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Abstract: The alveolar-capillary barrier (ACB) is essential to maintain the function of gas exchange. Acute respiratory distress
syndrome (ARDS), is a critical disease characterized by complex etiology and significant clinical heterogeneity. ARDS is patholo-
gically defined by the impairment of ACB integrity, fundamentally driven by maladaptive between alveolar epithelium and pulmonary
endothelium that disrupt their coordinated barrier functions. This article systematically reviews the damage mechanism in ARDS,
aiming to provide novel theoretical basis and research direction for clinical therapy optimization strategies and prognosis evaluation of
ARDS.

Keywords: acute respiratory distress syndrome, alveolar-capillary barrier, alveolar epithelial cells, pulmonary vascular endothelial
cells, mechanism, dysfunction

Acute respiratory distress syndrome (ARDS) is characterized by high morbidity,' high mortality>” and clinical manage-
ment complexity, threatening human health and life. Injury of the alveolar-capillary barrier (ACB) is the core patholo-
gical hallmark of ARDS, affecting the entire course of disease development and progression.* ARDS has a significant
clinical heterogeneity with multiple pathogeneses, including viral pneumonia, sepsis-induced systemic inflammation, and
severe infection by COVID-19.° ARDS is classified into different subphenotypes: hyperinflammatory and low-
inflammatory, direct injury and indirect injury.®” The direct pulmonary insults predominantly target alveolar epithelial
integrity, whereas indirect injury mechanisms primarily involve endothelial dysfunction within the pulmonary vascula-
ture. The cellular injury converge to disrupt the structural and functional integrity of the pulmonary epithelial and
vascular endothelial barriers, pivotal to gas exchange and vascular homeostasis, which finally causes edema and cascade
reaction of pulmonary inflammation, promoting progression of ARDS. At present, supportive therapies are the main
therapeutic approaches for ARDS, which is difficult to clinical management and associated with risk of complications.®
This article provides a systematic synthesis of the pathogenic role of ACB damage in ARDS, elucidating its multifaceted
contributions to disease pathophysiology (Figure 1). A conceptual framework was established for developing targeted
therapeutic interventions and refining prognostic biomarkers to enhance risk stratification and personalized management

paradigms.

Alveolar-Capillary Barrier in ARDS

Alveolar-capillary barrier (ACB), air-blood barrier, is the central structure ensuring gas exchange efficiency in the lungs,
with important functions of restricting the entry of liquids and macromolecules into the alveolar cavity.” ACB consists of
multiple layers, including alveolar liquid layer, alveolar epithelial cells (AEC), pulmonary capillary endothelial cells
(EC) and basement membrane between AECs and ECs. The AECs and pulmonary vascular ECs are the kernel structures
of ACB. Under normal conditions, highly efficient gas exchange interfaces are formed through tight connections with
alveolar and adjacent capillaries, enabling oxygen-carbon dioxide diffusion in the alveolar cavity and capillary blood. In
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Figure | Schematic diagram of alveolar-capillary barrier disruption mechanisms in ARDS. The alveolar-capillary barrier is composed of alveolar epithelial cells (type | and
type Il) and pulmonary vascular endothelial cells, connected by tight junctions and adherens junctions. Under physiological conditions (upper left panel), alveolar epithelial
tight junctions contain occludin, claudin 3/4, and ZO-1, while vascular endothelial junctions are maintained by VE-cadherin, occludin, claudins, and VE-PTP/Tie2 signaling
(lower left panel). Type Il alveolar epithelial cells produce surfactant and express protective molecules including HO-1 and NQOI via NRF2 signaling. Under pathological
conditions in ARDS (right panel), multiple insults converge to disrupt barrier integrity: (I) Direct injury from SARS-CoV-2 induces epithelial necrosis and inflammatory
responses; (2) Oxidative stress and mitochondrial dysfunction in type Il cells generate ROS, activating STAT6 and NF-kB pathways with subsequent release of IL-6 and IL-18;
(3) Endothelial cells subjected to dysregulated shear stress and inflammatory mediators undergo junctional disassembly, with release of VWF, TF, and uPA; (4) Erythrocytes
extravasation and iron accumulation via SLC7AI | further exacerbate oxidative damage. These coordinated disruptions of both epithelial and endothelial compartments lead
to alveolar-capillary barrier failure, the hallmark of ARDS pathogenesis.

addition, the selective permeability of ACB plays a key role in maintaining alveolar fluid balance and lung immune
homeostasis.

Respiratory viral infections cause extensive cell death in the lung epithelium and result from both direct viral action
and exuberant immune response. Lytic bacteriophages induce the secretion of antiviral and proinflammatory cytokines
from respiratory epithelial cells. Direct pulmonary insults, such as severe pneumonia (bacterial, viral, including SARS-
CoV-2), aspiration of gastric contents, inhalation injury, and pulmonary contusion, initially target the alveolar epithelial
layer. In these settings, pathogens or toxic substances directly damage type I and type II AECs, disrupting tight junctions,
reducing surfactant production, and denuding the epithelial basement membrane. Indirect pulmonary insults, including

1214 and massive

sepsis,'” severe pancreatitis,'' major trauma (such as acute brain injury and traumatic thoracic injury),
transfusion,'® primarily affect the pulmonary vascular endothelium through circulating inflammatory mediators.
Pathogens or damage-associated molecular patterns (DAMPs) in the bloodstream activate endothelial cells via pattern
recognition receptors, inducing adhesion molecule expression, junctional disruption, and glycocalyx shedding.

While the initial insult may preferentially target either the epithelial cells or endothelial cells, damage to both cellular
compartments ultimately occurs as inflammation propagates across the barrier. Whether epithelial-first in direct injury or
endothelial-first in indirect injury is a key trigger for ACB dysfunction. This damage triggers a series of pathophysio-

logical changes, including diminished gas exchange efficiency, heightened vascular permeability leading to fluid leakage,
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and impaired lung liquid clearance, which further induce pulmonary edema and respiratory failure, and develop into
ARDS. Consequently, preserving the structural and functional integrity of ACB is indispensable for pulmonary
physiological competence and pathogenesis.

Barrier Integrity Disorder

Intercellular Junction Disruption

It is key to maintain the normal junction and adhere intercellular to adjust function stability of ACB. Synergistic effect of
vascular endothelial cadherin (VE-cadherin) and tyrosine kinase receptor Tie2 maintains complete structure of pulmon-
ary endothelial barrier. In the progress, VE-cadherin can stabilize the intercellular junction by forming homodimers.'®

17,18 \which is

Tie2 can adjust the function of pulmonary endothelial barrier via combination with angiopoietin (Ang),
regulated by vascular endothelial protein tyrosine phosphatase (VE-PTP). VE-PTP binds tightly to Tie2 and regulates its
signaling, thereby maintaining the stability of the pulmonary endothelial barrier. The structural stability of the pulmonary
vascular endothelial barrier is partially regulated by the endothelial glycocalyx layer, and significant endothelial
glycocalyx shedding is found in ARDS caused by influenza syndrome.'® Preserving the structural integrity of the
vascular endothelial glycocalyx layer has been shown to reduce microvascular leakage and alleviate experimentally
induced acute pulmonary damage in rats.*°

The key to maintain integrity of alveolar epithelial barrier is cooperation of E-cadherin and tight junction (TJ),
including Occludin, zonula occludens-1 (ZO-1) and claudin proteins.”'** Abnormal expression and function of these
proteins destroy the junctions inter AECs and enhance the paracellular transport, which is a critical pathogenesis of
ARDS. Analogous to vascular endothelium, the glycocalyx lining epithelial surfaces exert an integral regulatory function
in preserving barrier integrity across alveolar epithelial compartments. Studies have found that the alveolar epithelial
glycocalyx detachment in ARDS can aggravate the destruction and decrease of Occludin, Claudin-4 and ZO-1, further
increasing the epithelial permeability.”® It has significant protective effect on integrity of alveolar epithelial barrier to
regulate the expression of Occludin, Claudin3/4 and E-cadherin.”*?® Pharmacological modulation of these junctional
complexes demonstrates therapeutic potential for controlling paracellular permeability and mitigating ARDS progression.

Mechanical Stress Damage

Hemodynamic disturbances characterized by dysregulated shear stress variations play a pivotal role in endothelial
pathophysiological mechanisms during ARDS progression. Under homeostatic hemodynamic conditions, adaptive
shear stress can improve the release of NO from endothelial cells, maintain vasodilation and inhibit inflammatory.
However, lower flow shear stress is found in ARDS due to impaired pulmonary vascular function and blocked venous
return, leading to endothelial dysfunction, reduced NO release, enhanced inflammatory response and increased endothe-
lial permeability. Endothelial cell barrier function weakened under blood flow disturbance environment, resulting in large
amount of albumin and low-density lipoprotein leakage.”’”*® In contrast, high shear stress can promote VE-PTP
polarization, modulate Tie2 signaling, enhance endothelial barrier function, and reduce vascular leakage.”” Change of
flow shear stress has effects of amplifying signal in vascular endothelial injury of ARDS through interaction between
mechanical signal transduction and molecular pathway. Therefore, there may be critical potential in monitoring dynamic
changes of shear stress in progress of ARDS, and exploring therapeutic strategies that target relevant signaling pathways.

Endothelial-Epithelial Crosstalk in Alveolar-Capillary Barrier Dysfunction
The alveolar-capillary barrier is not a structural assembly of epithelial and endothelial layers but a dynamic functional
unit maintained by bidirectional communication between these two cell types. In ARDS, disruption of this intercellular
crosstalk exacerbates barrier injury and perpetuates disease progression through multiple interconnected mechanisms
(Figure 2).

Epithelial cells actively regulate endothelial function through secret factors. Alveolar epithelial cells produce vascular
endothelial growth factor (VEGF), a key signaling molecule that promotes endothelial cell survival, proliferation, and
vascular branching,*® thereby maintaining microvascular integrity adjacent to the alveolar epithelial cells. Epithelial-
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Figure 2 Etiology-specific patterns of alveolar-capillary barrier injury in ARDS. Schematic comparing direct versus indirect pulmonary insults. Left (Direct injury): Pulmonary
pathogens/toxins (pneumonia, aspiration) initially target alveolar epithelial cells (AECs), disrupting tight junctions and inducing cell death. Inflammation propagates across the
basement membrane to activate endothelial cells—an “outside-in” pattern. Right (Indirect injury): Circulating mediators (sepsis, pancreatitis) primarily activate endothelial
cells, causing glycocalyx shedding, adhesion molecule upregulation, and junctional destabilization. Secondary signals involve alveolar epithelium—an “inside-out” pattern.
Bottom: Both pathways converge on alveolar edema, hyaline membrane formation, and impaired gas exchange.

secreted angiopoietin-1 (Ang-1) binds to Tie-2 receptor on endothelial cells and regulated their growth.*' Ang-1
deficiency may reduce vascular endothelial cell signaling to alveolar epithelial cells.** Under pathological conditions,
the secretome of epithelial cells exposed to cigarette smoke significantly enhances inflammation level, apoptosis and
permeability of microvascular endothelial cells.*

Conversely, endothelial cells modulate epithelial behavior through paracrine signals. Vascular endothelial cells secrete
angiocrine factors through paracrine, and interact with adjacent epithelial cells to form vascular microenvironment and
regulate lung regeneration and fibrosis.***> Following repeated alveolar injury, dysregulated repair processes lead to
pulmonary fibrosis, which induces endothelial cell reprogramming and increased vascular permeability. This fibrotic
endothelial phenotype in turn exacerbates epithelial injury and inflammation, establishing a vicious cycle of tissue
damage and aberrant repair.

Beyond separate signaling axes, both cell types engage in extensive reciprocal communication through shared
mediators. Epithelial cells and endothelial cells secrete multiple cytokines, chemokines, growth factors, and lipid
mediators, and regulate the proliferation, apoptosis, permeability, and inflammatory response of each other through
paracrine signaling. In ARDS, inflammatory stimulation leads to an imbalance in this bidirectional paracrine network,
forming an “inflammation amplification cycle” that intensifies barrier damage. It highlights the need for therapeutic
strategies that target both cellular compartments simultaneously.

Inflammation Storms and Immune Disorder

Partial and systematic inflammatory is a core pathogenesis of ARDS. Multiple pathogenic factors can induce excessive
inflammatory response, leading to ACB damage and increased permeability, promoting inflammatory mediator extra-
vasation, and then amplifying pro-inflammatory signals, aggravating pulmonary inflammatory damage, forming a vicious
cycle of injury and inflammation mutually promoting, promoting ARDS disease progression.
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In the early stage, inflammatory mediator extravasation caused by ACB damage promotes neutrophils to release many
harmful mediators. DAMPs stimulate the formation of neutrophil extracellular traps (NETs) that can amplify inflamma-
tory signals, promote macrophage polarize to the M1 phenotype,*® induce inflammasome activation and pyroptosis,*’
promote platelet aggregation and thrombosis formation.® Toxic components like histone proteins of NETs would damage
epithelial and endothelial cells.*® All above can aggravate lung tissue damage and block gas exchange.

Neutrophils are recruited mainly by alveolar macrophages (AMs), which perceive injury signals through pattern
recognition receptors and present spatiotemporal-dependent phenotypic shifts. Different polarization phenotypes have
different regulatory effects on inflammation in ARDS. M1 macrophages release pro-inflammatory factors and neutrophil
chemoattractants (like IL-1p, IL-6 and TNF-a), resulting in progressive inflammation and lung injury. When converting
to M2 anti-inflammatory phenotypes, anti-inflammatory factors are produced, which can remit the inflammatory cascade
in ARDS and promote alveolar proliferation.

In ARDS, multiple signaling pathways are key to regulating the inflammatory response, such as nuclear transcription
factor-kB (NF-kB), mitogen-activated protein kinase (MAPK), toll-like receptor (TLR4) and NLR family pyrin domain
containing 3 (NLRP3).**** Rational regulation of these signals could alleviate alveolar epithelial injury and relieve
ARDS. In the pathophysiological microenvironment of inflammation, activated NF-kB drives the coordinated upregula-
tion of inflammatory mediators, chemokines and adhesion factors at both transcription and translation levels, thereby
amplifying the inflammatory cascade. MAPK pathway (comprising ERK, JNK, and p38) affects alveolar epithelial cell
damage by integrating inflammatory signals. For instance, influenza A virus (IAV) infection can promote p38 phosphor-
ylation and inhibit ERK phosphorylation, to intensify the release of inflammatory mediators and ARDS progression.**
Studies indicate that synergistic inhibition of NF-kB/ERK/p38 signal pathway activation effectively attenuates patholo-
gical disruption of the alveolar epithelial barrier.** In addition, active TLR4/MyDS88 signaling axis triggers pyroptosis
induced by NLRP3/Caspase-1 pathway and aggravated epithelial injury, suggesting potential therapeutic targets for
pulmonary inflammatory injury.*>*¢

Pulmonary vascular endothelial damage is associated with inflammation in ARDS. Pathogens, inhalation injuries,
ischemia reperfusion and other factors stimulate pulmonary vascular endothelial cells, which become activated by
inflammatory signals (such as TNF-a, IL-13 and IL-6) and transition to pro-inflammatory, pro-coagulant and oxidative
stress-enhanced phenotypes.*”*® Active endothelial cells increase the expression of angiopoietin-2 (Ang-2) and adhesion
molecules (such as IVAM-1 and VCAM-1), contributing to leukocyte recruitment and pulmonary microvascular
inflammatory infiltration. Severe pulmonary inflammation induces endothelial homeostasis disruption, inflammatory
mediator infiltration and pro-inflammatory factors production, while concurrently stimulating endothelial cell apoptosis.
Progressive disintegration of barrier architecture destabilizes the endothelial barrier, thereby exacerbating ARDS

progression toward irreversibility.

Oxidative Stress and Mitochondrial Dysfunction
ARDS-related pathologic factors induce massive production of reactive oxygen species (ROS) and dysregulation of
redox-sensitive signaling cascades. ROS stimulates ECs to overexpress adhesion factors and pro-inflammatory factors,
which compromises vascular integrity. During the early phase, the cytoprotective Nrf2-ARE axis undergoes activation, in
which Nrf2 nuclear translocation regulates the transcription and translation of antioxidant-enzyme genes (such as
superoxide dismutase and heme oxygenase 1). This mechanism clears ROS to preserve endothelial barrier homeostasis.*’
Excess ROS accumulation induces mitochondrial dysfunction and triggers mitochondria-mediated apoptosis in
alveolar epithelial cell type II (AEC II). AEC II apoptosis initiates intercellular junctional widening that destabilizes
epithelial barrier integrity, concomitantly suppressing both biosynthetic pathways and regulated secretory mechanisms
essential for pulmonary surfactant homeostasis. Dutra et al’® identified mitochondrial dysfunction as a central pathogenic
mechanism of ARDS. Notably, extracellular vesicles (EVs) derived from mesenchymal stromal cells (MSCs) signifi-
cantly relieve alveolar epithelial barrier injury through attenuating mitochondrial dysfunction and restoring mitochondrial
respiration function, suggesting that ROS reduction through enhanced antioxidant capacity represents a viable therapeutic
strategy for ARDS-associated lung injury.

Journal of Inflammation Research 2026:19 hetps: 5



Shi et al

Mitochondrial dysfunction in AECs and vascular ECs triggers aberrant mitochondrial DNA (mtDNA) release, a key
contributor to ARDS progression. Studies reveal that LPS binds to TLR4 in sepsis-induced ARDS, activating AMs to
trigger mitochondrial oxidative stress and DNA damage, which induces pathological mtDNA release. This liberated
mtDNA initiates a cascade inflammatory responses, damaging both alveoli and capillaries again, establishing an
oxidative stress-injury-inflammation cycle.”’

In conclusion, anti-oxidative agents mitigate oxidative damage by inhibiting ROS signal transduction and restoring
mitochondrial function, emerging as promising therapeutic strategies for ARDS. Targeting Nrf2/ARE signal pathway to
enhance antioxidative defence, exogenous intervention to repair mitochondrial function, and targeting TLR4 to inhibit
mtDNA release represents novel research approaches for future clinical therapy.

Multiple Cell Death Patterns
In ARDS, death of AECs and vascular ECs is the primary pathological characteristic of ACB injury. This progress
involves multiple patterns including apoptosis, necroptosis, ferroptosis, pyroptosis and others. Different cell death
mechanisms differentially govern inflammatory cascade progression and ACB injury patterns across ARDS subpheno-
types. Apoptosis is a classical form of AECs death in ARDS. Apoptosis does not trigger significant inflammatory
responses, while the accumulation of apoptotic cells damages the integrity of the epithelial barrier, exacerbating lung
injury in ARDS. In endothelial cells, the caspase-dependent apoptosis pathway and iNOS/NADPH oxidase-dependent
signaling are critical regulators of apoptosis.’® Necroptosis is usually accompanied by the release of inflammatory
factors, amplifying local inflammatory response and tissue damage. During the exudative phase of ARDS, necroptosis of
epithelial cells is particularly prominent. Studies confirmed that inhibition of necroptosis induced by SARS-Cov-2 in the
alveolar epithelial cell effectively alleviates the inflammatory responses, attenuates lung damage, and boosts survival
rates in mice.>

Ferroptosis constitutes a metabolically driven necrotic death modality, mechanistically driven by intracellular iron
accumulation and lipid peroxides. Emerging evidences reveal the role of ferroptosis in ARDS. Yang et al** reported that
signal transducer and activators of transduction 6 (STAT6) is a key regulator for ferroptosis. STAT6 can suppress p53
acetylation and restore the transcription and expression of solute carrier family 7 member 11 (SLC7A11) through
competitive binding with CREB-binding protein (CBP), thereby inhibiting ferroptosis in AECs and keeping their
homeostasis in acute lung injury. In addition, a drug screening study for ARDS revealed that dipyridamole significantly
suppressed ferroptosis in alveolar epithelial cells in different ARDS models by modulating SOD1/CREB1/HO1 signaling
axis.”> Furthermore, within cytokine storm microenvironments, the expression of lipid peroxidation markers in pulmon-
ary vascular endothelial cells is markedly elevated, confirming ferroptosis during endothelial barrier disintegration.’®

Pyroptosis mediated by Gasdermin family proteins is inflammation-dependent. Modulating caspase-3/Gasdermin
E pathway can significantly inhibit alveolar epithelial cell pyroptosis induced by HINI and relieve lung injury.’’
Similarly, preventing endothelial cell pyroptosis to maintain endothelial cell integrity presents a considerable efficacy
in ARDS therapy. Bypass pathway delivers the mtDNA from abnormal release to endothelial cells, activating NLRP3
inflammasome and triggering pyroptosis mediated by Gasdermin D.’® Notably, endothelial cell pyroptosis mediated by
caspase-11 is a prominent symbol for pulmonary endothelial barrier dysfunction, which may be a promising therapeutic
target.’ ? Additionally, released inflammatory mediators (such as IL-1P and IL-18) during pyroptosis promote vascular
leakage by neutrophil recruitment through positive feedback mechanisms,*® and establish a vicious circle “inflammation-

barrier damage”.

Clinical Transformation and Therapeutic Strategies

Mechanism Limitation of Current Therapies

Conventional therapeutic approaches for ARDS remain limited by pathological mechanisms. The therapeutic landscape
for ARDS has undergone a paradigm shift, transitioning from supportive care to precision, such as targeted biologics and
cellular resuscitation strategies (Figure 3).
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Figure 3 Dual effects of therapeutic interventions on alveolar-capillary barrier dynamics. Comparison of benefits and risks of lung-protective ventilation and glucocorticoids.
Lung-protective ventilation (left) improves gas exchange, reduces driving pressure and increases conspiratory rate. However, dead space fraction increases; inappropriately
set PEEP elevates pulmonary vascular resistance, risking right heart dysfunction in non-recruitable patients. Glucocorticoids (right) increased ventilator-free days and
reduced 60-day mortality; suppress NF-kB and inhibits inflammatory response. However, high-dose early regimens increase infection risk/mortality; dexamethasone AEs
(adverse events) include hyperglycemia (76%), infections (24%), barotrauma (10%).

Lung-Protective Ventilation Strategies
Low tidal volume (6 mL/kg) ventilation (LTVV) reduces mechanical injury but does not reverse the barrier damage that
already occurred.®' Overall mortality in patients with ARDS remains as high as 30-40% despite even lung-protective
ventilation strategies. Under protective ventilation strategies, lung hyperinflation may still occur even if Pplat <30 cm H,
O. Furthermore, inappropriately set PEEP can induce pulmonary vascular resistance, raising the risk of right heart
dysfunction particularly in volume-depleted non-recruitment patients.®

Clinical studies have demonstrated the physiological benefits of LTVV. In a randomized controlled trial,*® the
physiological changes in ARDS patients were observed after 24 h of TLVV. Significantly increased PaO,/FiO,
(A26 mm Hg, P < 0.05) and pH (A0.06, P < 0.05) confirm improved gas exchange. The decrease in driving pressure
(Al cm H,0, P < 0.05), increase in respiratory rate (A6 cycles/min, P < 0.05), total minute ventilation (A2.44 L/min, P <
0.05), respiratory system compliance (A3.56 mL/cm H,0, P < 0.05), and estimating dead space fraction (A0.11, P <
0.05) indicate the success of lung protection strategies. Teng et al® reported that after 72 h of LTVV, ARDS patients
showed a marked increase in oxygenation index (PaO,/FiO, A36.5 mm Hg, P < 0.001) and partial pressure of oxygen
(PaO,, A13.6 mm Hg, P < 0.01).

Glucocorticoids

Glucocorticoids suppress inflammatory responses by inhibiting NF-kB signaling, though their efficacy in ARDS remains
controversial. In rapid progression of ARDS, high-dose and short-course regimens (eg, prednisolone 20mg/kg intrave-
nous infusion over 24-48h or equivalent dexamethasone pulse therapy) are applied, which indicate uncontrolled
progression of ARDS and adverse events such as increased infection risk and mortality, stress ulcer and others.®> In
contrast, several clinical randomized cohort studies reported that low-dose glucocorticoid application significantly
decreased mortality, improved hypoxemia and lung compliance, shortened vasoactive drug administration without
increasing infection complications.®*** A multicenter randomized controlled trial further substantiated these findings
by comparing dexamethasone with placebo in ARDS patients.”” Patients receiving dexamethasone had a significantly
higher mean number of ventilator-free days (95% CI 2.57-7.03, P < 0.0001) and lower mortality (21%, P < 0.001) at 60
days than patients in the control group. However, dexamethasone-treated patients experienced a higher incidence of
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Table | Novel and Potential Therapies for the Treatment of ARDS and Targeted Mechanisms

Therapeutic
Strategies

Targeting Agents

Mechanisms/Effects

Barrier repairment

Anti-inflammation and

immune regulation

Antioxidant &
mitochondrial

protection

Mesenchymal stromal cells
(MSCs)

Fibroblast growth factor
(FGF10)

IL-6 receptor antagonist
(tocilizumab)
NETs inhibitors (DNase I)

N-acetylcysteine (NAC)

Mitochondrial targeted
antioxidant (SS-31)

Alleviating acute lung injury through homing, differentiation, immune and inflammatory
regulation, and release of exosomes; IL-6 and IL-8 levels |, lung injury score 1;”'
claudin-4 1 and maintenance of epithelial barrier’>

Activating the receptor FGFR2, and driving ACE proliferation and promoting alveolar
epithelial repair;”® preventing alveolar epithelial barrier disruption and inflammatory
iniury74

Blocking IL-6 signaling and decreased 28-day mortality in COVID-19 related ARDS”®

Targeting NETs by degrading extracellular DNA and reducing pulmonary edema;
reducing alveolar leakage and suppressing pneumonia in sepsis-induced ARDS”®
Eliminating phlegm and relieving acetaminophen poisoning; effective in patients with
high oxidative stress, no effect on improved overall survival’’

Modulating mitochondrial function and MAPK signaling pathway; alleviating pneumonia

by reducing mitochondrial dysfunction and lung injury;’® to be clinical validated

adverse events, including hyperglycemia (76%), infections (24%), barotrauma (10%). These findings underscore the
critical importance of strict patient stratification and dose optimization in glucocorticoid therapy for ARDS.

Novel Therapies Targeting Mechanisms

Important advances have been made in therapeutic strategies targeting alveolar-capillary barrier injury, including barrier
repairment, anti-inflammation and immune regulation, antioxidant and mitochondrial protection. These strategies provide
new directions for the treatment of acute respiratory stress syndrome by reducing lung injury, inhibiting inflammatory
response and improving alveolar epithelial function through different mechanisms (Table 1).

Conclusion

Central pathological mechanism of ARDS is ACB damage, involving barrier structure disruption, mechanical stress
imbalance, inflammatory storm, oxidative stress and multi-modal cell death. The clinical heterogeneity of ARDS arises
from direct injury primarily targeting the alveolar epithelium and indirect injury affecting vascular endothelial cells.
Furthermore, bidirectional crosstalk between epithelial cells and endothelial cells creates an inflammation amplification
cycle that indicates barrier dysfunction. Traditional supportive therapies cannot reverse the disruption of barrier structure
and function, though able to alleviate partial symptoms of ARDS. Lung-protective ventilation improves oxygenation and
mechanics but may increase dead space fraction; glucocorticoids suppress inflammation, while their efficacy depends
critically on timing and dosage. This clinical limitation suggests the necessity for targeted intervention of pathological
mechanisms. At present, targeted intervention strategies have made some progress, including barrier repairing by MSCs
and exosomes, regulating ferroptosis and pyroptosis and others, showing significant clinical transformation potential.
Nevertheless, there is difficulty of study on clinical heterogeneity and spatiotemporal dynamics of ARDS. It can focus on
different mechanisms of ACB damage, integrate multi-component data to construct ARDS molecular type system;
optimize treatment scheme, explore synergistic effects of anti-inflammatory, antioxidant and barrier repair, and joint
intervention strategies; construct typing system based on biomarkers, and promote individualized medication. It is
promising to break through the current treatment dilemma and realize ARDS precision treatment by multidisciplinary
intersection and basic-clinical deep docking.
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