest Med. (2014) 35:609–24. doi: 
10.1016/j.ccm.2014.08.002

 5. Chen H, Yu Q, Xie J, Liu S, Pan C, Liu L, et al. Longitudinal phenotypes in patients 
with acute respiratory distress syndrome: a multi-database study. Crit Care Lond Engl. 
(2022) 26:340. doi: 10.1186/s13054-022-04211-w

 6. Sinha P, Churpek MM, Calfee CS. Machine learning classifier models can identify 
acute respiratory distress syndrome phenotypes using readily available clinical data. Am 
J Respir Crit Care Med. (2020) 202:996–1004. doi: 10.1164/rccm.202002-0347OC

 7. Wendel Garcia PD, Caccioppola A, Coppola S, Pozzi T, Ciabattoni A, Cenci S, et al. 
Latent class analysis to predict intensive care outcomes in acute respiratory distress 
syndrome: a proposal of two pulmonary phenotypes. Crit Care. (2021) 25:154. doi: 
10.1186/s13054-021-03578-6

 8. Calfee CS, Delucchi KL, Parsons PE, Thompson BT, Ware LB, Matthay MA. 
Subphenotypes in acute respiratory distress syndrome: latent class analysis of data from 
two randomised controlled trials. Lancet Respir Med. (2014) 2:611–20. doi: 10.1016/
s2213-2600(14)70097-9

 9. Maniatis NA, Kotanidou A, Catravas JD, Orfanos SE. Endothelial 
pathomechanisms in acute lung injury. Vasc Pharmacol. (2008) 49:119–33. doi: 
10.1016/j.vph.2008.06.009

 10. Shaver CM, Bastarache JA. Clinical and biological heterogeneity in ARDS: direct 
versus indirect lung injury. Clin Chest Med. (2014) 35:639–53. doi: 10.1016/j.
ccm.2014.08.004

 11. Rizzo AN, Schmidt EP. The role of the alveolar epithelial glycocalyx in acute 
respiratory distress syndrome. Am J Physiol Cell Physiol. (2023) 324:C799–806. doi: 
10.1152/ajpcell.00555.2022

 12. Calfee CS, Janz DR, Bernard GR, May AK, Kangelaris KN, Matthay MA, et al. 
Distinct molecular phenotypes of direct vs indirect ARDS in single-center and 
multicenter studies. Chest. (2015) 147:1539–48. doi: 10.1378/chest.14-2454

 13. Pelosi P, D'Onofrio D, Chiumello D, Paolo S, Chiara G, Capelozzi VL, et al. 
Pulmonary and extrapulmonary acute respiratory distress syndrome are different. Eur 
Respir J. (2003) 22:48s–56s. doi: 10.1183/09031936.03.00420803

 14. Negri EM, Hoelz C, Barbas CSV, Montes GS, Saldiva PHN, Capelozzi VL. Acute 
remodeling of parenchyma in pulmonary and extrapulmonary ARDS. An autopsy study 
of collagen-elastic system fibers. Pathol Res Pract. (2002) 198:355–61. doi: 
10.1078/0344-0338-00266

 15. Rizzo AN, Haeger SM, Oshima K, Yang Y, Wallbank AM, Jin Y, et al. Alveolar 
epithelial glycocalyx degradation mediates surfactant dysfunction and contributes to 
acute respiratory distress syndrome. JCI Insight. (2022) 7:e154573. doi: 10.1172/jci.
insight.154573

 16. Pries AR, Secomb TW, Gaehtgens P. The endothelial surface layer. Pflugers Arch - 
Eur J Physiol. (2000) 440:653–66. doi: 10.1007/s004240000307

 17. Alphonsus CS, Rodseth RN. The endothelial glycocalyx: a review of the vascular 
barrier. Anaesthesia. (2014) 69:777–84. doi: 10.1111/anae.12661

 18. Alexopoulou AN, Multhaupt HAB, Couchman JR. Syndecans in wound healing, 
inflammation and vascular biology. Int J Biochem Cell Biol. (2007) 39:505–28. doi: 
10.1016/j.biocel.2006.10.014

 19. Seidel C, Ringdén O, Remberger M. Increased levels of syndecan-1  in serum 
during acute graft-versus-host disease. Transplantation. (2003) 76:423–6. doi: 
10.1097/01.TP.0000074316.76104.A5

 20. Wei H, Guo E, Dong B, Chen L. Prognostic and clinical significance of 
syndecan-1 in colorectal cancer: a meta-analysis. BMC Gastroenterol. (2015) 15:152–2. 
doi: 10.1186/s12876-015-0383-2

 21. Sheta M, Götte M. Syndecan-1 (CD138) as a pathogenesis factor and therapeutic 
target in breast Cancer. Curr Med Chem. (2021) 28:5066–83. doi: 10.217
4/0929867328666210629122238

 22. Götte M, Joussen AM, Klein C, Andre P, Wagner DD, Hinkes MT, et al. Role of 
Syndecan-1  in leukocyte–endothelial interactions in the ocular vasculature. Invest 
Ophthalmol Vis Sci. (2002) 43:1135–41.

 23. Huertas A, Guignabert C, Barberà JA, Bärtsch P, Bhattacharya J, Bhattacharya S, 
et al. Pulmonary vascular endothelium: the orchestra conductor in respiratory diseases: 
highlights from basic research to therapy. Eur Respir J. (2018) 51:1700745. doi: 
10.1183/13993003.00745-2017

 24. Ryan US, Ryan JW. Cell biology of pulmonary endothelium. Circulation. (1984) 
70:III46–62.

 25. Kuebler WM, Ying X, Singh B, Issekutz AC, Bhattacharya J. Pressure is 
proinflammatory in lung venular capillaries. J Clin Invest. (1999) 104:495–502. doi: 
10.1172/JCI6872

 26. Kiefmann R, Islam MN, Lindert J, Parthasarathi K, Bhattacharya J. Paracrine 
purinergic signaling determines lung endothelial nitric oxide production. Am J Physiol 
Lung Cell Mol Physiol. (2009) 296:L901–10. doi: 10.1152/ajplung.90549.2008

 27. Kuebler WM, Parthasarathi K, Wang PM, Bhattacharya J. A novel signaling 
mechanism between gas and blood compartments of the lung. J Clin Invest. (2000) 
105:905–13. doi: 10.1172/JCI8604

 28. Westphalen K, Monma E, Islam MN, Bhattacharya J. Acid contact in the rodent 
pulmonary alveolus causes proinflammatory signaling by membrane pore formation. 
Am J Physiol Lung Cell Mol Physiol. (2012) 303:L107–16. doi: 10.1152/ajplung.00206.2011

 29. Ochs M, Hegermann J, Lopez-Rodriguez E, Timm S, Nouailles G, Matuszak J, et al. 
On top of the alveolar epithelium: surfactant and the glycocalyx. Int J Mol Sci. (2020) 
21:3075. doi: 10.3390/ijms21093075

 30. Li J, Qi Z, Li D, Huang X, Qi B, Feng J, et al. Alveolar epithelial glycocalyx shedding 
aggravates the epithelial barrier and disrupts epithelial tight junctions in acute 
respiratory distress syndrome. Biomed Pharmacother. (2021) 133:111026–6. doi: 
10.1016/j.biopha.2020.111026

 31. Zuttion MSSR, Moore SKL, Chen P, Beppu AK, Hook JL. New insights into the 
alveolar epithelium as a driver of acute respiratory distress syndrome. Biomol Ther. 
(2022) 12:1273. doi: 10.3390/biom12091273

 32. Bastarache JA, McNeil JB, Plosa EJ, Sucre JS, Kerchberger VE, Habegger LE, et al. 
Standardization of methods for sampling the distal airspace in mechanically ventilated 
patients using heat moisture exchange filter fluid. Am J Physiol Lung Cell Mol Physiol. 
(2021) 320:L785–90. doi: 10.1152/ajplung.00595.2020

 33. Fernández-Sarmiento J, Salazar-Peláez LM, Carcillo JA. The endothelial 
Glycocalyx: a fundamental determinant of vascular permeability in Sepsis. Pediatr Crit 
Care Med J Soc Crit Care Med World Fed Pediatr Intensive Crit Care Soc. (2020) 
21:e291–300. doi: 10.1097/PCC.0000000000002266

 34. Murphy LS, Wickersham N, McNeil JB, Shaver CM, May AK, Bastarache JA, et al. 
Endothelial glycocalyx degradation is more severe in patients with non-pulmonary 
sepsis compared to pulmonary sepsis and associates with risk of ARDS and other organ 
dysfunction. Ann Intensive Care. (2017) 7:102–9. doi: 10.1186/s13613-017-0325-y

 35. Benatti MN, Fabro AT, Miranda CH. Endothelial glycocalyx shedding in the acute 
respiratory distress syndrome after flu syndrome. J Intensive Care. (2020) 8:72. doi: 
10.1186/s40560-020-00488-7

 36. Hendrickson CM, Matthay MA. Endothelial biomarkers in human sepsis: 
pathogenesis and prognosis for ARDS. Pulm Circ. (2018) 8:2045894018769876. doi: 
10.1177/2045894018769876

 37. Calfee CS, Gallagher D, Abbott J, Thompson BT, Matthay MANHLBI ARDS 
Network. Plasma angiopoietin-2  in clinical acute lung injury: prognostic and 
pathogenetic significance. Crit Care Med. (2012) 40:1731–7. doi: 10.1097/
ccm.0b013e3182451c87

 38. Schmidt EP, Yang Y, Janssen WJ, Gandjeva A, Perez MJ, Barthel L, et al. The 
pulmonary endothelial glycocalyx regulates neutrophil adhesion and lung injury during 
experimental sepsis. Nat Med. (2012) 18:1217–23. doi: 10.1038/nm.2843

 39. Suzuki K, Okada H, Takemura G, Takada C, Tomita H, Yano H, et al. Recombinant 
thrombomodulin protects against LPS-induced acute respiratory distress syndrome via 
preservation of pulmonary endothelial glycocalyx. Br J Pharmacol. (2020) 177:4021–33. 
doi: 10.1111/bph.15153

 40. Inagawa R, Okada H, Takemura G, Suzuki K, Takada C, Yano H, et al. 
Ultrastructural alteration of pulmonary capillary endothelial glycocalyx during 
endotoxemia. Chest. (2018) 154:317–25. doi: 10.1016/j.chest.2018.03.003

 41. Suzuki K, Okada H, Takemura G, Takada C, Kuroda A, Yano H, et al. Neutrophil 
elastase damages the pulmonary endothelial glycocalyx in lipopolysaccharide-induced 
experimental endotoxemia. Am J Pathol. (2019) 189:1526–35. doi: 10.1016/j.
ajpath.2019.05.002

 42. Goldenberg NM, Steinberg BE, Slutsky AS, Lee WL. Broken barriers: a new take 
on Sepsis pathogenesis. Sci Transl Med. (2011) 3:88ps25. doi: 10.1126/
scitranslmed.3002011

 43. Aird WC. Phenotypic heterogeneity of the endothelium. Circ Res. (2007) 
100:174–90. doi: 10.1161/01.RES.0000255690.03436.ae

 44. Gavard J, Gutkind JS. VEGF controls endothelial-cell permeability by promoting 
the beta-arrestin-dependent endocytosis of VE-cadherin. Nat Cell Biol. (2006) 
8:1223–34. doi: 10.1038/ncb1486

 45. Vandenbroucke E, Mehta D, Minshall R, Malik AB. Regulation of endothelial 
junctional permeability. Ann N Y Acad Sci. (2008) 1123:134–45. doi: 10.1196/
annals.1420.016

 46. Li F, Yin R, Guo Q. Circulating angiopoietin-2 and the risk of mortality in patients 
with acute respiratory distress syndrome: a systematic review and meta-analysis of 10 

https://doi.org/10.3389/fmed.2023.1203827
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1038/s41572-019-0069-0
https://doi.org/10.1038/s41572-019-0069-0
https://doi.org/10.1001/jama.2016.0291
https://doi.org/10.1001/jama.2016.0291
https://doi.org/10.1001/jama.2012.5669
https://doi.org/10.1016/j.ccm.2014.08.002
https://doi.org/10.1186/s13054-022-04211-w
https://doi.org/10.1164/rccm.202002-0347OC
https://doi.org/10.1186/s13054-021-03578-6
https://doi.org/10.1016/s2213-2600(14)70097-9
https://doi.org/10.1016/s2213-2600(14)70097-9
https://doi.org/10.1016/j.vph.2008.06.009
https://doi.org/10.1016/j.ccm.2014.08.004
https://doi.org/10.1016/j.ccm.2014.08.004
https://doi.org/10.1152/ajpcell.00555.2022
https://doi.org/10.1378/chest.14-2454
https://doi.org/10.1183/09031936.03.00420803
https://doi.org/10.1078/0344-0338-00266
https://doi.org/10.1172/jci.insight.154573
https://doi.org/10.1172/jci.insight.154573
https://doi.org/10.1007/s004240000307
https://doi.org/10.1111/anae.12661
https://doi.org/10.1016/j.biocel.2006.10.014
https://doi.org/10.1097/01.TP.0000074316.76104.A5
https://doi.org/10.1186/s12876-015-0383-2
https://doi.org/10.2174/0929867328666210629122238
https://doi.org/10.2174/0929867328666210629122238
https://doi.org/10.1183/13993003.00745-2017
https://doi.org/10.1172/JCI6872
https://doi.org/10.1152/ajplung.90549.2008
https://doi.org/10.1172/JCI8604
https://doi.org/10.1152/ajplung.00206.2011
https://doi.org/10.3390/ijms21093075
https://doi.org/10.1016/j.biopha.2020.111026
https://doi.org/10.3390/biom12091273
https://doi.org/10.1152/ajplung.00595.2020
https://doi.org/10.1097/PCC.0000000000002266
https://doi.org/10.1186/s13613-017-0325-y
https://doi.org/10.1186/s40560-020-00488-7
https://doi.org/10.1177/2045894018769876
https://doi.org/10.1097/ccm.0b013e3182451c87
https://doi.org/10.1097/ccm.0b013e3182451c87
https://doi.org/10.1038/nm.2843
https://doi.org/10.1111/bph.15153
https://doi.org/10.1016/j.chest.2018.03.003
https://doi.org/10.1016/j.ajpath.2019.05.002
https://doi.org/10.1016/j.ajpath.2019.05.002
https://doi.org/10.1126/scitranslmed.3002011
https://doi.org/10.1126/scitranslmed.3002011
https://doi.org/10.1161/01.RES.0000255690.03436.ae
https://doi.org/10.1038/ncb1486
https://doi.org/10.1196/annals.1420.016
https://doi.org/10.1196/annals.1420.016


Cusack et al. 10.3389/fmed.2023.1203827

Frontiers in Medicine 10 frontiersin.org

prospective cohort studies. Ther Adv Respir Dis. (2020) 14:1753466620905274. doi: 
10.1177/1753466620905274

 47. Reilly JP, Wang F, Jones TK, Palakshappa JA, Anderson BJ, Shashaty MGS, et al. 
Plasma angiopoietin-2 as a potential causal marker in sepsis-associated ARDS 
development: evidence from Mendelian randomization and mediation analysis. Intensive 
Care Med. (2018) 44:1849–58. doi: 10.1007/s00134-018-5328-0

 48. the GEN-SEP NetworkHernandez-Pacheco N, Guillen-Guio B, Acosta-Herrera 
M, Pino-Yanes M, Corrales A, et al. A vascular endothelial growth factor receptor gene 
variant is associated with susceptibility to acute respiratory distress syndrome. Intensive 
Care Med Exp. (2018) 6:16. doi: 10.1186/s40635-018-0181-6

 49. Millar MW, Fazal F, Rahman A. Therapeutic targeting of NF-κB in acute lung 
injury: a double-edged sword. Cells. (2022) 11:3317. doi: 10.3390/cells11203317

 50. Kevil CG, Orr AW, Langston W, Mickett K, Murphy-Ullrich J, Patel RP, et al. 
Intercellular adhesion Molecule-1 (ICAM-1) regulates endothelial cell motility through 
a nitric oxide-dependent pathway *. J Biol Chem. (2004) 279:19230–8. doi: 10.1074/jbc.
M312025200

 51. Karki P, Birukov KG. Rho and reactive oxygen species at crossroads of endothelial 
permeability and inflammation. Antioxid Redox Signal. (2019) 31:1009–22. doi: 10.1089/
ars.2019.7798

 52. Piagnerelli M, Boudjeltia KZ, Vanhaeverbeek M, Vincent J-L. Red blood cell 
rheology in sepsis. Intensive Care Med. (2003) 29:1052–61. doi: 10.1007/
s00134-003-1783-2

 53. Janz DR, Ware LB. The role of red blood cells and cell-free hemoglobin in the 
pathogenesis of ARDS. J Intensive Care. (2015) 3:20. doi: 10.1186/s40560-015-0086-3

 54. Lacroix J, Hébert PC, Fergusson DA, Tinmouth A, Cook DJ, Marshall JC, et al. Age 
of transfused blood in critically ill adults. N Engl J Med. (2015) 372:1410–8. doi: 10.1056/
NEJMoa1500704

 55. Cooper DJ, McQuilten ZK, Nichol A, Ady B, Aubron C, Bailey M, et al. Age of red 
cells for transfusion and outcomes in critically ill adults. N Engl J Med. (2017) 
377:1858–67. doi: 10.1056/NEJMoa1707572

 56. Reiter CD, Wang X, Tanus-Santos JE, Hogg N, Cannon RO III, Schechter AN, et al. 
Cell-free hemoglobin limits nitric oxide bioavailability in sickle-cell disease. Nat Med. 
(2002) 8:1383–9. doi: 10.1038/nm1202-799

 57. Rother RP, Bell L, Hillmen P, Gladwin MT. The clinical sequelae of intravascular 
hemolysis and extracellular plasma hemoglobin: a novel mechanism of human disease. 
JAMA. (2005) 293:1653–62. doi: 10.1001/jama.293.13.1653

 58. Gladwin MT, Sachdev V, Jison ML, Shizukuda Y, Plehn JF, Minter K, et al. 
Pulmonary hypertension as a risk factor for death in patients with sickle cell disease. N 
Engl J Med. (2004) 350:886–95. doi: 10.1056/NEJMoa035477

 59. Gladwin MT. Cardiovascular complications and risk of death in sickle-cell disease. 
Lancet Lond Engl. (2016) 387:2565–74. doi: 10.1016/S0140-6736(16)00647-4

 60. Gladwin MT, Ofori-Acquah SF. Erythroid DAMPs drive inflammation in SCD. 
Blood. (2014) 123:3689–90. doi: 10.1182/blood-2014-03-563874

 61. Spadaro S, Park M, Turrini C, Tunstall T, Thwaites R, Mauri T, et al. Biomarkers 
for acute respiratory distress syndrome and prospects for personalised medicine. J 
Inflamm. (2019) 16:1. doi: 10.1186/s12950-018-0202-y

 62. Famous KR, Delucchi K, Ware LB, Kangelaris KN, Liu KD, Thompson BT, et al. 
Acute respiratory distress syndrome subphenotypes respond differently to randomized 
fluid management strategy. Am J Respir Crit Care Med. (2016) 195:331–8. doi: 10.1164/
rccm.201603-0645oc

 63. for the NHLBI ARDS NetworkSinha P, Delucchi KL, Thompson BT, McAuley DF, 
Matthay MA, et al. Latent class analysis of ARDS subphenotypes: a secondary analysis 
of the statins for acutely injured lungs from sepsis (SAILS) study. Intensive Care Med. 
(2018) 44:1859–69. doi: 10.1007/s00134-018-5378-3

 64. Delucchi KL, Famous KR, Ware LB, Parsons PE, Thompson BT, Calfee CS. Stability 
of ARDS subphenotypes over time in two randomised controlled trials. Thorax. (2018) 
73:439–45. doi: 10.1136/thoraxjnl-2017-211090

 65. Xu S, Ilyas I, Weng J. Endothelial dysfunction in COVID-19: an overview of 
evidence, biomarkers, mechanisms and potential therapies. Acta Pharmacol Sin. (2023) 
44:695–709. doi: 10.1038/s41401-022-00998-0

 66. Beyerstedt S, Casaro EB, Rangel ÉB. COVID-19: angiotensin-converting enzyme 
2 (ACE2) expression and tissue susceptibility to SARS-CoV-2 infection. Eur J Clin 
Microbiol Infect Dis. (2021) 40:905–19. doi: 10.1007/s10096-020-04138-6

 67. Spadaro S, Fogagnolo A, Campo G, Zucchetti O, Verri M, Ottaviani I, et al. 
Markers of endothelial and epithelial pulmonary injury in mechanically ventilated 
COVID-19 ICU patients. Crit Care. (2021) 25:74. doi: 10.1186/s13054-021-03499-4

 68. Villa E, Critelli R, Lasagni S, Melegari A, Curatolo A, Celsa C, et al. Dynamic 
angiopoietin-2 assessment predicts survival and chronic course in hospitalized patients 
with COVID-19. Blood Adv. (2021) 5:662–73. doi: 10.1182/bloodadvances.2020003736

 69. Vassiliou AG, Keskinidou C, Jahaj E, Gallos P, Dimopoulou I, Kotanidou A, et al. 
ICU admission levels of endothelial biomarkers as predictors of mortality in critically 
ill COVID-19 patients. Cells. (2021) 10:186. doi: 10.3390/cells10010186

 70. de Bruin S, Bos LD, van Roon MA, Tuip-de Boer AM, Schuurman AR, Koel-
Simmelinck MJA, et al. Clinical features and prognostic factors in Covid-19: a 

prospective cohort study. EBioMedicine. (2021) 67:103378. doi: 10.1016/j.
ebiom.2021.103378

 71. Lewis SR, Pritchard MW, Thomas CM, Smith AF. Pharmacological agents for 
adults with acute respiratory distress syndrome. Cochrane Database Syst Rev. (2019) 
7:CD004477. doi: 10.1002/14651858.cd004477.pub3

 72. Evans L, Rhodes A, Alhazzani W, Antonelli M, Coopersmith CM, French C, et al. 
Surviving sepsis campaign: international guidelines for management of sepsis and septic 
shock 2021. Intensive Care Med. (2021) 47:1181–247. doi: 10.1007/s00134-021-06506-y

 73. Bozza FA, Carnevale R, Japiassú AM, Castro-Faria-Neto HC, Angus DC, Salluh 
JIF. Early fluid resuscitation in sepsis: evidence and perspectives. Shock Augusta Ga. 
(2010) 34:40–3. doi: 10.1097/SHK.0b013e3181e7e668

 74. Hippensteel JA, Uchimido R, Tyler PD, Burke RC, Han X, Zhang F, et al. 
Intravenous fluid resuscitation is associated with septic endothelial glycocalyx 
degradation. Crit Care. (2019) 23:259–9. doi: 10.1186/s13054-019-2534-2

 75. the FINNAKI Study GroupInkinen N, Pettilä V, Lakkisto P, Kuitunen A, 
Jukarainen S, et al. Association of Endothelial and Glycocalyx Injury Biomarkers with 
Fluid Administration, development of acute kidney injury, and 90-day mortality: data 
from the FINNAKI observational study. Ann Intensive Care. (2019) 9:103. doi: 10.1186/
s13613-019-0575-y

 76. Brandstrup B, Tønnesen H, Beier-Holgersen R, Hjortsø E, Ørding H, Lindorff-
Larsen K, et al. Effects of intravenous fluid restriction on postoperative complications: 
comparison of two perioperative fluid regimens: a randomized assessor-blinded 
multicenter trial. Ann Surg. (2003) 238:641–8. doi: 10.1097/01.sla.0000094387.50865.23

 77. Tigabu BM, Davari M, Kebriaeezadeh A, Mojtahedzadeh M. Fluid volume, fluid 
balance and patient outcome in severe sepsis and septic shock: a systematic review. J Crit 
Care. (2018) 48:153–9. doi: 10.1016/j.jcrc.2018.08.018

 78. Boyd JH, Forbes J, Nakada T, Walley KR, Russell JA. Fluid resuscitation in septic 
shock: a positive fluid balance and elevated central venous pressure are associated with 
increased mortality. Crit Care Med. (2011) 39:259–65. doi: 10.1097/
ccm.0b013e3181feeb15

 79. Torres LN, Chung KK, Salgado CL, Dubick MA, Torres Filho IP. Low-volume 
resuscitation with normal saline is associated with microvascular endothelial 
dysfunction after hemorrhage in rats, compared to colloids and balanced crystalloids. 
Crit Care. (2017) 21:160. doi: 10.1186/s13054-017-1745-7

 80. Zoufaly A, Poglitsch M, Aberle JH, Hoepler W, Seitz T, Traugott M, et al. Human 
recombinant soluble ACE2 in severe COVID-19. Lancet Respir Med. (2020) 8:1154–8. 
doi: 10.1016/S2213-2600(20)30418-5

 81. de Brabander J, Duijvelaar E, Schippers JR, Smeele PJ, Peters-Sengers H, Duitman 
JW, et al. Immunomodulation and endothelial barrier protection mediate the association 
between oral imatinib and mortality in hospitalised COVID-19 patients. Eur Respir J. 
(2022) 60:2200780. doi: 10.1183/13993003.00780-2022

 82. Aman J, Peters MJL, Weenink C, van Nieuw Amerongen GP, Vonk Noordegraaf 
A. Reversal of vascular leak with Imatinib. Am J Respir Crit Care Med. (2013) 
188:1171–3. doi: 10.1164/rccm.201301-0136LE

 83. Wang J, Luo F, Suo Y, Zheng Y, Chen K, You D, et al. Safety, efficacy and biomarkers 
analysis of mesenchymal stromal cells therapy in ARDS: a systematic review and meta-
analysis based on phase I and II RCTs. Stem Cell Res Ther. (2022) 13:275. doi: 10.1186/
s13287-022-02956-3

 84. Milford EM, Reade MC. Resuscitation fluid choices to preserve the endothelial 
Glycocalyx. Crit Care. (2019) 23:77–7. doi: 10.1186/s13054-019-2369-x

 85. Abeyama K, Stern DM, Ito Y, Kawahara KI, Yoshimoto Y, Tanaka M, et al. The 
N-terminal domain of thrombomodulin sequesters high-mobility group-B1 protein, a 
novel antiinflammatory mechanism. J Clin Invest. (2005) 115:1267–74. doi: 10.1172/
JCI22782

 86. Vincent J-L, Francois B, Zabolotskikh I, Daga MK, Lascarrou JB, Kirov MY, et al. 
Effect of a recombinant human soluble Thrombomodulin on mortality in patients with 
Sepsis-associated coagulopathy: the SCARLET randomized clinical trial. JAMA. (2019) 
321:1993–2002. doi: 10.1001/jama.2019.5358

 87. Watanabe E, Akamatsu T, Ohmori M, Kato M, Takeuchi N, Ishiwada N, et al. 
Recombinant thrombomodulin attenuates hyper-inflammation and glycocalyx damage 
in a murine model of Streptococcus pneumoniae-induced sepsis. Cytokine. (2022) 
149:155723. doi: 10.1016/j.cyto.2021.155723

 88. Kawabata K, Suzuki M, Sugitani M, Imaki K, Toda M, Miyamoto T. ONO-5046, a 
novel inhibitor of human neutrophil elastase. Biochem Biophys Res Commun. (1991) 
177:814–20. doi: 10.1016/0006-291x(91)91862-7

 89. Endo S, Sato N, Yaegashi Y, Suzuki Y, Kojika M, Yamada Y, et al. Sivelestat sodium 
hydrate improves septic acute lung injury by reducing alveolar dysfunction. Res 
Commun Mol Pathol Pharmacol. (2006) 119:53–65.

 90. Morimoto K, Nishimura K, Miyasaka S, Maeta H, Taniguchi I. The effect of 
sivelestat sodium hydrate on severe respiratory failure after thoracic aortic surgery with 
deep hypothermia. Ann Thorac Cardiovasc Surg. (2011) 17:369–75. doi: 10.5761/atcs.
oa.10.01555

 91. Zeiher BG, Artigas A, Vincent JL, Dmitrienko A, Jackson K, Thompson BT, et al. 
Neutrophil elastase inhibition in acute lung injury: results of the STRIVE study. Crit 
Care Med. (2004) 32:1695–702. doi: 10.1097/01.ccm.0000133332.48386.85

https://doi.org/10.3389/fmed.2023.1203827
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1177/1753466620905274
https://doi.org/10.1007/s00134-018-5328-0
https://doi.org/10.1186/s40635-018-0181-6
https://doi.org/10.3390/cells11203317
https://doi.org/10.1074/jbc.M312025200
https://doi.org/10.1074/jbc.M312025200
https://doi.org/10.1089/ars.2019.7798
https://doi.org/10.1089/ars.2019.7798
https://doi.org/10.1007/s00134-003-1783-2
https://doi.org/10.1007/s00134-003-1783-2
https://doi.org/10.1186/s40560-015-0086-3
https://doi.org/10.1056/NEJMoa1500704
https://doi.org/10.1056/NEJMoa1500704
https://doi.org/10.1056/NEJMoa1707572
https://doi.org/10.1038/nm1202-799
https://doi.org/10.1001/jama.293.13.1653
https://doi.org/10.1056/NEJMoa035477
https://doi.org/10.1016/S0140-6736(16)00647-4
https://doi.org/10.1182/blood-2014-03-563874
https://doi.org/10.1186/s12950-018-0202-y
https://doi.org/10.1164/rccm.201603-0645oc
https://doi.org/10.1164/rccm.201603-0645oc
https://doi.org/10.1007/s00134-018-5378-3
https://doi.org/10.1136/thoraxjnl-2017-211090
https://doi.org/10.1038/s41401-022-00998-0
https://doi.org/10.1007/s10096-020-04138-6
https://doi.org/10.1186/s13054-021-03499-4
https://doi.org/10.1182/bloodadvances.2020003736
https://doi.org/10.3390/cells10010186
https://doi.org/10.1016/j.ebiom.2021.103378
https://doi.org/10.1016/j.ebiom.2021.103378
https://doi.org/10.1002/14651858.cd004477.pub3
https://doi.org/10.1007/s00134-021-06506-y
https://doi.org/10.1097/SHK.0b013e3181e7e668
https://doi.org/10.1186/s13054-019-2534-2
https://doi.org/10.1186/s13613-019-0575-y
https://doi.org/10.1186/s13613-019-0575-y
https://doi.org/10.1097/01.sla.0000094387.50865.23
https://doi.org/10.1016/j.jcrc.2018.08.018
https://doi.org/10.1097/ccm.0b013e3181feeb15
https://doi.org/10.1097/ccm.0b013e3181feeb15
https://doi.org/10.1186/s13054-017-1745-7
https://doi.org/10.1016/S2213-2600(20)30418-5
https://doi.org/10.1183/13993003.00780-2022
https://doi.org/10.1164/rccm.201301-0136LE
https://doi.org/10.1186/s13287-022-02956-3
https://doi.org/10.1186/s13287-022-02956-3
https://doi.org/10.1186/s13054-019-2369-x
https://doi.org/10.1172/JCI22782
https://doi.org/10.1172/JCI22782
https://doi.org/10.1001/jama.2019.5358
https://doi.org/10.1016/j.cyto.2021.155723
https://doi.org/10.1016/0006-291x(91)91862-7
https://doi.org/10.5761/atcs.oa.10.01555
https://doi.org/10.5761/atcs.oa.10.01555
https://doi.org/10.1097/01.ccm.0000133332.48386.85


Cusack et al. 10.3389/fmed.2023.1203827

Frontiers in Medicine 11 frontiersin.org

 92. Kadoi Y, Hinohara H, Kunimoto F, Saito S, Goto F, Kosaka T, et al. Pilot study of 
the effects of ONO-5046 in patients with acute respiratory distress syndrome. Anesth 
Analg. (2004) 99:872–7. doi: 10.1213/01.ANE.0000129996.22368.85

 93. Miyoshi S, Ito R, Katayama H, Dote K, Aibiki M, Hamada H, et al. Combination 
therapy with sivelestat and recombinant human soluble thrombomodulin for ARDS and 
DIC patients. Drug Des Devel Ther. (2014) 8:1211–9. doi: 10.2147/DDDT.S68030

 94. Ding Q, Wang Y, Yang C, Li X, Yu X. Clinical utility of the Sivelestat for the 
treatment of ALI/ARDS: moving on in the controversy? Intensive Care Res. (2023) 
3:12–7. doi: 10.1007/s44231-022-00012-5

 95. Khan A, Benthin C, Zeno B, Albertson TE, Boyd J, Christie JD, et al. A pilot 
clinical trial of recombinant human angiotensin-converting enzyme 2  in acute 
respiratory distress syndrome. Crit Care. (2017) 21:234–4. doi: 10.1186/
s13054-017-1823-x

 96. Apeiron Biologics. ‘Recombinant Human Angiotensin-Converting Enzyme 2 
(rhACE2) as a Treatment for Patients with COVID-19’, Clinical Trial Registration 
NCT04335136, (2021). Available at: https://clinicaltrials.gov/ct2/show/NCT04335136 
(Accessed August 28, 2022).

 97. Hülsmann S, Khabbazzadeh S, Meissner K, Quintel M. A potential role of the 
renin-angiotensin-system for disturbances of respiratory Chemosensitivity in acute 
respiratory distress syndrome and severe acute respiratory syndrome. Front Physiol. 
(2021) 11:588248. doi: 10.3389/fphys.2020.588248

 98. Hrenak J, Simko F. Renin–angiotensin system: an important player in the 
pathogenesis of acute respiratory distress syndrome. Int J Mol Sci. (2020) 21:8038. doi: 
10.3390/ijms21218038

 99. Waller CF. ‘Imatinib mesylate’, recent results Cancer res. Fortschritte Krebsforsch. 
Progres Dans Rech Sur Cancer. (2010) 184:3–20. doi: 10.1007/978-3-642-01222-8_1

 100. Aman J, van Bezu J, Damanafshan A, Huveneers S, Eringa EC, Vogel SM, et al. 
Effective treatment of edema and endothelial barrier dysfunction with Imatinib. 
Circulation. (2012) 126:2728–38. doi: 10.1161/CIRCULATIONAHA.112.134304

 101. Amado-Azevedo J, van Stalborch AMD, Valent ET, Nawaz K, van Bezu J, Eringa 
EC, et al. Depletion of Arg/Abl2 improves endothelial cell adhesion and prevents 
vascular leak during inflammation. Angiogenesis. (2021) 24:677–93. doi: 10.1007/
s10456-021-09781-x

 102. Letsiou E, Rizzo AN, Sammani S, Naureckas P, Jacobson JR, Garcia JGN, et al. 
Differential and opposing effects of imatinib on LPS- and ventilator-induced lung injury. 
Am J Physiol Lung Cell Mol Physiol. (2015) 308:L259–69. doi: 10.1152/ajplung.00323.2014

 103. Aman J, Duijvelaar E, Botros L, Kianzad A, Schippers JR, Smeele PJ, et al. 
Imatinib in patients with severe COVID-19: a randomised, double-blind, placebo-
controlled, clinical trial. Lancet Respir Med. (2021) 9:957–68. doi: 10.1016/
S2213-2600(21)00237-X

 104. Overbeek MJ, van Nieuw Amerongen GP, Boonstra A, Smit EF, Vonk-
Noordegraaf A. Possible role of imatinib in clinical pulmonary veno-occlusive disease. 
Eur Respir J. (2008) 32:232–5. doi: 10.1183/09031936.00054407

 105. Langberg MK, Berglund-Nord C, Cohn-Cedermark G, Haugnes HS, Tandstad 
T, Langberg CW. Imatinib may reduce chemotherapy-induced pneumonitis. A report 
on four cases from the SWENOTECA. Acta Oncol Stockh Swed. (2018) 57:1401–6. doi: 
10.1080/0284186X.2018.1479072

 106. Carnevale-Schianca F, Gallo S, Rota-Scalabrini D, Sangiolo D, Fizzotti M, 
Caravelli D, et al. Complete resolution of life-threatening bleomycin-induced 
pneumonitis after treatment with imatinib mesylate in a patient with Hodgkin’s 
lymphoma: hope for severe chemotherapy-induced toxicity? J Clin Oncol Off J Am Soc 
Clin Oncol. (2011) 29:e691–3. doi: 10.1200/JCO.2011.35.6733

 107. Zhang D, Qi BY, Zhu W, Huang X, Wang XZ. Crocin alleviates lipopolysaccharide-
induced acute respiratory distress syndrome by protecting against glycocalyx damage 
and suppressing inflammatory signaling pathways. Inflamm Res. (2020) 69:267–78. doi: 
10.1007/s00011-019-01314-z

 108. McAuley DF, Laffey JG, O'Kane CM, Perkins GD, Mullan B, Trinder TJ, et al. 
Simvastatin in the acute respiratory distress syndrome. N Engl J Med. (2014) 
371:1695–703. doi: 10.1056/NEJMoa1403285

 109. National Heart, Lung, and Blood Institute ARDS Clinical Trials NetworkTruwit 
JD, Bernard GR, Steingrub J, Matthay MA, Liu KD, et al. Rosuvastatin for sepsis-
associated acute respiratory distress syndrome. N Engl J Med. (2014) 370:2191–200. doi: 
10.1056/NEJMoa1401520

 110. Calfee CS, Delucchi KL, Sinha P, Matthay MA, Hackett J, Shankar-Hari M, et al. 
Acute respiratory distress syndrome subphenotypes and differential response to 
simvastatin: secondary analysis of a randomised controlled trial. Lancet Respir Med. 
(2018) 6:691–8. doi: 10.1016/S2213-2600(18)30177-2

 111. Bos LDJ, Laffey JG, Ware LB, Heijnen NFL, Sinha P, Patel B, et al. Towards a 
biological definition of ARDS: are treatable traits the solution? Intensive Care Med Exp. 
(2022) 10:8. doi: 10.1186/s40635-022-00435-w

 112. Krenn K, Tretter V, Kraft F, Ullrich R. The renin-angiotensin system as a 
component of biotrauma in acute respiratory distress syndrome. Front Physiol. (2022) 
12:806062. doi: 10.3389/fphys.2021.806062

 113. Batra R, Whalen W, Alvarez-Mulett S, Gomez-Escobar LG, Hoffman KL, 
Simmons W, et al. Multi-omic comparative analysis of COVID-19 and bacterial sepsis-
induced ARDS. PLoS Pathog. (2022) 18:e1010819. doi: 10.1371/journal.ppat.1010819

 114. Sinha P, Delucchi KL, McAuley DF, O’Kane CM, Matthay MA, Calfee CS. 
Development and validation of parsimonious algorithms to classify acute respiratory 
distress syndrome phenotypes: a secondary analysis of randomised controlled trials. 
Lancet Respir Med. (2020) 8:247–57. doi: 10.1016/S2213-2600(19)30369-8

 115. Prescott HC, Calfee CS, Thompson BT, Angus DC, Liu VX. Toward smarter 
lumping and smarter splitting: rethinking strategies for Sepsis and acute respiratory 
distress syndrome clinical trial design. Am J Respir Crit Care Med. (2016) 194:147–55. 
doi: 10.1164/rccm.201512-2544CP

 116. Mehta C, Gao P, Bhatt DL, Harrington RA, Skerjanec S, Ware JH. Optimizing 
trial design: sequential, adaptive, and enrichment strategies. Circulation. (2009) 
119:597–605. doi: 10.1161/CIRCULATIONAHA.108.809707

https://doi.org/10.3389/fmed.2023.1203827
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1213/01.ANE.0000129996.22368.85
https://doi.org/10.2147/DDDT.S68030
https://doi.org/10.1007/s44231-022-00012-5
https://doi.org/10.1186/s13054-017-1823-x
https://doi.org/10.1186/s13054-017-1823-x
https://clinicaltrials.gov/ct2/show/NCT04335136
https://doi.org/10.3389/fphys.2020.588248
https://doi.org/10.3390/ijms21218038
https://doi.org/10.1007/978-3-642-01222-8_1
https://doi.org/10.1161/CIRCULATIONAHA.112.134304
https://doi.org/10.1007/s10456-021-09781-x
https://doi.org/10.1007/s10456-021-09781-x
https://doi.org/10.1152/ajplung.00323.2014
https://doi.org/10.1016/S2213-2600(21)00237-X
https://doi.org/10.1016/S2213-2600(21)00237-X
https://doi.org/10.1183/09031936.00054407
https://doi.org/10.1080/0284186X.2018.1479072
https://doi.org/10.1200/JCO.2011.35.6733
https://doi.org/10.1007/s00011-019-01314-z
https://doi.org/10.1056/NEJMoa1403285
https://doi.org/10.1056/NEJMoa1401520
https://doi.org/10.1016/S2213-2600(18)30177-2
https://doi.org/10.1186/s40635-022-00435-w
https://doi.org/10.3389/fphys.2021.806062
https://doi.org/10.1371/journal.ppat.1010819
https://doi.org/10.1016/S2213-2600(19)30369-8
https://doi.org/10.1164/rccm.201512-2544CP
https://doi.org/10.1161/CIRCULATIONAHA.108.809707

	Endothelial dysfunction triggers acute respiratory distress syndrome in patients with sepsis: a narrative review
	Introduction
	Methods
	Pathophysiology
	Endothelial glycocalyx
	Pulmonary endothelium
	Alveolar glycocalyx
	Endothelial glycocalyx destruction and ARDS
	Disrupted tight junctions
	Angiopoeitin-2
	Intracapillary red cell injury
	Heterogeneity in endothelial dysfunction in patients with ARDS
	COVID-19 and pulmonary endothelium
	Treatments targeting endothelial dysfunction
	Therapies targeting glycocalyx
	Therapies targeting angiopoietin system
	Alternative endothelial targeting therapies

	Future directions
	Conclusion
	Author contributions
	Conflict of interest
	Publisher’s note

	References

