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Abstract. Sepsis‑induced acute lung injury (S‑ALI) is a leading 
cause of respiratory failure and mortality in intensive care units, 
characterized by profound biological and clinical heterogeneity 
that explains the repeated failure of uniform anti‑inflammatory 
therapies. This variability underscores the urgent need for 
mechanism‑based patient stratification and precision medicine 
approaches. Pyroptosis, a regulated inflammatory cell death 
program driven by gasdermin‑mediated membrane pore 
formation, has emerged as a critical driver of alveolar‑capillary 
barrier disruption and cytokine amplification in S‑ALI. The 
activation of canonical and non‑canonical inflammasome 
pathways, together with molecular crosstalk within the inte‑
grated PANoptosome network, promotes context‑dependent 

pyroptotic responses across pulmonary endothelial, epithelial 
and immune cells. Notably, recent insights into lineage plas‑
ticity and transcriptional heterogeneity further elucidate the 
dynamic cellular orchestration of these pathways. Pyroptotic 
effectors, such as circulating gasdermin D fragments and 
mature IL‑1β/IL‑18, are detectable in patients with sepsis and 
acute respiratory distress syndrome, being associated with 
hyperinflammatory endotypes, disease severity and clinical 
trajectories. By integrating preclinical mechanistic insights 
with emerging human biomarker and trial data, the present 
review positions pyroptosis as a clinically actionable, stratifi‑
cation‑relevant target. The present review highlights current 
advances in pathway‑specific inhibitors and discusses their 
potential to enable biomarker‑guided, personalized interven‑
tions in critically ill patients.
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1. Introduction

Sepsis is a multi‑organ dysfunction syndrome that occurs 
following infection in the human body. It is a disease with 
extremely high morbidity and mortality rates worldwide (1‑5). 
Among the multiple organs involved in the complications of 
sepsis, the lungs are the earliest target organ to be invaded and 
damaged, and the most likely organ in which sepsis occurs (2‑6). 
Studies have shown that ~25‑45% of patients with sepsis 
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may develop acute lung injury (ALI) (2‑5,7). Globally, sepsis 
affects tens of millions of patients annually, with a substantial 
proportion developing pulmonary complications, such as ALI. 
Once complicated by ALI, mortality is substantially elevated, 
with attributable mortality from ALI in patients with sepsis 
being around ~12‑37% and overall mortality often in the 
30‑50% range, depending on disease severity and setting. In 
the intensive care unit (ICU), these patients often present with 
heterogeneous clinical courses, with responses to standard 
supportive therapy varying markedly (2‑5,8). This pronounced 
biological and clinical variability, reflecting distinct underlying 
endotypes, explains the repeated failure of large‑scale random‑
ized controlled trials that evaluated uniform ‘one‑size‑fits‑all’ 
anti‑inflammatory interventions. Emerging evidence suggests 
that sepsis‑induced ALI (S‑ALI) may be broadly stratified into 
at least two clinically relevant inflammatory subphenotypes, 
including a hyperinflammatory pyroptosis‑high endotype 
and a relatively immunosuppressed or hypo‑inflammatory 
endotype. The hyperinflammatory subtype is typically char‑
acterized by excessive inflammasome activation, elevated 
circulating gasdermin D (GSDMD)‑N‑terminal (NT) levels, 
the increased release of interleukin (IL)‑1β and IL‑18, and 
amplified innate immune signaling, whereas the immuno‑
suppressed subtype is associated with attenuated cytokine 
responses, immune exhaustion, and reduced inflammatory 
reactivity (2‑5,9). These endotypes may be identified through 
biomarker‑guided stratification strategies integrating plasma 
GSDMD fragments (GSDMD‑NT >120 ng/ml), IL‑18, IL‑1β 
and inflammasome‑associated signaling signatures, thereby 
enabling the more precise selection of patients who may 
benefit from pyroptosis‑targeted interventions  (2‑5). This 
consistent therapeutic failure underscores the urgent need 
for a transition from non‑specific symptomatic support to 
precision‑guided, mechanism‑driven strategies in future ICU 
management. The main manifestation of ALI is the massive 
infiltration of inflammatory response factors and mediators, 
which leads to the destruction of the alveolar endothelial 
barrier. The release of these substances by inflammatory 
cells further activates effector T‑cells and alveolar epithelial 
cells. The massive inflammatory exudate leads to increased 
alveolar perfusion load, seriously affecting alveolar ventila‑
tion and gas exchange functions, thus leading to decreased 
respiratory function (2‑5,10). Currently, the primary treatment 
for sepsis‑induced ALI relies on antibiotics and symptom‑
atic supportive care, which often fail to address the specific 
molecular executioners driving individual disease trajec‑
tories in critically ill patients  (2‑5,11). This highlights the 
necessity of integrating deep pathophysiological insights into 
individualized ICU strategies to overcome the limitations of 
traditional, broad‑spectrum therapies.

The pathogenesis of S‑ALI is complex, involving multiple 
interconnected mechanisms, including inflammation, oxidative 
stress, coagulation dysfunction and the gut‑lung axis (2‑5,12) 
(Fig. 1). In the early stages of sepsis, pro‑inflammatory cyto‑
kines and immune mediators are rapidly released, triggering 
endothelial dysfunction and increased pulmonary capillary 
permeability (2‑5,13). This leads to the leakage of protein‑rich 
fluid into the alveolar space, causing pulmonary edema (2‑5,14). 
The resulting disruption of the alveolar‑capillary barrier, which 
directly impairs gas exchange and triggers the characteristic 

hypoxemia of ALI, represents the primary clinical phenotype 
of S‑ALI (Fig. 2)  (2‑5,15). Although scientists continue to 
acquire a more in‑depth understanding of the pathophysiology 
of ALI, the pathophysiology of S‑ALI remains complex, 
involving multiple molecular pathways and cell types (2‑5,16). 
Currently, clinical treatment primarily involves early infection 
control, optimized mechanical ventilation and supportive care 
for vital organs (2‑5,17). However, existing treatment options 
are ineffective in reducing mortality rates and may lead to 
complications, such as ventilator‑associated pneumonia and 
barotrauma  (2‑5,18,19). Identifying the specific molecular 
mechanisms that drive patient‑specific disease trajectories is 
therefore critical for the development of next‑generation ICU 
interventions and personalized therapeutic approaches.

Pyroptosis is a highly regulated programmed cell 
death process that has emerged as a critical, actionable 
driver of inflammatory amplification in S‑ALI (2‑5,20,21). 
Pyroptosis, also known as inflammatory cell death, is 
a mode of programmed cell death that is dependent on 
cysteine aspartate‑specific protease‑1 (caspase‑1) (2‑5,21,22). 
Unlike apoptosis and autophagy, pyroptosis is character‑
ized by triggering an intense inflammatory response via 
gasdermin‑mediated membrane pore formation (2,3,5,21,23). 
Although initially considered to be a host‑protective mecha‑
nism, recent studies have demonstrated that excessive systemic 
cellular pyroptosis in the context of sepsis accelerates the 
release of inflammatory markers in immune cells (5,21,24,25), 
endothelial cells and epithelial cells, leading to systemic 
organ tissue damage (5,26,27). This dysregulated pyroptotic 
activity accounts for a substantial portion of the biological 
heterogeneity in patients with sepsis, highlighting why 
non‑targeted therapies often fail; this emphasizes the need for 
precision‑guided interventions in ICU care.

Therefore, targeting pyroptosis has emerged as a novel 
precision strategy for the treatment of sepsis and its pulmo‑
nary complications (5,28). Inhibiting key pyroptotic mediators 
may suppress uncontrolled lysis and prevent further organ 
injury  (5,29). Existing inhibitors of pyroptosis, such as 
nucleotide‑binding oligomerization domain‑like receptor 
protein 3 (NLRP3) or caspase‑1 antagonists and natural 
anti‑inflammatory compounds, have demonstrated the poten‑
tial for attenuating the effects of pyroptosis in preclinical 
models  (5,30‑32). These findings provide a translational 
roadmap for integrating pyroptosis‑targeted interventions 
into individualized ICU care, allowing for the selection of 
specific therapies based on the unique molecular signatures of 
a patient. A summary of key preclinical and clinical evidence 
of pyroptosis activation during S‑ALI is presented in Table I. 
Table I presents data from multiple murine models [primarily 
lipopolysaccharide (LPS)‑ and cecal ligation and puncture 
(CLP)‑induced S‑ALI] demonstrating the elevated expres‑
sion of pyroptosis‑related markers, such as NLRP3, cleaved 
caspase‑1, GSDMD, IL‑1β and IL‑18 in lung tissues at different 
time points (e.g., 8‑24 h post‑induction). Table I also includes 
human studies demonstrating increased circulating levels of 
GSDMD p30, NLRP3 and IL‑1β/IL‑18 in patients with sepsis 
in the ICU, which are associated with disease severity and 
poor outcomes.

The NLRP3 inhibitor, MCC950, has been shown to 
suppress the release of IL‑1β and reduce inflammatory 
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lung injury in preclinical models  (5). Likewise, caspase‑1 
inhibitors, such as VX‑765 have also demonstrated potential in 
attenuating pyroptosis and protecting against sepsis‑induced 
lung damage (5,33). Blocking GSDMD activation represents 
another promising strategy to halt pore formation and cytokine 
efflux, providing a more surgically precise approach than 
traditional broad‑spectrum steroids (5,34).

Pyroptosis is activated by inflammatory vesicles (5,35). 
Following its activation, it causes cell membrane perfora‑
tion, cell swelling and rupture by triggering caspase‑1 and 
activating GSDMD, which leads to the marked release of 
IL‑1β and IL‑18, triggering a catastrophic inflammatory 
cascade (5,36). Uncontrolled pyroptosis disrupts epithelial and 
endothelial barriers, exacerbating lung injury and contributing 
to the pronounced heterogeneity of the outcomes of patients 
in the ICU  (5,37,38), Notably, pyroptosis shares complex 
molecular similarities and crosstalk with ferroptosis, apop‑
tosis and necroptosis, and these interactions have historically 
remdered the development of selectively targeted therapies 
more complex (Fig. 3) (5,39,40). In addition, while reducing 
pyroptosis can reduce inflammation, excessive inhibition may 
suppress essential immune defenses. Determining the optimal 
therapeutic window for pyroptosis modulation based on 
biomarker‑guided stratification is therefore essential for safe 
and effective ICU interventions (5,41).

The present review focuses on elucidating the signaling 
pathways underlying pyroptosis in order to provide a coherent 

understanding of its molecular mechanisms and regulatory 
characteristics. The role of pyroptosis in the development and 
progression of S‑ALI is discussed with particular focus on its 
contribution to inflammatory amplification and tissue damage 
in critically ill patients. In addition, current advances in strate‑
gies aimed at modulating pyroptotic processes are summarized 
to clarify their potential therapeutic relevance and to identify 
molecular targets that may support mechanism‑guided inter‑
vention. By connecting pyroptotic mechanisms with clinical 
heterogeneity and potential targeted therapies, the present 
review aimed to provide knowledge of precision‑guided 
ICU strategies and to support the future of individualized 
critical care.

2. Molecular mechanisms of pyroptosis

The biological heterogeneity observed in patients with S‑ALI 
reflects distinct molecular cascades rather than a uniform 
inflammatory endpoint (5,42). Multiple members of the caspase 
family initiate pyroptosis by converging on the proteolytic 
cleavage of gasdermin proteins, a programmed process charac‑
terized by the formation of large transmembrane pores (5,43). 
This biochemical execution triggers rapid cytoplasmic 
swelling, osmotic membrane rupture and the massive efflux of 
inflammatory mediators and intracellular damage‑associated 
molecular patterns (DAMPs) into the alveolar space (5,44). 
Crucially, the specific caspase‑gasdermin axis activated 

Figure 1. Mechanisms of sepsis‑induced ALI/ARDS. Infectious foci such as skin infections, pneumonia and intestinal ruptures can induce sepsis, which in turn 
leads to the development of ALI/ARDS through multiple inflammatory and immunomodulatory pathways. Exogenous PAMPs and endogenous DAMPs are 
mediated by PRRs and TLRs, which activate the NF‑κB pathway and MyD88‑dependent signaling, induce oxidative stress (ROS/RNS) and IκB phosphoryla‑
tion, and promote IL‑1β, IκB and IκB phosphorylation. which promotes the expression of pro‑inflammatory factors, such as IL‑1β and TNF‑α, creating a 
cytokine storm that ultimately results in alveolar structural destruction and organ damage. The figure was generated using BioGDP.com (BioGDP Scientific 
Illustration Platform, https://BioGDP.com). PAMPs, pathogen‑associated molecular patterns; DAMPs, damage‑associated molecular patterns; PRRs, pattern 
recognition receptors; TLRs, Toll‑like receptors; MyD88, myeloid differentiation factor 88; ROS, reactive oxygen species; RNS, reactive nitrogen species; IL, 
intereukin; DHMEQ, Dehydroxymethylepoxyquinomicin; DUSP, dual specificity phosphatases; FGF21, fibroblast growth factor 21.
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within the lung microenvironment dictates the kinetics and 
magnitude of the pulmonary response, providing a robust 
molecular framework for defining patient‑specific inflamma‑
tory endotypes (5,42,45). Currently, four principal signaling 
pathways have been identified as the primary executors of this 
programmed cell death: the canonical, noncanonical, apoptotic 
caspase‑mediated, and granzyme‑mediated pathways (Fig. 4).

The canonical inflammasome pathway. The canonical 
pathway represents the most thoroughly characterized 
mechanism driving pyroptosis in the septic lung. It is initi‑
ated when intracellular pattern recognition receptors, such as 
absent in melanoma 2, pyrin, or various nucleotide‑binding 
oligomerization domain‑like receptors (NLRP1, NLRP3 and 
NLRC4), detect conserved pathogen‑associated molecular 
patterns or endogenous DAMPs released during cellular 
stress  (5,45,46) (Fig. 4A). Unlike stochastic inflammatory 
triggers, the assembly of the NLRP3‑apoptosis‑associated 
speck‑like protein containing a caspase recruitment domain 
(ASC)‑caspase‑1 inflammasome functions as a high‑fidelity 
molecular amplifier that dictates the intensity of the early 
pulmonary cytokine storm (47,48). Upon successful assembly 
of this multiprotein complex, mature caspase‑1 processes 
pro‑IL‑1β and pro‑IL‑18 into their bioactive forms, while 
concurrently cleaving GSDMD to liberate the N‑terminal 
pore‑forming domain (GSDMD‑NT)  (49). In the complex 

landscape of S‑ALI, this pathway serves as the primary engine 
for early hyper‑inflammation and the metabolic priming of 
the alveolar vascular endothelium (50,51). The significant 
individual variability in the activation thresholds of these 
cytosolic sensors explains the inconsistent clinical efficacy 
of broad‑spectrum anti‑inflammatory agents, suggesting 
that patients with a hyper‑primed canonical axis require 
interventions specifically targeting inflammasome assembly 
rather than downstream effector cytokines (52).

The non‑canonical inflammasome pathway. For patients 
suffering from Gram‑negative bacterial sepsis, the noncanonical 
pathway provides a direct, autonomous sensing mechanism 
that bypasses the classical receptor‑mediated signaling hier‑
archy  (53,54). In this axis, human caspase‑4/5 (or murine 
caspase‑11) functions as an intracellular receptor that binds 
directly to cytosolic LPS, a process significantly facilitated by 
interferon‑inducible guanylate‑binding proteins that destabilize 
pathogen‑containing vacuoles (55,56) (Fig. 4B). This direct 
protein‑LPS interaction represents a rapid‑response executioner 
of endothelial lysis, occurring independently of the kinetic 
delays typically associated with the assembly of large inflam‑
masome platforms  (57). Furthermore, caspase‑11‑mediated 
potassium efflux can secondarily trigger the NLRP3 inflamma‑
some, creating a potent, self‑reinforcing feed‑forward loop that 
accelerates the collapse of the alveolar‑capillary barrier (58). 

Figure 2. Pathologic mechanisms of sepsis‑induced pulmonary vascular injury. Exogenous pathogens and their associated molecules (PAMPs) along with 
endogenous signals (DAMPs) released by cellular injury activate PRRs, triggering systemic inflammatory responses and oxidative stress. Large amounts of 
inflammatory mediators and free radicals damage pulmonary vascular endothelial cells, disrupting the tight junctions between endothelial cells and their 
barrier function, leading to increased vascular permeability. Endothelial dysfunction further causes fluid extravasation, microthrombosis and local circula‑
tory disorders, ultimately exacerbating pulmonary microcirculatory disorders and tissue ischemia. The figure was generated using BioGDP.com (BioGDP 
Scientific Illustration Platform, https://BioGDP.com). PAMPs, pathogen‑associated molecular patterns; DAMPs, damage‑associated molecular patterns; 
PRRs, pattern recognition receptors; TLR, Toll‑like receptor; IL, interleukin; C5a, complement component 5a; TREM‑1, triggering receptor expressed on 
myeloid cells‑1; NETs, neutrophil extracellular traps; LTB4, leukotriene B4; ROS, reactive oxygen species; MMPs, matrix metalloproteinases; RAGE, receptor 
for advanced glycation end products.
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From a precision medicine perspective, recognizing the 
dominance of this LPS‑caspase axis is essential, as it identifies 
a subset of patients who remain refractory to NLRP3‑specific 
inhibition, but may demonstrate clinical responsiveness to 
strategies targeting noncanonical executioners.

Apoptotic caspase‑mediated pyroptosis pathway. The 
molecular plasticity between silent apoptosis and explosive 
pyroptosis is governed by the strategic recruitment of apoptotic 
caspases to the gasdermin execution machinery. As illustrated 
in Fig.  4C, various stimuli including influenza A virus, 
tumor necrosis factor‑α (TNF‑α), death receptors, reactive 

oxygen species and chemotherapeutic drugs can trigger this 
pathway (59‑62). These stimuli activate the extrinsic apoptotic 
pathway through death receptors, leading to the recruit‑
ment of adaptor proteins, such as FADD and RIPK1, which 
activate pro‑caspase‑8 into active caspase‑8. Simultaneously, 
the intrinsic (mitochondrial) pathway is engaged via cyto‑
chrome c release from the mitochondria, resulting in the 
activation of caspase‑9. Both initiator caspases (caspase‑8 and 
caspase‑9) then converge to activate the executioner caspases, 
primarily caspase‑3, as well as caspase‑6 and caspase‑7. 
These executioner caspases cleave gasdermin family proteins, 
including gasdermin B (GSDMB), gasdermin C, GSDMD 

Table I. Pyroptosis during S‑ALI.

Species	 Inducer	 Tissue/cell	 Time/stage	 Pyroptosis assessments	 (Refs.)

Mice	 PBS‑Exo or	 Lung tissues	 3 h	 Elevated levels of pyroptosis markers NLRP3, 	 (75)
	 TNF‑Exo			   caspase‑1 and GSDMD	
Mice	 CLP	 Lung tissues	 24 h	 The expression of NLRP3 and GSDMD cleavage	  (130)
Mice	 LPS	 Lung tissues	 8 h	 The expression of NLRP3, Caspase 1, Caspase 11, 	 (75)
				    GSDMD, IL‑1β, IL‑18, TGF‑β, CD86, CD206, 	
				    iNOS, and Arg‑1	
Mice	 LPS	 Lung tissues	 24 h	 Assess the protein expression of P45,P20, CASP1,s	 (159)
				    P53, GSDMD, GSDME, and AIM2	
Mice	 CLP	 Lung tissues	 24 h	 The expression of NLRP3, ASC, AIM2, IL‑1β and	 (160)
				    caspase‑1	
Mice	 LPS	 Lung tissues	 24 h	 The expression of NLRP3	 (161)
Mice	 LPS	 Lung tissues	 24 h	 The expression of NLRP3, GSDMD, caspase‑1	 (162)
Mice	 LPS	 Human alveolar	 24 h	 The expression of NLRP3, caspase‑1, caspase 1, 	 (82)
		  epithelial cell		  p20 GSDMD, GSDMD‑NT and CRAMP	
		  line			 
Mice	 LPS	 Lung tissues	 12 h	 The expression of NLRP3, IL‑1β, IL‑18 and	 (163)
				    Cle‑GSDMD	
Humans	 Sepsis (ICU	 Plasma	 Within	 Detection of active GSDMD (p30) in circulating	 (121)
	 patients)	 microparticles	 24 h of ICU	 microparticles; elevated in septic patients 	
			   admission	 compared with non‑septic ICU controls; associated 	
				    with monocyte‑derived vesicles	
Humans	 Sepsis with	 Serum	 At diagnosis	 Increased serum NLRP3 levels in sepsis‑associated	 (21)
	 or without			   ARDS compared with sepsis alone; correlated with 	
	 ARDS			   APACHE II, SOFA scores, and 28‑day mortality	
Humans	 Severe 	 Serum	 On	 Elevated serum GSDMD levels associated with	 (164)
	 respiratory 		  admission	 disease severity, need for mechanical ventilation,  	
	 infection 			   and poor clinical outcomes	
	 (COVID‑19)				  
Humans	 Acute lung 	 Serum	 During 	 Increased circulating cleaved GSDMD (N‑GSDMD),	 (165)
	 injury/ARDS		  hospital	 IL‑1β, and IL‑18 levels; correlated with lung injury 	
			   ization	 severity	

S‑ALI, sepsis‑induced acute lung injury; CLP, cecal ligation and puncture; LPS, lipopolysaccharide; PBS‑Exo, phosphate‑buffered saline‑
derived exosomes; TNF‑Exo, tumor necrosis factor‑stimulated exosomes; ECs, endothelial cells; NLRP3, NOD‑like receptor family pyrin 
domain containing 3; ASC, apoptosis‑associated speck‑like protein containing a caspase recruitment domain; AIM2, absent in melanoma 2; 
GSDMD, gasdermin D; GSDME, gasdermin E; NT‑GSDMD, N‑terminal gasdermin D; caspase‑1, cysteine‑aspartic protease‑1; caspase‑11, 
cysteine‑aspartic protease‑11; IL, interleukin; TGF‑β, transforming growth factor‑β; iNOS, inducible nitric oxide synthase; Arg‑1, arginase‑1; 
CRAMP, cathelicidin‑related antimicrobial peptide; ICU, intensive care unit; ARDS, acute respiratory distress syndrome; APACHE II, Acute 
Physiology and Chronic Health Evaluation II; SOFA, Sequential Organ Failure Assessment.

https://www.spandidos-publications.com/10.3892/ijmm.2026.5935
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and gasdermin E (GSDME), to generate their pore‑forming 
N‑terminal fragments (23,60).

Caspase‑3, traditionally viewed as a terminal executioner of 
non‑inflammatory apoptosis, can cleave GSDME to generate 
GSDME‑N fragments, which effectively switches the mode of 
cell death to pro‑inflammatory pyroptosis. The clinical trajec‑
tory of S‑ALI is profoundly influenced by the tissue‑specific 
expression profiles of GSDME, as high baseline expression in 
pulmonary epithelial cells converts otherwise resolving apoptotic 
signals into localized tissue lysis and inflammatory amplifica‑
tion  (63‑65). Similarly, caspase‑8 functions as a molecular 
rheostat under conditions of TNF‑α stimulation or pathogenic 
stress, bridging these death pathways via the direct cleavage of 
GSDMD in specific immune cell subsets (66). This molecular 
crosstalk provides a profound stratification marker for clinicians 
in the ICU; evaluating the GSDME signature in pulmonary cells 
predicts whether a patient will exhibit a hyper‑inflammatory 
phenotype or a more favorable resolving death phenotype (66).

Granzyme‑mediated pathway. Beyond endogenous cell‑
autonomous signaling, the granzyme‑mediated pathway 

highlights the critical role of external immune executioners in 
driving irreversible pulmonary tissue lysis. Perforin‑delivered 
granzymes (particularly GZMA and GZMB) from over‑
activated cytotoxic T‑lymphocytes or natural killer cells can 
directly cleave gasdermin family members, such as GSDMB or 
GSDME, in an action that is entirely independent of conventional 
caspase activity (67‑72) (Fig. 4D). In the hyper‑active immune 
phase often observed in early sepsis, this pathway represents a 
significant mechanism of collateral damage where the adaptive 
immune system of the exacerbates alveolar wall destruction 
and tissue dysfunction. Identifying this lymphocyte‑driven lysis 
shifts the focus of personalized therapy toward immunomodula‑
tory stratification, particularly for those critically ill patients who 
exhibit abnormally high cytotoxic activity in bronchoalveolar 
lavage fluid, effectively moving the field beyond the traditional 
constraints of innate immune‑centric treatment models (73).

3. Cellular orchestration of pyroptosis in S‑ALI

The pathological progression of S‑ALI is dictated by 
the coordinated execution of cell death across distinct 

Figure 3. Schematic illustration of multiple cell death mechanisms in sepsis‑induced acute lung injury. In sepsis‑induced acute lung injury, excessive levels 
of reactive oxygen species together with abundant pro‑inflammatory cytokines (TNF‑α/TRAIL, FAS‑L, IFNs, IL‑6, IL‑8), bacterial components and viral 
PAMPs activate multiple signaling pathways through their cognate receptors on the plasma membrane. These stimuli converge on four major programmed 
cell death modalities that contribute to alveolar epithelial and endothelial damage. In the ferroptosis pathway, ACSL4 and LPCAT3 mediate the incorporation 
of PUFAs into membrane phospholipids, followed by iron‑dependent lipid peroxidation catalyzed by ALOXs/POR, leading to lethal lipid ROS accumulation 
and membrane disruption. In the apoptosis pathway, death receptor signaling recruits FADD and activates caspase‑8, while mitochondrial cytochrome c 
release forms the apoptosome, resulting in the activation of executioner caspase‑3/7. When caspase‑8 activity is inhibited, the necroptosis pathway is triggered 
via RIPK1‑RIPK3‑mediated phosphorylation and oligomerization of MLKL, causing plasma membrane rupture. Simultaneously, inflammasome activation 
drives caspase‑1 (and caspase‑4/5) to cleave pro‑IL‑1β and pro‑IL‑18 into mature forms and process GSDMD into the pore‑forming GSDMD‑NT fragment, 
executing pyroptosis with cell lysis and massive release of pro‑inflammatory cytokines. Mitochondria, RIPK1/RIPK3, and caspases serve as central molecular 
switches that integrate these danger signals and dictate the predominant mode of cell death, ultimately exacerbating lung inflammation, barrier dysfunction, 
and tissue injury in sepsis‑induced acute lung injury. The figure was generated using BioGDP.com (BioGDP Scientific Illustration Platform, https://BioGDP.
com). PAMPs, pathogen‑associated molecular patterns; PUFAs, polyunsaturated fatty acids; PUFA‑PLs, polyunsaturated fatty acid‑containing phospholipids); 
ALOXs/POR, arachidonate lipoxygenases/cytochrome P450 oxidoreductase; ROS, reactive oxygen species; FADD, Fas‑associated protein with death domain; 
GSDMD, gasdermin D; GSDMD‑NT, gasdermin D N‑terminal domain; RIPK, receptor‑interacting protein kinase.
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pulmonary compartments, creating a spatio‑temporal map 
of organ failure  (74). Instead of a generic ‘final common 
pathway’, the cell‑specific activation of pyroptotic machinery 
dictates the biophysical transition from localized infec‑
tion to systemic respiratory collapse. Understanding these 
cellular roles provides the necessary mechanistic depth to 
define patient‑specific clinical endotypes and to develop 
precision‑guided ICU interventions (75).

Alveolar macrophages: The primary inflammatory detonator. 
Alveolar macrophages function as the frontline sensors of the 
pulmonary microenvironment. In the initial phase of S‑ALI, 
macrophage pyroptosis functions as a high‑potency ‘molec‑
ular detonator’ that amplifies pathogen‑driven signals into an 
expansive cytokine storm (76). The activation of the NLRP3 
inflammasome facilitates the rapid, unconventional secretion 
of IL‑1β and high mobility group box 1, which orchestrate 
neutrophil recruitment and prime the lung parenchyma for 
secondary damage (77). This macrophage‑centric execution 

accounts for the systemic hyper‑inflammation observed in 
‘hyper‑inflammatory’ subphenotypes (78). The intensity of 
this detonator phase suggests that early‑window targeting of 
macrophage‑specific gasdermin activation could preemptively 
halt the inflammatory cascade before irreversible structural 
destruction occurs.

Endothelial cells: The driver of microvascular permeability. 
The structural integrity of the alveolar‑capillary barrier is 
fundamentally dependent on the semi‑permeable microvas‑
cular endothelium. In the evolution of S‑ALI, endothelial 
pyroptosis serves as the primary driver for the catastrophic 
loss of vascular barrier function, leading to the hallmark accu‑
mulation of protein‑rich edema (26). The intracellular sensing 
of LPS triggers non‑canonical signaling through caspase‑11, 
which executes endothelial lysis via GSDMD‑mediated pore 
formation  (79). This cell‑specific destruction explains the 
clinical transition to profound hypoxemia, as endothelial 
pore formation represents a decisive biophysical transition 

Figure 4. Pyroptosis is a lytic, pro‑inflammatory form of programmed cell death executed primarily by gasdermin family proteins. The schematic diagram 
illustrates four major molecular pathways leading to pyroptosis: (A) The canonical inflammasome pathway: Pathogen‑associated molecular patterns and 
damage‑associated molecular patterns, such as adenosine triphosphate, bacteria, reactive oxygen species, toxins, and viruses, trigger the assembly of inflam‑
masome complexes containing NLRP1, NLRP3, NLRC4, AIM2, or Pyrin. The inflammasomes recruit and activate pro‑caspase‑1 into active caspase‑1, which 
cleaves GSDMD to generate the N‑terminal fragment (NT). GSDMD‑NT oligomerizes and forms pores in the plasma membrane, resulting in cell swelling, 
rupture and the release of mature pro‑inflammatory cytokines (IL‑1β and IL‑18). (B) The non‑canonical inflammasome pathway: Gram‑negative bacterial 
lipopolysaccharide directly activates caspase‑4/5 (human) or caspase‑11 (mouse), which cleave GSDMD to produce the pore‑forming N‑terminal fragment, 
inducing pyroptosis independent of canonical inflammasome activation. (C) Apoptotic caspase‑mediated pathway: Various stimuli including influenza A 
virus, tumor necrosis factor, death receptors, reactive oxygen species and chemotherapeutic drugs activate the extrinsic (caspase‑8 via FADD and RIPK1) or 
intrinsic (mitochondrial cytochrome c release, leading to caspase‑9) apoptotic pathways. These initiator caspases activate executioner caspases (caspase‑3/6/7), 
which can cleave gasdermin B, C, D, or E, thereby converting apoptotic signals into pyroptotic outcomes through pore formation. (D) Granzyme‑mediated 
pathway: Cytotoxic T‑lymphocytes and natural killer cells release granzyme A and granzyme B via perforin‑mediated endocytosis. Granzyme B activates 
caspase‑3, while both granzymes can directly cleave gasdermin B or E, leading to membrane pore formation and pyroptosis. In all pathways, the formation 
of gasdermin pores in the plasma membrane causes characteristic pyroptotic cell lysis, release of intracellular contents, and amplification of inflammatory 
responses. The figure highlights the diversity and crosstalk of pyroptotic signaling, which plays critical roles in host defense against infection, as well as in the 
pathogenesis of inflammatory and infectious diseases. The figure was generated using BioGDP.com (BioGDP Scientific Illustration Platform, https://BioGDP.
com). NLRP, nucleotide‑binding oligomerization domain‑like receptor protein; GSDMD, gasdermin D; GSDMD‑NT, gasdermin D N‑terminal domain; RIPK, 
receptor‑interacting protein kinase.
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point (80). Furthermore, the release of pro‑thrombotic factors 
following membrane rupture exacerbates microcircula‑
tory dysfunction, linking pyroptosis to the coagulation 
abnormalities frequently observed in patients with sepsis (81).

Epithelial cells: The executioner of gas exchange failure. 
While endothelial damage drives leakage, the pyroptosis of 
alveolar epithelial cells (AECs), particularly type II cells, 
dictates the failure of respiratory mechanics. The deple‑
tion of AECII through pyroptotic pathways directly impairs 
pulmonary surfactant production, contributing to alveolar 
collapse and refractory atelectasis (82). Unlike apoptosis, this 
regulated lysis prevents effective lung repair and potentially 
initiates pathways driving late‑stage fibroproliferation (83). 
Recognizing the epithelial compartment as a terminal 
executioner provides a translational rationale for strategies 
that specifically preserve AEC integrity. Such protection is 
essential for maintaining mechanical stability in patients 
undergoing invasive mechanical ventilation, where epithelial 
loss increases the risk of ventilator‑induced lung injury (84).

Cellular crosstalk and the PANoptosome complex. Critical 
to the exacerbation of S‑ALI is the molecular crosstalk 
between these cellular compartments, often converging on the 
assembly of the PANoptosome (85,86). This integrated death 
mode involves the coordinated activation of pyroptosis, apop‑
tosis and necroptosis, allowing the cell to bypass individual 
signaling bottlenecks  (87). The discovery of PANoptosis 
explains the ‘therapeutic escape’ observed in clinical trials, 
where inhibiting a single protease fails due to the compen‑
satory activation of parallel death modes (83). For instance, 
selective caspase‑1 inhibitors (such as VX‑765) in inflamma‑
tory lung injury models and related acute respiratory distress 
syndrome (ARDS) trials have exhibited limited sustained effi‑
cacy, as the blockade of pyroptosis leads to the compensatory 
activation of apoptosis and necroptosis pathways via caspase‑8 
and RIPK3/MLKL, resulting in persistent tissue damage and 
cytokine release (88). Similarly, attempts at single caspase‑8 
inhibition in sepsis‑associated contexts have demonstrated 
incomplete protection due to upregulation of alternative 
PANoptosome components (89). Integrating PANoptosome 
dynamics into the S‑ALI framework underscores the necessity 
for ‘combination precision medicine’ that addresses these 
convergent molecular hubs to effectively mitigate multifaceted 
tissue destruction (90).

4. Precision therapeutic landscape for pyroptosis in S‑ALI

Pyroptosis, a pro‑inflammatory programmed cell death 
mediated by the gasdermin family, is defined as a distinct 
inflammatory phenotype in S‑ALI, with a pathological trajec‑
tory that contributes to irreversible alveolar damage (91). From 
a precision medicine perspective, pyroptosis serves as both a 
mechanistic driver and a stratification‑relevant therapeutic 
target. Lineage plasticity, a fundamental property that enables 
cells to shift between different functional states, has attracted 
increased interest in recent years in the context of sepsis‑asso‑
ciated acute lung injury. Intratumoral‑like heterogeneity 
partly reflects the lineage plasticity of lung cells during S‑ALI 
progression. Distinct clusters of dying cells co‑exist in both 

canonical and non‑canonical pyroptosis pathways compared 
to traditional single‑mode death models. These clusters differ 
significantly in marker genes, molecular signaling pathways, 
differentiation states and transcriptional profiles, indicating 
a marked increase in transcriptional heterogeneity during 
the progression if S‑ALI. The intermediate and transitional 
state of pyroptotic injury is evident, as multiple pathways 
exhibit consistent shifts along the histological transition 
from early inflammation to terminal lysis, consistent with 
previous bulk sequencing data  (90). This dynamic transi‑
tion provides a biological foundation for stage‑dependent 
and biomarker‑guided therapeutic intervention. An 
epithelial‑endothelial cluster shared among injury subtypes 
demonstrates potent differentiation potential according to the 
transcriptional differentiation trajectory. Gene expression, 
pathway enrichment and clinical biomarker data point to the 
stem‑like characteristic of this subpopulation, suggesting it as 
the potentially pioneering force of lineage plasticity for the 
progression of S‑ALI. Previous rseearch tracing histological 
transformation in septic lungs have identified an undiffer‑
entiated, stem‑like state that emerges during the transition, 
with cells exhibiting basal‑like features and the activation of 
NF‑κB and complement signaling pathways (92). Key regula‑
tory nodes exhibit basal origins with marked upregulation of 
NLRP3 and complement component 5a (C5a) receptor (C5aR) 
signaling pathways (92). The expression of the associated gene 
module gradually increases along the histological transition in 
experimental models. Significant discordance exists between 
preclinical success and clinical reality. This discordance may 
be partially attributed to the lack of patient stratification (2). 
In this context, linking biomarker‑defined endotypes with 
pathway‑specific interventions forms the core of a precision 
roadmap. The hyperinflammatory or pyroptosis‑high endo‑
type, characterized by elevated plasma GSDMD fragments 
and IL‑18, is associated with activation of canonical or nonca‑
nonical inflammasome pathways and may be matched with 
corresponding targeted therapies, with the potential to improve 
clinically relevant outcomes such as ventilator‑free days and 
organ failure scores. Current therapeutic strategies mainly 
focus on a single pathway, but underestimate the high plasticity 
of septic cells. Therefore, a shift toward biomarker‑guided, 
stage‑specific intervention is required to overcome treatment 
resistance and improve therapeutic precision. Further studies 
are warranted to elucidate the precise role of stem‑like cells 
in S‑ALI progression and to assess their potential therapeutic 
implications.

Molecular decoupling and strategic targeting of the canonical 
NLRP3 axis. The canonical NLRP3‑caspase‑1 axis serves as 
a primary molecular detonator in S‑ALI, with the intensity of 
its activation being closely associated with alveolar‑capillary 
barrier disruption  (93). Distinct regulatory clusters are 
governed by endogenous rheostats, such as heat shock 
factor 1 and heat shock protein 8, which modulate NLRP3 
ubiquitination to prevent the irreversible formation of the ASC 
speck complex (94,95). 

These regulatory clusters differ significantly in molecular 
signaling pathways and differentiation states, indicating a 
dramatic increase in transcriptional heterogeneity during 
sepsis progression. The intermediate and transitional state of 
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NLRP3 priming is evident, as multiple genes and pathways 
show consistent shifts from early priming to terminal execu‑
tion. A priming cluster shared across models demonstrates 
potent differentiation potential according to the transcriptional 
differentiation trajectory. Pathway enrichment points to the 
stem‑like characteristic of this subpopulation, suggesting it as 
the potentially pioneering force of lineage plasticity for canon‑
ical pyroptosis. A vast repertoire of pharmacological agents has 
demonstrated robust efficacy in preclinical models (96‑122); 
however, the discordance between murine success and clinical 
reality underscores the challenge of target engagement in 
the human septic niche. For example, colchicine suppresses 
NLRP3 inflammasome assembly and oxidative stress in 
LPS‑induced ALI (123), while metformin inhibits GSDMD 
activation and downstream inflammatory amplification in 
CLP models (96), both demonstrating consistent attenuation 
of pyroptosis‑associated lung injury in vivo. A critical barrier 
in translating pyroptosis‑targeted strategies from murine 
models to human sepsis lies in species‑specific divergence in 
inflammasome signaling, particularly the absence of direct 
orthology between murine caspase‑11 and human caspase‑4/5, 
which exhibit distinct activation thresholds and ligand sensi‑
tivities to cytosolic LPS (53). This molecular non‑equivalence 
complicates the extrapolation of caspase‑11‑centered findings 
from LPS‑ or CLP‑induced murine models of SALI to human 
patients in the ICU, where caspase‑4/5‑driven noncanonical 
inflammasome activation may follow different kinetics and 
cellular distribution (55).

Several therapies with potential applicability in the ICU 
setting have been described. These include anakinra (IL‑1 
receptor antagonist), which is already used in critically ill 
patients and has favorable pharmacologic feasibility due to 
its subcutaneous or intravenous administration, relatively 
predictable pharmacokinetics even in organ dysfunction, and 
established safety profile in sepsis trials (3). Mesenchymal 
stromal cells (MSCs) have also been administered intra‑
venously in multiple ARDS ICU trials, although their 
feasibility is limited by the need for cell preparation and 
variable engraftment (124). By contrast, direct NLRP3 inhibi‑
tors (e.g., DFV890) and GSDMD inhibitors remain largely 
investigational, with limited data on ICU pharmacokinetics, 
potential drug interactions and tissue penetration in critically 
ill patients with altered hemodynamics and pulmonary 
vascular injury (125).

In addition, pharmacokinetic and pharmacodynamic 
constraints in critically ill patients, including altered drug absorp‑
tion, organ dysfunction and unpredictable tissue distribution 
within injured pulmonary microvasculature, further limit 
reliable target engagement despite robust preclinical efficacy 
signals (126).

The expression of NLRP3‑associated gene modules gradu‑
ally increases along the histological transition in experimental 
models, while clinical translation remains limited by the lack 
of patient stratification (127,128). Clinical applicability of this 
axis depends on the early identification of patients with high 
inflammasome activity through plasma GSDMD cleavage 
products and IL‑18 levels, preferably within 24‑48  h of 
admission to the ICU. Emerging clinical signals from NLRP3 
inhibitors, such as DFV890 and the soluble urokinase plas‑
minogen activator receptor (suPAR)‑guided administration 

of anakinra suggest that identifying hyper‑pyroptotic 
endotypes is the only viable path to translating these find‑
ings into survival benefits (125,129). Therapeutic efficacy is 
likely to be maximized during the early hyperinflammatory 
phase, whereas late‑stage administration risks exacerbating 
immunosuppression. The full pharmacological landscape of 
inhibitors targeting the canonical NLRP3‑caspase‑1‑GSDMD 
axis is synthesized in Table II. Table II provides a compre‑
hensive summary of various pharmacological agents targeting 
different nodes (priming, assembly and execution) of the 
canonical inflammasome pathway. It lists specific agents (e.g., 
MCC950, metformin, colchicine and natural compounds), 
their experimental inducers (mainly LPS or CLP), molecular 
mechanisms, and key outcomes in murine models, such as 
reduced pulmonary damage, reduced pyroptosis, reduced 
NLRP3 activation, reduced GSDMD cleavage, and improved 
survival, along with associated risks and limitations.

Targeting the canonical NLRP3 inflammasome pathway 
has shown promising results in preclinical studies (Table II).

Non‑canonical signaling as a biophysical driver of endothe‑
lial plasticity. Lineage plasticity is particularly evident in the 
non‑canonical caspase‑4/5/11 pathway (86). Unlike the canon‑
ical axis, this pathway directly senses cytosolic LPS within 
pulmonary endothelium, triggering rapid GSDMD‑mediated 
membrane permeabilization (130). Distinct clusters of endo‑
thelial cells co‑exist in both acute and subacute phases of 
lung injury compared to myeloid‑dominant canonical models. 
These clusters differ significantly in marker genes, molecular 
signaling pathways and differentiation states, indicating a 
marked increase in transcriptional heterogeneity during endo‑
thelial transformation. The intermediate and transitional state 
of non‑canonical activation is evident, as multiple pathways 
show consistent shifts along the histological transition from 
localized inflammation to systemic alveolar flooding (4). An 
upstream humoral‑cellular crosstalk cluster shared among 
different sepsis models demonstrates potent differentiation 
potential according to the transcriptional differentiation trajec‑
tory. Pathway enrichment points to the stem‑like characteristic 
of this subpopulation, suggesting it as the potentially pioneering 
force of lineage plasticity for non‑canonical pyroptosis. The 
complement component 3a/C5a‑C5aR axis serves as a key 
modulator, while vilobelimab has shown clinical success in 
severe respiratory failure (4). Notably, vilobelimab‑mediated 
C5a blockade represents a clinically translatable example of 
complement‑targeted intervention that has progressed beyond 
preclinical validation into randomized human ARDS trials, 
highlighting a partial bridge between murine non‑canonical 
inflammasome models and ICU feasibility (131). The signifi‑
cant activation of non‑canonical clusters occurs across disease 
phases. Current therapeutic strategies for this axis remain 
limited and require careful temporal control to avoid compro‑
mising host defense mechanisms in the early phase of sepsis. 
Targeting intratumoral heterogeneity or stem‑like endothelial 
nodes has been proposed as a novel strategy to overcome 
treatment resistance. The full list of inhibitors targeting the 
non‑canonical inflammasome pathway is synthesized in 
Table III. Table III summarizes therapeutic strategies targeting 
the non‑canonical (caspase‑4/5/11) pathway in S‑ALI, including 
upstream complement modulation, caspase‑11 inhibition and 

https://www.spandidos-publications.com/10.3892/ijmm.2026.5935
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cellular therapies. Table III lists representative agents, molec‑
ular mechanisms, key outcomes (such as reduced endothelial 
pyroptosis, reduced vascular leakage, reduced lung injury 
and improved survival), as well as risks and limitations for 
each approach.

PANoptosome orchestration and the paradigm of death‑mode 
switching. The concept of lineage plasticity in the septic lung 
is further reflected in the integrated PANoptosome complex, 
which enables a distinct phenotype of cell death with potential 
for state‑shifting (87). Distinct clusters of dying cells where 
pyroptosis co‑exists with apoptosis and necroptosis are more 
evident compared to traditional single‑mode death models (90). 
These clusters differ significantly in marker genes, molecular 
signaling pathways and differentiation states, indicating a 
dramatic increase in transcriptional heterogeneity during 
death‑mode switching. The intermediate and transitional 
state of GSDME‑mediated injury is evident, as multiple path‑
ways show consistent shifts from early apoptosis to terminal 
lysis (83). An epithelial cluster shared across injury groups 
demonstrates potent differentiation potential according to the 
transcriptional differentiation trajectory. Gene expression and 
pathway enrichment point to the stem‑like characteristic of 
this subpopulation, suggesting it as the potentially pioneering 
force of lineage plasticity for PANoptosis in S‑ALI. Caspase‑3 
and caspase‑8 function as critical hubs for death‑mode 
switching (132). For instance, ligustrazine suppresses both 
caspase‑8 and NLRP3‑caspase‑1 signaling simultaneously, 
illustrating a multi‑node regulatory strategy capable of 
modulating pyroptosis‑apoptosis crosstalk within PANoptotic 
networks in septic lung injury (133). The significant activa‑
tion of compensatory pathways occurs when one executioner 
is inhibited (134). This coordinated activation highlights the 
limitation of single‑pathway inhibition and supports the need 
for multi‑target or adaptive therapeutic strategies. Current 
therapies focusing on a single pathway underestimate the high 
plasticity of septic cells. Targeting intratumoral heterogeneity 
or stem‑like protective cells, such as MSCs acting as biological 
rheostats, has been proposed as a novel strategy to overcome 
treatment resistance (135). 

The full list of agents targeting apoptotic caspase‑mediated 
pyroptosis is synthesized in Table IV. Table IV summarizes 
inhibitors of the apoptotic caspase‑mediated pathway in 
S‑ALI, detailing targeting nodes (primarily caspase‑3, 
caspase‑8 and caspase‑9), representative agents (e.g., irisin, 
resveratrol, ligustrazine, MSCs), molecular mechanisms and 
key outcomes in murine models, such as reduced caspase‑3 
activity, reduced lung injury, reduced microvascular perme‑
ability and reduced epithelial pyroptosis, along with associated 
risks and limitations.

Human evidence, ongoing/completed trials, and translational 
challenges. Although human evidence for the modulation 
of pyroptosis in S‑ALI remains limited, it is increasingly 
promising. Circulating GSDMD fragments, IL‑1β, IL‑18 and 
inflammasome‑associated signatures have been reported 
to be elevated in patients with sepsis in the ICU and in 
COVID‑19‑associated ARDS (56,136). Notably, these signals 
appear to be more prominent in hyperinflammatory bacte‑
rial sepsis than in certain viral ARDS cohorts, suggesting 
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substantial inf lammatory heterogeneity across patient 
populations (137). 

Current biomarker‑guided studies and key translational 
and clinical investigations targeting complement‑inflamma‑
some‑pyroptosis‑associated pathways have begun to provide 
early, yet heterogeneous evidence for clinical efficacy in 
critically ill patients. In particular, vilobelimab (anti‑C5a 
monoclonal antibody) has been evaluated in randomized 
clinical trials in severe COVID‑19‑associated ARDS, where 
treatment was shown to be associated with a reduction in 
28‑day mortality and trends toward improved ventilator‑free 
days in selected hyperinflammatory subgroups, although 
overall effects across unselected populations remained 
variable (138,139). 

In addition to vilobelimab, earlier clinical attempts to 
broadly suppress inflammatory injury in sepsis and ARDS, 
without targeting specific pyroptosis‑related pathways or 
applying biomarker‑based stratification, have largely failed to 
demonstrate consistent improvements in mortality or organ 
failure scores, highlighting the limitations of non‑selective 
anti‑inflammatory approaches in critical illness. These 
findings collectively indicate that the therapeutic modula‑
tion of pyroptosis‑related signaling requires both pathway 
specificity and patient stratification to achieve clinical efficacy.

Among candidate therapeutic nodes, upstream NLRP3 
inflammasome blockade may provide the broader suppression of 
caspase‑1 activation, IL‑1β/IL‑18 maturation and downstream 
pyroptotic amplification during the early hyperinflammatory 
stage of S‑ALI (140). By contrast, direct GSDMD inhibition 
may more specifically prevent membrane pore formation 
and terminal cell lysis, while preserving part of the upstream 
immune sensing cascade  (9). The modulation of the IL‑1 
pathway represents a downstream anti‑inflammatory strategy 
that may attenuate cytokine‑driven tissue injury, but does not 
completely suppress inflammasome activation or pyroptotic 
execution (141). Compared with conventional broad‑spectrum 
anti‑inflammatory therapies, pyroptosis‑targeted interven‑
tions provide the potential advantage of mechanism‑guided 
precision modulation by directly interrupting regulated 
inflammatory cell death pathways closely linked to alveolar 
barrier disruption, endothelial leakage, and maladaptive innate 
immune amplification in S‑ALI (140).

Among the currently available translational strategies, 
substantial heterogeneity exists regarding both mechanistic 
specificity and clinical applicability. Upstream inflammasome‑
directed approaches, such as NLRP3 inhibition, may provide 
the broader suppression of caspase‑1 activation and downstream 
cytokine maturation during the early hyperinflammatory phase; 
however, they may also increase the risk of excessive immune 
suppression when administered during later septic stages (142). 
By contrast, downstream IL‑1 pathway blockade appears to 
represent a comparatively safer and clinically feasible strategy, 
particularly in biomarker‑enriched hyperinflammatory 
subgroups, as illustrated by anakinra‑related research (129). 
Complement‑targeted interventions, such as vilobelimab may 
be particularly relevant in endothelial‑dominant inflammatory 
phenotypes characterized by excessive C5a activation and 
neutrophil‑driven tissue injury (138). Notably, several transla‑
tional studies summarized in Table V have demonstrated that 
non‑stratified anti‑inflammatory interventions have frequently 

failed to achieve consistent survival benefits, highlighting that 
therapeutic efficacy is highly dependent on appropriate endo‑
type selection, the timing of intervention and the preservation 
of essential host defense mechanisms. Collectively, current 
evidence supports a transition from empiric broad immuno‑
suppression toward biomarker‑guided precision modulation of 
pyroptosis‑associated inflammatory pathways in S‑ALI.

Notably, a substantial proportion of currently available 
human evidence is derived from COVID‑19‑associated ARDS 
cohorts rather than classical bacterial sepsis‑induced ALI (137). 
Although these studies provide valuable proof‑of‑concept 
support for inflammasome and pyroptosis modulation, signifi‑
cant differences exist between viral and bacterial inflammatory 
programs, including pathogen‑recognition pathways, neutrophil 
predominance, complement activation patterns and immune 
exhaustion trajectories (137). Therefore, caution is required 
when extrapolating COVID‑19‑based findings directly to 
heterogeneous sepsis populations.

Nevertheless, a substantial discordance persists between 
robust preclinical efficacy and relatively modest clinical 
outcomes. This discrepancy may partly reflect the dual role 
of pyroptosis in host defense and tissue injury, the existence 
of narrow therapeutic timing windows and the marked 
immunological plasticity observed during different stages 
of sepsis (143). A number of experimental inhibitors fail to 
translate clinically as they insufficiently account for patient 
stratification, inflammatory endotype, and stage‑specific 
immune status. Patients with excessive inflammasome acti‑
vation or elevated circulating IL‑1β/IL‑18 signatures may 
represent the most plausible candidates for pyroptosis‑targeted 
interventions. Based on these signals, a biomarker‑guided 
stratification framework may be used to identify a 
‘pyroptosis‑high’ inflammatory subphenotype in patients 
with S‑ALI/ARDS (144), whereas inappropriate late‑stage 
suppression could potentially aggravate sepsis‑associated 
immunosuppression. A biomarker‑guided stratification 
framework for S‑ALI is defined as follows: Candidate pyrop‑
tosis‑related biomarkers include circulating GSDMD cleavage 
products (GSDMD p30), IL‑1β and IL‑18, primarily measured 
in plasma or serum samples obtained within 24‑48  h of 
admission to the ICU (9). Bronchoalveolar lavage fluid may 
be used in research settings; however, is not routinely feasible 
in critically ill patients. Real‑world application is constrained 
by delayed laboratory turnaround time, variability in sampling 
timing, and dynamic changes in inflammatory status over the 
disease course. Biomarker interpretation should also consider 
confounding factors, such as acute kidney injury, extracorporeal 
membrane oxygenation and multi‑organ dysfunction, which 
may significantly alter circulating inflammatory profiles (145). 

Based on this framework, patients can be stratified into 
hyperinflammatory pyroptosis‑high and hypo‑inflammatory 
endotypes to support mechanism‑guided therapeutic 
selection (9). In the early hyperinflammatory phase, char‑
acterized by elevated levels of GSDMD p30, IL‑1β, and 
IL‑18, therapeutic strategies are primarily directed toward 
inhibition of the canonical inflammasome axis, including 
NLRP3 and caspase‑1 blockade, as well as downstream 
IL‑1 signaling modulation. By contrast, in later stages or in 
patients progressing toward immunosuppression, excessive 
inflammasome inhibition should be avoided, and supportive or 
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immune‑restorative approaches may be more appropriate (9). 
In endothelial‑predominant injury phenotypes, targeting the 
C5a‑complement axis may provide additional benefit, whereas 
in mixed or highly plastic PANoptotic states, combination or 
multi‑target strategies are likely required to achieve effective 
disease control (134).

To provide a coherent overview of translational readiness, 
representative human studies and ongoing or terminated 
clinical trials relevant to pyroptosis‑modulating strategies in 
sepsis, ARDS and S‑ALI are summarized in Table V. 

Table V summarizes human evidence and clinical trials 
for pyroptosis‑related interventions in S‑ALI. It details 
various interventions/targets (e.g., circulating GSDMD as 
biomarker, NLRP3 inhibitors, anakinra, MSCs and vilobe‑
limab), trial phases, target populations, mechanistic pathways, 
specific biomarkers for target engagement (such as plasma 
GSDMD‑NT, IL‑1β and IL‑18), patient endotype stratification 
frameworks, as well as risks and limitations of each approach.

Of note, these studies collectively demonstrate that 
successful clinical translation depends not only on pathway 
inhibition itself, but also on appropriate patient stratification, 
inflammatory endotype characterization, therapeutic timing 
and the preservation of antimicrobial host defense.

5. Challenges and future perspectives

Targeting pyroptosis in S‑ALI presents intrinsic challenges 
that arise from the dual role of inflammatory cell death in host 
defense and tissue injury. Controlled activation contributes 
to pathogen clearance and immune surveillance, whereas 
dysregulated or sustained activation amplifies inflammatory 
cascades, disrupts alveolar‑capillary barrier integrity and 
accelerates organ dysfunction. This dual nature makes indis‑
criminate or prolonged suppression of pyroptotic signaling 
potentially detrimental to immune competence and infection 
control  (146). The molecular heterogeneity of pyroptosis 
further complicates therapeutic translation, as distinct inflam‑
masome sensors, upstream caspases and gasdermin family 
members are differentially engaged across disease stages, 
cell populations and inflammatory microenvironments, 
leading to context‑dependent outcomes that are not adequately 
captured by single‑pathway inhibition strategies (147). In the 
setting of sepsis, dynamic shifts in immune status occur over 
time, with early hyperinflammation frequently transitioning 
toward immunosuppression, indicating that the timing and 
intensity of pyroptosis modulation are likely to determine 
therapeutic efficacy and safety rather than simple pathway 
blockade  (148). Notably, a number of candidate inhibitors 
targeting the NLRP3‑caspase‑1‑GSDMD axis, including 
MCC950 and VX‑765, have demonstrated substantial efficacy 
in murine LPS or CLP models, but remain limited in clinical 
translation due to insufficient pharmacokinetic validation, 
heterogeneous patient responses and concerns regarding 
excessive suppression of antimicrobial immunity (149,150). 
For example, it was previously demonstrated that MCC950 
(50  mg/kg) significantly reduced neutrophil infiltration, 
IL‑1β/IL‑18 levels and lung injury, scores and improved the 
survival of mice with LPS‑induced ALI and CLP‑induced 
sepsis (151). Similarly, VX‑765 attenuated caspase‑1‑mediated 
pyroptosis and lung injury in murine models of LPS‑induced 

ALI, although its protective effects were incomplete due to 
pathway compensation (5). This heterogeneity is largely driven 
by differences in underlying inflammatory endotypes (e.g., 
hyperinflammatory endotype with high IL‑6/IL‑8 showing 
better response to NLRP3 inhibition vs. hypoinflammatory 
endotype), the timing of intervention relative to disease stage 
(early administration protective in LPS models, but detrimental 
in late immunosuppressive phase of CLP sepsis), variability 
in baseline comorbidities (e.g., obesity and diabetes causing 
exaggerated NLRP3 priming and worse outcomes), genetic 
polymorphisms in inflammasome‑related genes (e.g., NLRP3 
gain‑of‑function variants rs35829419 associated with higher 
IL‑1β production and severe ARDS), and pathogen‑specific 
factors (stronger NLRP3 activation in Gram‑negative vs. 
Gram‑positive infections), resulting in highly variable target 
engagement and therapeutic responses across patients in 
the ICU (152).

Since basal pyroptotic signaling contributes to intracel‑
lular pathogen clearance and innate immune surveillance, 
indiscriminate or prolonged inhibition may inadvertently 
increase susceptibility to secondary infection and late‑stage 
immune paralysis in critically ill patients  (144). These 
findings collectively suggest that the successful clinical 
application of pyroptosis‑targeted therapies will likely require 
biomarker‑guided patient stratification and stage‑specific 
intervention rather than uniform pathway inhibition across all 
phases of sepsis‑associated acute lung injury (144).

From a translational perspective, the majority of currently 
available evidence supporting pyroptosis inhibition in S‑ALI 
is derived from experimental models that only partially 
reproduce the clinical complexity of sepsis, including inter‑
individual variability, comorbid conditions and heterogeneous 
infectious sources, which collectively influence inflammatory 
trajectories and treatment responsiveness (153). Differences 
in species‑specific inflammasome regulation, gasdermin 
expression patterns and immune cell composition further 
limit the direct extrapolation of preclinical findings to criti‑
cally ill patients (146). Clinical observations have shown that 
patients with sepsis‑associated ARDS exhibit elevated levels 
of inflammasome‑associated biomarkers, such as IL‑1β 
and IL‑18, and preliminary interventional studies using 
inflammasome‑targeted agents are being explored in ARDS 
cohorts with elevated caspase‑1 activity, providing early 
human evidence linking inflammasome modulation to lung 
inflammation in acute respiratory failure (154). Furthermore, 
serum concentrations of NLRP3 are significantly higher in 
patients with sepsis who develop ARDS, and are associated 
with disease severity and 28‑day mortality, suggesting that 
inflammasome activation markers have clinical diagnostic and 
prognostic value in human S‑ALI (21). Emerging clinical data 
also indicate that an elevated expression of NLRP3 in patients 
with ARDS is associated with worse oxygenation and organ 
dysfunction scores, highlighting the translational relevance 
of inflammasome‑related cell death pathways in human 
lung injury (155).

In addition, pyroptosis does not occur in isolation  but inter‑
sects with apoptosis, necroptosis, autophagy and metabolic 
reprogramming, forming an integrated cell death network in 
which the selective modulation of a single node may trigger 
compensatory mechanisms that sustain inflammation or tissue 

https://www.spandidos-publications.com/10.3892/ijmm.2026.5935
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damage, underscoring the need for a systems‑level under‑
standing of regulated cell death in septic lung injury (156). 
Observational clinical analyses using single‑cell transcrip‑
tomics and pyroptosis‑related gene signatures have stratified 
patients with sepsis‑induced ARDS into prognostic groups 
based on immune cell composition and pyroptosis signaling 
profiles, supporting the potential for personalized approaches 
to targeting regulated cell death in human disease (157).

Future research is thus warranted to focus on refining the 
precision of pyroptosis‑targeted interventions by integrating 
disease stage, cellular specificity and host immune status into 
therapeutic design. The identification of reliable biomarkers 
reflecting pyroptotic activity in lung tissue and circulation 
may enable the stratification of patients who are most likely to 
benefit from targeted modulation, while avoiding unnecessary 
immune suppression in others (158). Advances in multi‑omics 
profiling, spatial transcriptomics and single‑cell analyses 
are expected to provide deeper insight into cell type‑specific 
pyroptotic responses and their temporal evolution during 
sepsis (158). Therapeutic strategies that achieve the balanced 
regulation rather than the complete inhibition of pyroptosis, 
particularly approaches that preserve antimicrobial defense, 
while limiting inflammatory amplification and barrier 
disruption, may provide a more viable path toward clinical 
application (75). Through the continued integration of mecha‑
nistic research with translational and clinical investigation, 
targeting pyroptosis holds promise for improving outcomes in 
S‑ALI, while aligning with the broader goal of individualized 
management in critical care medicine (75).

6. Conclusion

In summary, pyroptosis represents a pivotal and action‑
able programmed cell death mode that drives the biological 
and clinical heterogeneity of S‑ALI. The transition from a 
single‑pathway model to an integrated landscape involving 
canonical, non‑canonical and PANoptosome‑mediated 
signaling has redefined the understanding of pulmonary 
inflammatory amplification. While preclinical studies have 
identified a vast repertoire of pharmacological agents, the path 
to clinical translation hinges on the shift from ‘one‑size‑fits‑all’ 
strategies to biomarker‑guided, stage‑specific interventions. 
By integrating high‑resolution molecular signatures with 
individual patient endotypes, targeting the pyroptotic cascade 
provides a promising frontier for achieving precision‑guided 
management and improving the survival of critically ill 
patients with sepsis‑induced respiratory failure.
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