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Abstract

Background Acute respiratory distress syndrome (ARDS) remains a life-threatening pulmonary condition with
persistently high mortality rates despite significant advancements in supportive care. Its complex pathophysiology
involves an intricate interplay of molecular and cellular processes, including cytokine storms, oxidative stress,
programmed cell death, and disruption of the alveolar-capillary barrier. These mechanisms drive localized lung injury
and contribute to systemic inflammatory response syndrome and multiple organ dysfunction syndrome. Unlike prior
reviews that primarily focus on isolated mechanisms, this narrative review synthesizes the key pathophysiological
processes of ARDS across molecular, cellular, tissue, and organ levels.

Main body By integrating classical theories with recent research advancements, we provide a comprehensive
analysis of how inflammatory mediators, metabolic reprogramming, oxidative stress, and immune dysregulation
synergistically drive ARDS onset and progression. Furthermore, we critically evaluate current evidence-based
therapeutic strategies, such as lung-protective ventilation and prone positioning, while exploring innovative
therapies, including stem cell therapy, gene therapy, and immunotherapy. We emphasize the significance of ARDS
subtypes and their inherent heterogeneity in guiding the development of personalized treatment strategies.

Conclusions This narrative review provides fresh perspectives for future research, ultimately enhancing patient
outcomes and optimizing management approaches in ARDS.
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Background

Acute respiratory distress syndrome (ARDS) is a criti-
cal, life-threatening acute lung injury characterized by
non-cardiogenic pulmonary edema and profound hypox-
emia, frequently linked to severe infections, trauma, and
systemic inflammatory responses [1, 2]. Since its initial
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description in 1967 [3], the definition and diagnostic
criteria of ARDS have undergone multiple refinements
[4, 5]. Despite these advances, ARDS remains a notable
global health challenge, attributable to its persistently
high incidence and mortality rates [6].

Supportive interventions, such as lung-protective ven-
tilation strategies and extracorporeal membrane oxy-
genation (ECMO), have led to modest improvements in
patient outcomes; however, effective targeted therapies
remain elusive, with mortality rates persistently ranging
from 30 to 40% [6, 7]. The pathogenesis of ARDS is highly
complex, with dysregulated inflammation and epithelial
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barrier dysfunction at the core of its pathology [1, 7].
Therefore, a thorough and systematic examination of the
pathophysiological mechanisms underlying ARDS is
crucial for enhancing clinical outcomes. Given the mul-
tifaceted nature of ARDS, a comprehensive analysis span-
ning multiple biological levels is essential for therapeutic
advancements.

Unlike previous reviews that primarily address iso-
lated mechanisms, such as inflammation or oxidative
stress, this narrative review adopts a multidimensional
approach to analyze the key pathophysiological processes
of ARDS from molecular to organ levels. By conducting a
nonsystematic literature review, we integrate established
theories with cutting-edge research to present a broader
perspective on the dynamic heterogeneity and complex-
ity of ARDS.

This review examines inflammatory markers, meta-
bolic reprogramming, oxidative stress, and immune
dysregulation, highlighting how these molecular and cel-
lular processes converge to drive organ-level effects. It
further elucidates how these interconnected pathways
contribute to the onset, progression, and organ dysfunc-
tion associated with ARDS through intricate signaling
networks. By advancing beyond traditional single-layer
research frameworks, this review emphasizes the inter-
play between molecular mechanisms and organ-level
pathophysiological changes, offering a theoretical basis
for the future development of personalized therapeutic
strategies.

Molecular Battle: cytokines, oxidative stress, and
cell death
Cytokine storm: a surge of cytokines and chemokines
A cytokine storm denotes a hyperactive immune
response triggered by infection or injury, resulting in
the rapid and excessive release of cytokines and chemo-
kines [8]. This phenomenon is particularly pronounced in
ARDS, where it plays a central role in driving lung injury
and dysfunction [9, 10]. The cytokine storm is charac-
terized by the release of numerous pro-inflammatory
cytokines, including tumor necrosis factor-a (TNF-a),
Interleukin-1p (IL-1P), and IL-6 [8]. These cytokines
activate signaling pathways such as nuclear factor-xB
(NF-xB) [11] and signal transducer and activator of tran-
scription 3 (STAT3) [12], increasing vascular permeabil-
ity, disrupting the alveolar-capillary barrier, and resulting
in pulmonary edema and severe hypoxemia [9].
Chemokines are small signaling proteins that act
through G-protein-coupled receptors on cell surfaces,
attracting neutrophils and monocytes to the inflamma-
tion site and amplifying the inflammatory response [13].
As these immune cells accumulate in the lungs, they
release additional inflammatory mediators and reactive
oxygen species (ROS) [14], further exacerbating lung

Page 2 of 13

tissue damage and vascular permeability. This cascading
effect induces localized lung injury and has the poten-
tial to trigger systemic inflammatory response syndrome
(SIRS), which may progress to multiple organ dysfunc-
tion syndrome (MODS), significantly elevating the mor-
tality rate in patients with ARDS.

Oxidative stress: ROS and reactive Nitrogen species (RNS),
the Invisible killers

Oxidative stress describes the damage inflicted on tissues
and cells resulting from an imbalance between oxidant
production and the body’s antioxidant defenses [15]. ROS
encompass superoxide anion (O27), hydrogen peroxide
(H,0,), and hydroxyl radicals (¢OH) [16], whereas reac-
tive nitrogen species (RNS) primarily consist of nitric
oxide (NO) and peroxynitrite (ONOO-) [17]. In ARDS,
the excessive release of ROS and RNS induces oxidative
damage to cell membranes and proteins, compromising
cellular function and integrity, which results in endothe-
lial and epithelial barrier dysfunction, heightened vascu-
lar permeability, and, ultimately, pulmonary edema [18].

Furthermore, ROS activate signaling pathways like
NF-xB and mitogen-activated protein kinase (MAPK),
exacerbating inflammation and tissue damage [19]. Pre-
clinical studies using murine models indicate that inhib-
iting ROS cascades reduces pro-inflammatory cytokine
production, mitigates lung injury, and improves survival
outcomes [20, 21]. However, multiple clinical studies
have demonstrated that antioxidants, including N-acetyl-
cysteine and vitamin C, do not cause significant improve-
ments in the prognosis of patients with ARDS [22, 23].
For instance, although vitamin C has been extensively
studied for its antioxidant properties, randomized con-
trolled trials (RCTs) have not demonstrated significant
clinical efficacy [22].

This lack of efficacy may be attributed to the complexity
of oxidative stress mechanisms, which involve not only
excessive ROS generation but also the intricate interplay
of downstream signaling pathways with inflammation,
apoptosis, and other pathological processes [15]. Current
evidence suggests that single-agent antioxidant therapies
are insufficient to address the multifaceted pathologi-
cal processes of ARDS. Future research should priori-
tize multi-targeted or combination strategies to leverage
advances in drug delivery technologies and improve clin-
ical outcomes.

Stage of cell death: the conspiracy of apoptosis, necrosis,
and Pyroptosis

Cell death is pivotal in the progression of ARDS, pri-
marily mediated through apoptosis, necrosis, and
pyroptosis [1]. Apoptosis, a tightly regulated form of
programmed cell death, is essential for eliminating dam-
aged or infected cells, thereby preventing the spread of
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inflammation; however, excessive apoptosis can impair
the lung’s reparative capacity [24]. In contrast, necrosis
is a non-programmed form of cell death, characterized
by the release of cellular contents that further stimulate
immune responses, thereby exacerbating inflammation
and tissue damage [24, 25].

Pyroptosis, an inflammatory form of programmed cell
death, directly damages lung tissue and amplifies the
inflammatory response by releasing large amounts of
pro-inflammatory mediators [25]. Animal research indi-
cates that the stimulator of interferon genes (STING)
agonist diamidobenzimidazole (diABZI) can significantly
exacerbate the pathological progression of ARDS by
inducing PANoptosis, a synergistic cell death mechanism
integrating apoptosis, necrosis, and pyroptosis [26]. The
interplay among these cell death mechanisms intensifies
lung injury, profoundly influencing the course and prog-
nosis of ARDS.

Cellular War: endothelial and epithelial cells under

siege

Endothelial cell disruption: Breakdown of the permeability
barrier

Endothelial cells (ECs) form the fundamental architecture
of the vascular lining, playing a vital role in maintaining
blood vessel integrity and permeability [27]. The exten-
sive network of ECs in the lungs forms an essential inter-
face that supports the complex process of gas exchange
and ensures the efficient delivery of oxygen throughout
the body [28]. In ARDS, EC injury and dysfunction are
crucial in compromising the alveolar-capillary barrier,
resulting in severe pathological consequences [1, 7].

ECs may undergo an endothelial-to-mesenchymal
transition, a process during which they lose their endo-
thelial identity and acquire mesenchymal traits, leading
to increased vascular reactivity, decreased permeabil-
ity, and promoted fibrosis [27]. Furthermore, oxidative
stress, combined with immune cell attacks, can induce
apoptosis and necrosis in ECs, further increasing vascu-
lar permeability. This cascade results in the leakage of
plasma proteins and fluids, ultimately manifesting as pul-
monary edema, a condition that exacerbates lung inflam-
mation and tissue damage by facilitating the migration
of inflammatory cells and the release of inflammatory
mediators [7, 29, 30]. Clinical observational study has
identified elevated circulating EC counts in patients with
moderate-to-severe ARDS, correlating strongly with dis-
ease severity and poor clinical prognosis [29]. Restoring
mitochondrial function and reinforcing barrier integrity
in ECs are emerging as promising therapeutic strategies
to combat ARDS [31].
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Struggle of epithelial cells: the fall of the alveolar barrier
Epithelial cells are indispensable components of the
alveolar walls, forming a delicate air-blood barrier essen-
tial for maintaining alveolar integrity, regulating gas
exchange, and defending against external pathogens [32,
33]. Type I alveolar epithelial cells (AEC-I) cover approxi-
mately 95% of the alveolar surface, serving a primary role
in gas exchange. These cells are connected to adjacent
cells via tight and adherens junctions, forming a continu-
ous and effective barrier [33]. Type II alveolar epithelial
cells (AEC-II) secrete surfactant to reduce alveolar sur-
face tension and possess stem cell properties, enabling
them to differentiate into AEC-I, thus contributing to
alveolar repair and lung regeneration [33-35].

Oxidative stress and cytokine storms induce apopto-
sis and necrosis in epithelial cells, compromising barrier
function and resulting in fluid accumulation within the
alveoli and the subsequent development of pulmonary
edema [1, 36]. Experimental evidence suggests that miti-
gating epithelial cell apoptosis may improve the clinical
course of ARDS [37]. Additionally, mesenchymal stem
cells (MSCs), owing to their ability to promote epithelial
cell regeneration, show potential as a therapeutic inter-
vention for ARDS [38].

Tissue-Level Transformation: barrier disruption
and tissue remodeling

Collapse of the alveolar-capillary barrier: from Protection
to Destruction

The alveolar-capillary barrier, comprising the alveolar
and capillary endothelium, primarily functions to facili-
tate gas exchange and maintain a critical separation
between blood and alveolar fluid [32, 33]. Under normal
conditions, this barrier remains intact due to tight junc-
tions and surfactant secretion, which serve protective
functions. In ARDS, however, various pathological fac-
tors compromise the integrity of the alveolar-capillary
barrier, shifting its role from maintaining homeostasis
and protection to exacerbating tissue damage and driving
disease progression. Mechanical injuries, such as those
induced by mechanical ventilation and elevated airway
pressures, directly damage epithelial cells and ECs [1].
Inflammatory mediators, including TNF-a and IL-1f,
trigger inflammatory responses that culminate in cellular
apoptosis and necrosis [8, 10, 14]. Oxidative stress, medi-
ated by ROS, inflicts oxidative damage on cell membranes
and intracellular structures, further compromising bar-
rier function [14, 16, 19]. Simultaneously, immune cells
such as neutrophils and macrophages release enzymes
and ROS, exacerbating tissue damage [1, 39].

These factors collectively contribute to the breakdown
of the alveolar-capillary barrier, resulting in increased
permeability and the subsequent formation of pulmonary
edema. The loss of alveolar-capillary barrier function
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exacerbates pulmonary edema and hypoxemia and pro-
foundly influences ARDS course and prognosis. Future
research should focus on elucidating the molecular
mechanisms underlying alveolar-capillary barrier injury
and repair, as well as on developing novel therapeutic
strategies to improve treatment outcomes for patients
with ARDS [31, 37].

Tissue remodeling and fibrosis: the Balance between
Repair and Fibrosis

During the pathological progression of ARDS, lung tis-
sue repair following injury is frequently accompanied
by fibrosis. The balance between tissue remodeling and
fibrosis is pivotal in determining the extent of lung func-
tion recovery. Effective tissue remodeling can restore
normal lung structure and function, whereas excessive
fibrosis results in tissue stiffening and impaired function,
adversely affecting long-term prognosis [40, 41]. Normal
tissue repair relies on the proliferation and differentia-
tion of AEC-II cells, a process that restores the integrity
of the alveolar structure and re-establishes normal gas
exchange function [35, 42, 43]. However, persistent lung
injury and inflammation or an unbalanced repair pro-
cess causes excessive activation of fibroblasts. This results
in the overproduction and deposition of extracellular
matrix (ECM), replacing normal lung tissue with connec-
tive tissue and forming scar tissue that stiffens the lungs
and impairs functionality [44]. Nevertheless, experimen-
tal studies in animal models suggest that, despite the
potential risk of fibrosis, ECM-based therapies, such as
intravascularly infused ECM, may mitigate tissue leakage
and promote vascular repair [45]. Therefore, in the treat-
ment of ARDS, maintaining the balance between tissue
remodeling and fibrosis is crucial to prevent excessive
fibrosis and optimize patient recovery outcomes.

Organ-level impact: the spread of systemic Crisis
SIRS: the systemic reverberation of a local insult

SIRS represents the body’s systemic reaction to infection,
trauma, or other injuries, manifesting as a widespread
inflammatory cascade impacting multiple organ sys-
tems [46]. In ARDS, the localized pulmonary inflamma-
tory response can disseminate systemically, precipitating
SIRS, which subsequently exacerbates lung injury via an
amplified systemic inflammatory response [1]. Locally
produced inflammatory mediators, including TNEF-a,
IL-1pB, and IL-6, recruit neutrophils and macrophages to
the site of injury for tissue repair and breach the compro-
mised alveolar-capillary barrier, entering the circulation
and propagating systemic inflammation [8, 9, 47]. Once
these mediators enter the circulatory system, they trig-
ger a constellation of clinical manifestations, including
fever, leukocytosis, tachycardia, and tachypnea, which
may progress to multi-organ dysfunction characterized
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by heart failure, acute kidney injury, hepatic insufficiency,
and in severe cases, significantly elevated mortality risk
[46, 48, 49].

Given the critical role of cytokines in SIRS and ARDS
pathogenesis, targeting pro-inflammatory cytokines has
emerged as a key therapeutic strategy to mitigate these
pathological processes. For instance, the IL-6 inhibi-
tor tocilizumab (TCZ) has demonstrated potential in
reducing systemic inflammatory responses and improv-
ing clinical outcomes in patients with severe COVID-
19, as demonstrated in several RCTs [50, 51]. However,
evidence indicates that cytokine-targeted therapies have
not significantly improved mortality rates in ARDS. The
RECOVERY trial demonstrated that TCZ monotherapy
has limited efficacy and may even increase mortality risk
in patients not receiving corticosteroid treatment [51].
Similarly, another RCT found TCZ ineffective in improv-
ing outcomes in patients with moderate-to-severe ARDS
[52].

IL-1B inhibitors have exhibited anti-inflammatory
effects in animal models [53], but RCTs and meta-
analyses have reported inconsistent clinical efficacy in
COVID-19-related ARDS, with significant variability in
individual responses [54, 55]. In the same vein, early stud-
ies suggested that TNF-a antagonists have the potential
to modulate immune responses [56], with animal mod-
els demonstrating reduced pulmonary cytokine release
and improved respiratory function [57]. However, clinical
studies have not confirmed significant improvements in
outcomes for patients with ARDS [58, 59]. These find-
ings indicate that, although cytokine-targeted therapies
offer theoretical advantages, their clinical efficacy is con-
strained by patient heterogeneity and the complexity of
the disease. Particularly during acute cytokine storms,
single-target therapies are insufficient to effectively con-
trol the intricate and multifaceted inflammatory cascade.
Future research should aim to elucidate the molecular
mechanisms underlying SIRS to disrupt its deleterious
cascade and improve systemic outcomes in patients with
ARDS.

MODS: a multi-systemic crisis
MODS denotes the progressive and systemic failure of
multiple organ systems induced by acute pathological
insults, constituting a severe and life-threatening com-
plication of ARDS [7, 60]. Persistent cytokine storms and
inflammatory mediators drive systemic inflammatory
responses, exacerbated by oxidative stress and ongoing
cellular injury, which collectively result in endothelial
dysfunction, increased vascular permeability, and subse-
quent microcirculatory collapse [14, 61].

This pathological cascade ultimately impairs the func-
tions of the lungs, cardiovascular system, liver, kidneys,
and central nervous system, clinically manifesting as
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pulmonary edema, hypoxemia, myocardial depression,
acute liver failure, acute kidney injury, and disseminated
intravascular coagulation, culminating in a severe and
systemic crisis [8, 14, 62, 63]. The onset of MODS signi-
fies the extension of local inflammation and damage on
a systemic level, significantly increasing mortality and
complicating prognosis [1, 2, 7]. Future research should
prioritize identifying the molecular regulatory mecha-
nisms underlying MODS, with the aim of developing
novel therapeutic interventions to improve long-term
outcomes in affected patients.

Multilayered Regulatory mechanisms: synergistic
control of genes, proteins, and metabolism

Genetic orchestration: the dominance of key genes
and transcription factors

Genetic and transcriptomic studies have identified signif-
icant alterations in the transcription levels of numerous
genes associated with ARDS, affecting pathways asso-
ciated with inflammation, cell survival, apoptosis, and
chemotaxis [64, 65]. Specifically, the IL1B gene encoding
IL-1P and the TNF gene encoding TNF-a are potent pro-
inflammatory cytokines that activate NF-kB and MAPK
signaling pathways. This activation promotes the release
of inflammatory mediators and amplifies the inflamma-
tory response [66, 67]. The CXCL8 gene encodes the che-
mokine IL-8, which recruits neutrophils to inflammation
sites, exacerbating pulmonary injury [68]. The NFKBIA
gene encodes the IkBa protein, which modulates NF-xB
activity and, consequently, regulates the inflammatory
response [66].

Moreover, the Toll-like receptor (TLR), MAPK, and
JAK-STAT signaling pathways are also crucial in ARDS
progression. The TLR pathway triggers downstream
inflammatory responses through pathogen recogni-
tion [69], the MAPK pathway regulates cellular stress
responses and apoptosis [70], and the JAK-STAT pathway
is instrumental in cell proliferation and immune modula-
tion [71]. The interplay among these genes and signaling
pathways collectively drives ARDS pathogenesis. A com-
prehensive understanding of these mechanisms is critical
for developing effective therapeutic strategies. Research
focusing on these key genes and signaling pathways elu-
cidates the pathophysiological mechanisms underlying
ARDS and provides new targets and insights for clinical
intervention [71, 72].

Protein regulation: the balance between enzymes and
inhibitory proteins

The balance between enzymes and their inhibitory pro-
teins is crucial in ARDS pathogenesis. Enzymes like
matrix metalloproteinases (MMPs), MAPKs, and Nico-
tinamide Adenine Dinucleotide Phosphate Hydrogen
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(NADPH) oxidase are instrumental in regulating inflam-
mation, cellular stress, and oxidative stress in ARDS;
conversely, inhibitory proteins such as tissue inhibitors
of metalloproteinases (TIMPs), protein tyrosine phos-
phatases (PTPs), and superoxide dismutases are vital for
maintaining the balance of these processes [73, 74].

Observational studies have indicated that elevated
TIMP-1 levels are associated with poor prognosis in
ARDS [75]. The upregulation of MMPs compromises the
vascular endothelial barrier by cleaving vascular endo-
thelial cadherin (VE-cadherin), an intercellular adhesion
molecule, facilitating inflammatory cell infiltration and
degradation of lung tissue architecture [76]. An obser-
vational study in pediatric patients suggests that MMPs
and their endogenous inhibitors are independently asso-
ciated with the prognosis of pediatric ARDS [77]. Addi-
tionally, MAPK inhibitors have been demonstrated to
attenuate the inflammatory response in sepsis-induced
ARDS [73]. In-depth research into the interactions and
regulatory mechanisms of these enzymes and inhibitory
proteins could pave the way for novel therapeutic strat-
egies, including modulating the balance between MMPs
and TIMPs or evaluating the activity shifts in MAPKs
and PTPs.

Metabolic reprogramming: dynamic regulation of cellular
metabolism

Metabolic reprogramming describes the dynamic pro-
cess through which cells alter their metabolic pathways
to adapt to new environmental demands or functional
requirements under specific physiological or pathologi-
cal conditions [78]. Metabolic reprogramming in ARDS
leads to profound metabolic shifts in alveolar epithe-
lial cells, ECs, and immune cells, primarily through its
impact on mitochondrial function. These shifts serve
as adaptive responses to environmental challenges such
as inflammation, hypoxia, and oxidative stress [79]. For
instance, during the early stages of ARDS, M1 macro-
phages exacerbate inflammation and tissue damage by
releasing pro-inflammatory cytokines, including IL-1p
and TNF-a, whereas M2 macrophages dominate the
later stages, reducing inflammation and promoting tissue
repair [80]. However, ECs often increase fatty acid oxida-
tion to sustain barrier function, though this adaptation
can also lead to heightened oxidative stress [81].

These metabolic adjustments are essential for cellular
survival under adverse conditions and play pivotal roles
in regulating inflammatory responses and immune func-
tions [82]. However, the detrimental consequences of
metabolic reprogramming should not be overlooked. For
instance, excessive M1 macrophage polarization and fer-
roptosis induction can worsen tissue damage and inflam-
mation, further exacerbating ARDS [83, 84]. Therefore,
a deeper understanding of the mechanisms underlying
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metabolic reprogramming in ARDS is crucial for devel-
oping novel therapeutic strategies to modulate these
metabolic pathways, thereby mitigating disease progres-
sion and improving patient outcomes.

Clinical interventions and future perspectives:
current strategies and future prospects

Current therapeutic strategies: from mechanical
ventilation to ECMO

With a deeper understanding of ARDS pathophysiology,
treatment strategies have evolved from basic support-
ive care to multifaceted, comprehensive interventions
[2, 7]. Evidence-based therapies, including low tidal vol-
ume ventilation (LTVV), prone positioning, and indi-
vidualized positive end-expiratory pressure (PEEP)
adjustments, now form the cornerstone of ARDS man-
agement [85, 86]. These interventions, validated through
large-scale RCTs, are the only strategies proven to signifi-
cantly improve survival in patients with ARDS, establish-
ing the foundation of contemporary clinical practice [87,
88].

LTVYV, as standardized in the pivotal ARDSNet trial,
limits tidal volume to 6 mL/kg of predicted body weight,
effectively reducing ventilator-induced lung injury (VILI)
from alveolar overdistension. This strategy significantly
improves clinical outcomes and reduces mortality in
patients with ARDS [89, 90]. Building on this frame-
work, ultra-protective ventilation (UPV), which further
lowers the tidal volume to 4 mL/kg of predicted body
weight, has been proposed [91]. Although UPV dem-
onstrates potential in minimizing VILI and facilitating
lung recovery in select patients [92], its application poses
challenges, including risks of hypercapnia and diaphrag-
matic dysfunction, necessitating cautious, individualized
adjustments [93].

Prone positioning plays an indispensable role in man-
aging moderate-to-severe ARDS by improving ventila-
tion-perfusion matching and reducing intrapulmonary
shunting. This intervention enhances the oxygenation
index (PaO2/FiO2) and lowers mortality rates [94]. The
landmark ROSEVA trial demonstrated significant reduc-
tions in 28-day and 90-day mortality (16.0% vs. 32.8% and
23.6% vs. 41.0%, P<0.001) in patients with moderate-to-
severe ARDS, alongside improvements in oxygenation
and lung function [95]. However, RCTs involving hypox-
emic COVID-19 patients (COVID-PRONE and COVI-
PRONE trials) showed that awake-prone positioning did
not significantly lower intubation rates or mortality [96,
97].

Appropriately adjusting PEEP levels is critical for
maintaining functional residual capacity, preventing
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atelectasis and overdistension, and supporting lung-pro-
tective ventilation strategies [7]. Although precise PEEP
titration theoretically optimizes lung mechanics and gas
exchange, the EPVent-2 trial reported that esophageal
pressure-guided PEEP adjustments did not significantly
improve clinical outcomes [98]. Similarly, the ART trial
revealed that combining lung recruitment maneuvers
with high PEEP strategies failed to reduce mortality and
instead increased cardiovascular complications [99].

Despite advancements, VILI remains a central chal-
lenge in ARDS management, necessitating ongoing opti-
mization of respiratory support [100]. Recent interest
has focused on driving pressure and diaphragmatic pro-
tection strategies, which hold promise in reducing lung
stress and improving outcomes, though further valida-
tion through robust clinical trials is needed [101].

For critically ill patients unresponsive to conventional
mechanical ventilation, ECMO represents a significant
therapeutic advancement [102]. By temporarily replac-
ing lung function, ECMO facilitates lung recovery and
improves oxygenation. However, its use is limited by high
risks, costs, and the need for strict patient selection crite-
ria and multidisciplinary expertise [103].

Additionally, restrictive fluid management strategies
reduce pulmonary edema and, when combined with
lung-protective ventilation, enhance patient outcomes
[1, 2, 104]. Future research should prioritize high-qual-
ity RCTs to explore precision and individualized thera-
peutic approaches, including multi-target combination
therapies and biomarker-driven patient stratification, to
address the multifactorial challenges of ARDS.

Innovative approaches: stem cells, gene therapy, and
immunotherapy

Beyond traditional ARDS treatment approaches, stem
cell therapy, gene therapy, and immunotherapy are
emerging as highly promising therapeutic frontiers.
These innovative therapies aim to fundamentally improve
outcomes for patients with ARDS by facilitating tissue
repair, modulating immune responses, and correcting
genetic defects.

Stem cell therapy

MSCs are widely regarded as a potential breakthrough
in ARDS treatment due to their remarkable immuno-
modulatory and tissue regenerative capabilities [105—
107]. These capabilities underpin their ability to improve
ARDS prognosis through multiple mechanisms, includ-
ing the secretion of anti-inflammatory factors, suppres-
sion of alveolar inflammation, reduction of fibrosis, and
promotion of alveolar epithelial and vascular endothelial
repair [107].
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Preliminary clinical trials and observational stud-
ies have demonstrated the potential of MSC therapy
to enhance survival rates and reduce complications in
patients with ARDS [108, 109]. However, a recent RCT
indicated that MSC therapy did not significantly improve
prognosis in patients with moderate to severe COVID-
19-related ARDS [110]. This finding suggests that, despite
promising early results, further large-scale, multicenter
clinical trials are necessary to comprehensively evaluate
the safety and efficacy of MSC therapy and clarify its role
in ARDS treatment.

Gene therapy

Gene therapy offers a novel perspective on treating ARDS
[111]. Gene editing technologies, such as CRISPR/Cas9,
enable direct targeting and repair of gene mutations or
regulatory abnormalities associated with ARDS [112].
For instance, genes regulating inflammatory cytokines
and oxidative stress responses play critical roles in ARDS
progression. Gene therapy can mitigate lung injury by
precisely modulating the expression of these genes [111].
Additionally, gene transfer techniques that enhance the
expression of anti-inflammatory or antioxidant genes
present a new avenue for ARDS treatment [113].

Immunotherapy

Dysregulation of the immune response often leads to
exacerbated inflammation and subsequent tissue injury
in ARDS [1]. Cytokine storms are a common pathological
feature of ARDS [8], and immune checkpoint inhibitors
and cytokine antagonists can effectively suppress these
excessive inflammatory responses, thereby mitigating
lung injury [114, 115].

Funda Terzi et al. found that the cytokine IL-6 inhibi-
tor TCZ downregulates the expression of pro-inflam-
matory cytokines like TNF-«, IL-1B, IL-6, and IL-8,
effectively preventing cytokine storms and exerting anti-
oxidant effects [116]. Further RCTs have demonstrated
that TCZ improves clinical outcomes in patients with
severe COVID-19 [50]. However, the RECOVERY trial
indicated that the use of TCZ alone might be associated
with an increased risk of mortality in patients who have
not received corticosteroid treatment [51]. Moreover,
although anti-cytokine therapies such as IL-1f inhibi-
tors and anti-TNF agents have shown promising effects
in animal models, including reducing pulmonary inflam-
mation and alleviating lung injury [53, 56], clinical trials
and RCTs have largely yielded disappointing results [55,
58]. Notably, employing invariant natural killer T (iNKT)
cell therapy to activate the innate and adaptive immune
systems and regulate the inflammatory response offers an
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additional therapeutic strategy for improving clinical out-
comes in patients with ARDS [117].

Challenges in clinical translation of emerging therapies
Despite the promising potential of stem cell therapy, gene
therapy, and immunotherapy for treating ARDS, their
clinical translation faces several critical challenges that
demand further investigation and resolution.

Safety concerns Ensuring the safety of emerging thera-
pies is paramount for their clinical application. Stem cell
therapy carries risks such as immune rejection and tumor
formation, including teratoma development, due to the
self-renewal and pluripotent capabilities of stem cells
[118]. Gene therapy involves the introduction of exoge-
nous genes or gene editing, which may result in off-target
effects, leading to unintended mutations in non-target
genes or the activation of oncogenes [119, 120]. Immu-
notherapy, conversely, poses risks of cytokine release syn-
drome or autoimmune responses, potentially resulting in
severe adverse events [121].

Ethical and Regulatory considerations Advanced gene-
editing technologies (e.g., CRISPR/Cas9) and the use
of certain stem cell sources (e.g., embryonic stem cells)
present complex ethical and legal challenges [122]. For
example, the announcement in 2018 by a Chinese scien-
tist regarding the birth of gene-edited twins ignited global
ethical debates and regulatory discussions [123]. The lack
of international consensus on these issues underscores
the urgent need for comprehensive ethical guidelines and
robust regulatory frameworks to guide research and clini-
cal applications.

Cost and accessibility The substantial costs associated
with developing, producing, and implementing these
emerging therapies remain significant barriers to accessi-
bility. For example, stem cell culture, gene delivery vector
production, and advanced delivery systems demand spe-
cialized expertise and substantial investments [124]. Con-
sequently, these treatments often become prohibitively
expensive, limiting patient access and imposing additional
strain on healthcare systems [125]. Addressing these cost-
related barriers is essential to ensure equitable access and
sustainable integration into clinical practice.

Technical feasibility and standardization Challenges
in large-scale production, quality control, and standard-
ization impede the widespread adoption of these thera-
pies [125, 126]. Stem cell products require stringent
measures to ensure purity, potency, and stability; gene
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Fig. 1 Pathophysiological Mechanisms of ARDS: From Molecular to Or-
gan-Level Insights. Molecular Level: Initiating factors such as infection
and trauma lead to the accumulation of inflammatory cells, triggering an
intense cytokine storm and oxidative stress, which in turn produce a large
quantity of pro-inflammatory cytokines, as well as ROS and RNS. Cellu-
lar Level: These oxidative stress products induce necrosis and apoptosis,
damaging endothelial and alveolar epithelial cells, which subsequently
disrupt the alveolar-capillary barrier, leading to pulmonary edema and
impaired gas exchange. Tissue Level: The breakdown of the alveolar-
capillary barrier, coupled with an imbalance between tissue remodeling
and fibrosis, exacerbates lung injury. Organ Level: Ultimately, the spread
of localized inflammation can lead to SIRS and MODS. *ROS: Reactive oxy-
gen species, RNS: Reactive nitrogen species, SIRS: Systemic inflammatory
response syndrome, MODS: Multiple organ dysfunction syndrome

therapies need optimized vector delivery and expression
control; and immunotherapies demand precise modula-
tion of response intensity [127]. The absence of standard-
ized protocols across these domains compromises the
consistency of therapeutic efficacy and safety. Establish-
ing uniform guidelines and scalable production processes
is crucial for advancing these therapies toward routine
clinical use.

Conclusions

ARDS is a complex and highly heterogeneous disorder,
characterized by multi-level pathophysiological mecha-
nisms spanning from molecular dysregulation to organ
dysfunction (Fig. 1). Although significant progress has
been made in ARDS management through numer-
ous RCTs in recent years (Table 1), with strategies such
as LTVV and prone positioning proven to significantly
improve patient outcomes, other approaches (e.g., high
PEEP and recruitment maneuvers) have failed to improve
prognosis. Additionally, the efficacy of pharmacologi-
cal interventions remains inconsistent, highlighting the
marked heterogeneity in patient responses. Emerging
therapies, including stem cell therapy, gene therapy, and
immunotherapy, offer new directions for ARDS treat-
ment. However, their clinical translation requires valida-
tion through large-scale clinical trials. Future research
should leverage multi-omics technologies and artificial
intelligence to elucidate the molecular mechanisms and
clinical heterogeneity of ARDS, thereby providing a sci-
entific foundation for the development of precise and
individualized therapeutic strategies.
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Abbreviations

ARDS Acute Respiratory Distress Syndrome
ECs Endothelial cells

ECM Extracellular matrix

ECMO  Extracorporeal membrane oxygenation
IL Interleukin

LTwW Low tidal volume ventilation

MMPs Matrix metalloproteinases

MSCs Mesenchymal stem cells

MAPK  Mitogen-activated protein kinase
MODS  Multiple organ dysfunction syndrome
NF-kB Nuclear factor-kB

PEEP Positive end-expiratory pressure

PTPs Protein tyrosine phosphatases

RCTs Randomized controlled trials

RNS Reactive Nitrogen Species

ROS Reactive oxygen species

STAT Signal transducer and activator of transcription
SIRS Systemic inflammatory response syndrome
TIMPs Tissue inhibitors of metalloproteinases

TCZ Tocilizumab

TNF-a Tumor necrosis factor-a

AEC-| Type | alveolar epithelial cells

AEC-II Type Il alveolar epithelial cells

UPV Ultra-protective ventilation

VILI Ventilator-induced lung injury
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