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Objective: This study aimed to investigate the role of pyroptosis in alveolar macrophages regarding the immune microenvironment of 
acute respiratory distress syndrome (ARDS) and its prognosis.
Methods: ARDS Microarray data were downloaded from Gene Expression Omnibus (GEO). Support vector machine (SVM) and 
random forest (RF) models were applied to identify hub pyroptosis-related genes (PRGs) with prognostic significance in ARDS. RT- 
PCR was used to detect the relative expression of PRGs mRNA in alveolar macrophages of ARDS mice. Consensus clustering analysis 
was conducted based on the expression of the PRGs to identify pyroptosis modification patterns. Bioinformatic algorithms were used 
to study the immune traits and biological functions of the pyroptosis patterns. Finally, protein-protein interaction (PPI) networks were 
established to identify hub regulatory proteins with implications for the pyroptosis patterns.
Results: In our study, a total of 12 PRGs with differential expression were obtained. Four hub PRGs, including GPX4, IL6, IL18 and 
NLRP3, were identified and proven to be predictive of ventilator-free days (VFDS) in ARDS patients. The AUC values of the 4 PRGs 
were 0.911 (GPX4), 0.879 (IL18), 0.851 (IL6) and 0.841 (NLRP3), respectively. In ARDS mice, GPX4 mRNA decreased significantly, 
while IL6, IL18, and NLRP3 mRNA increased. Functional analysis revealed that IL6 had the strongest positive correlation with the 
CCR pathway, while GPX4 exhibited the strongest negative correlation with the T co-inhibition pathway. Based on the expression of 
the 4 PRGs, three pyroptosis modification patterns representing different immune states were obtained, and pattern C might represent 
immune storm.
Conclusion: The results showed that pyroptosis plays an important regulatory role in the immune microenvironment of ARDS. This 
finding provides new insights into the pathogenesis, diagnosis, and treatment of ARDS.
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Introduction
Acute respiratory distress syndrome (ARDS) is a multifactorial inflammatory pulmonary injury characterized by diffuse 
alveolar damage with hyaline membrane formation, epithelial cell hyperplasia, and interstitial edema. It clinically manifests as 
intractable hypoxemia and progressive dyspnea.1–3 In cases where positive end-expiratory pressure (PEEP) ≥5 cmH2O and 
PaO2/FiO2 ≤300 mmHg, chest imaging presents exudative lesions that involve both lungs and cannot be fully explained by 
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heart failure. Extensive studies4–6 on ARDS have been conducted in recent years, but the pathogenesis of ARDS and the key 
therapeutic targets still require further exploration.

Alveolar macrophages (AMs) comprise the majority of pulmonary macrophages (approximately 95%). They can 
regulate the inflammation after ARDS as important innate immune cells, the first line of defense against respiratory 
pathogens. They recognize and engulf exogenous pathogens or endogenous damage-associated molecules via Toll-like 
receptors.7–9 In the early stage of ARDS, AMs release proinflammatory cytokines and chemokines to induce the 
migration and aggregation of neutrophils and monocytes (MONOs) into the alveolar lumen.10 The activated neutrophils 
further release inflammatory mediators, inducing tissue injury and barrier disruption. Meanwhile, the alveolar epithelial 
cells and effector T cells are activated, further promoting and maintaining inflammation and tissue injury.7,11 The 
exudative phase of ARDS comprises initial responses to injury, characterized by the release of pro-inflammatory 
cytokines and chemokines following AM activation and subsequent accumulation of MONOs and neutrophils.12,13 

Under this background, the activation of AMs derived from peripheral MONOs is regarded as the leading cause of 
damage to the alveolar epithelium and endothelium.

Pyroptosis is a programmed cell death that can protect cells against infection. However, it can also lead to local and 
systemic inflammatory responses, and even fatal infectious shock in severer cases.14 Cell pyroptosis is mainly regulated 
by the Caspase-1 signaling pathway and the Caspase-4, Caspase-5, and Caspase-11 signaling pathways.15 It mainly 
involves the activation of various Caspase family proteins by inflammasomes, leading to the cleavage and polymerization 
of several Gasdermin family members, including GSDMD. This process results in cell membrane perforation, ultimately 
causing cell death. Accumulating evidence has suggested that macrophages undergo pyroptosis in response to an 
exogenous infectious or non-infectious stimulus, resulting in an enhanced inflammatory response.16–18 A recently 
study19 reveals that NLRP3 inflammasome activation and subsequent pyroptosis in AMs are responsible for the lung 
injury secondary to acute pancreatitis. Inhibition of AMs pyroptosis substantially suppresses acute pancreatitis-induced 
pulmonary lesion. Shao et al20 found that the administration of human growth hormone-releasing peptide (Ghrelin) in 
mice with traumatic brain injury (TBI) led to reductions in the levels of inflammatory factors (IL-1β, IL-6, TNF-α and 
IL-18), pyroptosis-related proteins (NLRP3, Caspase1-P20, HMGB1 and GSDMD), and phosphorylation of NF-κB in 
lung tissues. At the same time, Ghrelin also decreased the pulmonary vascular permeability and reduced the number of 
peripheral macrophages. These findings indicated that Ghrelin inhibited TBI-induced ARDS probably by blocking the 
NF-κB signaling and decreasing pyroptosis. Recent research21–23 has also demonstrated that alveolar macrophage 
pyroptosis plays a crucial role in ARDS, and by inhibiting this process, ARDS can be effectively ameliorated. 
However, the comprehensive role of pyroptosis in alveolar macrophages of ARDS has been less well studied. In this 
study, we applied bioinformatics to systemically analyze the role of pyroptosis in the prognosis and immunoregulation of 
ARDS patients. Our results demonstrate that pyroptosis in alveolar macrophages plays a crucial regulatory role in the 
immune microenvironment of ARDS. This finding is expected to contribute to a better understanding of the pathogenesis 
of ARDS and provide essential targets for its prevention and treatment.

Methods
Data Preprocessing
GSE89953 and GSE116560 datasets were downloaded from the Gene Expression Omnibus (GEO) database 
(https://www.ncbi.nlm.nih.gov/geo/). The GSE89953 dataset included 26 pairs of AMs samples (obtained from 
the BALF at day 1 of onset in ARDS patients) and peripheral blood MONOs samples.24 The GSE116560 dataset 
documented 68 AMs samples from ARDS patients, including 30 samples obtained at day 1 of onset and used in 
the present study.25 Then, the total RNA from the samples was subjected to genome-wide transcriptome sequen-
cing. Gene annotation was performed using the GPL6883 platform. Probes corresponding to multiple molecules 
were removed, and the probes corresponding to the same molecule were compared to preserve the probe with the 
maximal signal. Batch correction was performed using the ComBat function of sva package (Figure S1) to ensure 
there were no significant batch effects across samples. Detailed clinical characteristics of patients included in this 
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project are shown in Supplementary File 1. Pyroptosis-related genes (PRGs) were retrieved from previous 
research.26–30 Ultimately, 20 annotated PRGs were involved in this study.

Identification of Hub PRGs
A protein-protein interaction (PPI) network of PRGs was constructed using the Search Tool for the Retrieval of 
Interacting Genes/Proteins (STRING) database (https://cn.string-db.org/) to explore the relationship between the PRGs. 
The correlations between the PRGs in the AMs samples and the total samples were analyzed using Spearman correlation. 
The differential expression of the 20 PRGs between the AMs and MONOs samples was analyzed using the Wilcoxon 
test. The Least Absolute Shrinkage and Selection Operator (LASSO) regression was applied to remove redundant genes, 
followed by the establishment of random forest (RF) and support vector machine (SVM) models. Residuals were 
calculated to evaluate the performance of the two models.

Prognostic Performance of the Hub PRGs for ARDS
Ventilator-free days (VFDs) are a common indicator of clinical outcome in ARDS patients. Here, VFDs>0 were 
conferred to patients who were alive within 28 days and liberated from mechanical ventilation, while VFDs=0 were 
conferred to patients who died or required persistent mechanical ventilation. For the 30 patients from the GSE116560 
dataset, VFDs ranged from 0 to 25, and the average value of 12 was set as the threshold. VFDs≥12 were conferred to 
patients with a relatively good clinical outcome, while VFDs<12 was conferred to patients with a relatively poor clinical 
outcome. The area under the receiver operating characteristic curve (ROC-AUC) was calculated to assess the discrimi-
native capability of the hub PRGs in patients with varying clinical outcomes.

Identification of Pyroptosis Modification Patterns
Unsupervised clustering analysis was performed to identify pyroptosis modification patterns in ARDS patients based on 
the expression of the hub PRGs. Consensus clustering was applied to assess the robustness of clusters using the following 
parameters: clustering method based on k-means, 1000 iterations, and 80% resampling of samples. The optimal number 
of clusters was determined from cumulative distribution function (CDF) curves. Principal component analysis (PCA) was 
applied to further validate the reliability of the clustering.

Immune Analysis and Biological Functions in Different Pyroptosis Modification 
Patterns
Single-sample Gene Set Enrichment Analysis (ssGSEA) was applied to assess immune activity.31 Kruskal–Wallis test was 
used to compare the enrichment scores of immune pathways between MONOs and AMs samples. Spearman correlation was 
performed to assess the associations between the hub PRGs and immune reactivity as well as HLA expression. The immune 
differences across different pyroptosis modification patterns were explored using the Kruskal–Wallis test. The gene set “c2.cp. 
kegg.v7.4.symbols” was used as the reference gene set to reflect the changes in biological pathways. The clusterProfiler 
package was applied to perform Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 
enrichment analysis. The GSVA algorithm was adopted to convert the expression matrix to a score matrix, and the limma 
package was used to perform differential analysis in the scores of biological pathways across different patterns (P<0.05). 
Additionally, the LIMMA package was also applied to obtain differentially expressed genes (DEGs) across different 
pyroptosis modification patterns (P<0.05).

Co-Expression Network Analysis
Weighted gene coexpression network analysis (WGCNA) was used to assess the expression matrix extracted from the 
DEGs across different pyroptosis modification patterns.32 Network construction and module detection were performed 
using a scale-free topological overlap matrix (TOM). The optimal soft threshold was set to 21. Modules were merged at 
a cut height of 0.2, and the minimum module size was set to 20. Spearman correlation was used to evaluate the 
association between the modules and the pyroptosis modification patterns.
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Establishment of the Mouse ARDS Model and Histopathological Evaluation
Animal experimental procedures were approved by the Ethics Committee of Children’s Hospital of Chongqing Medical 
University. C57BL/6 mice (8–12 weeks old), weighing 20–25g, were purchased from the Animal Experiment Center of 
Chongqing Medical University and housed under standard conditions at the Animal Experimental Center of Children’s 
Hospital of Chongqing Medical University. The mice were divided into two groups: the Control group (normal mice) and 
the ARDS group, with each group containing 10 mice. After intraperitoneal injection of pentobarbital (50mg/kg) for 
anesthesia, the ARDS model in mice was established by intratracheal instillation of lipopolysaccharide (LPS) (5mg/kg, 
Solarbio Technology, China). After 24 hours, the mice were euthanized.33 The lower left lung lobe was fixed in 4% 
paraformaldehyde for 24 hours and then embedded in paraffin. Subsequently, the sections were deparaffinized with 
xylene, washed in different gradients of alcohol, incubated in distilled water, stained with hematoxylin and eosin, and 
mounted with neutral resin. Two observers independently examined the lung tissue sections under an optical microscope 
and recorded the pathological changes according to the previously described.34 Briefly, the histological index of lung 
injury was assessed by grading the following features on a five-point scale from 0 to 4: lung edema, infiltration of 
inflammatory cells, alveolar haemorrhage, hyaline membrane, and atelectasis. The scoring system was as follows: 0 = 
normal, 1 = injured area ≤25%, 2 = injured area 25–50%, 3 = injured area 51–70%, and 4 = injured area >70%. Ten fields 
were randomly selected for evaluation in each animal, and the scores were averaged for analysis.

Extraction of Primary Alveolar Macrophages from Mice
The procedure for extracting primary alveolar macrophages from mice is as follows:35 Perform alveolar lavage by 
endotracheal intubation three times to collect the bronchoalveolar lavage fluid. Centrifuge the collected bronchoalveolar 
lavage fluid at 4°C and 1500rpm for 10 minutes. Discard the supernatant and resuspend the pellet in RPMI 1640 
complete medium containing 20% fetal bovine serum and 1% antibiotics. Place the suspension in a cell culture incubator 
at 37°C with 5% CO2 for 2 hours. Non-adherent cells are removed by gently washing the culture dish, and the adherent 
cells that remain attached to the dish are considered alveolar macrophages.

Quantitative Real-Time Polymerase Chain Reaction
We isolated total mRNA from alveolar macrophages using an RNA extraction kit (BioTeke, RP1202, China) following 
the manufacturer’s instructions. The mRNA was then reverse transcribed into cDNA using a reverse transcription kit 
(TAKARA-RR037A, Japan). RT-PCR was performed using SYBR Q-PCR Premix (TAKARA-RR820A, Japan) accord-
ing to the provided protocol. GAPDH was used as the internal reference, and the relative expression levels of four hub 
PRGs (GPX4, IL6, IL18, and NLRP3) were determined using the 2−ΔΔCt method. The primer sequences used were as 
follows (5’-3’): GPX4: Forward: GTAACCAGTTCGGGAAGCAG, Reverse: TGTCGATGAGGAACTGTGGA; IL-6: 
Forward: GCCTTCTCTGATGCT, Reverse: TGTGACTCCAGCTTATCTCTTGG; IL-18: Forward: GCCTCTATTTG 
AAGATATGACTGA, Reverse: GAGATAGTACAGCCATACCTCTA; NLRP3: Forward: TCTTTGCGGCTATGTAC 
TATCT, Reverse: TTCTAATAGGACCTTCACGT; GAPDH: Forward: TGATGACATCAAGAAGGTGGTGAAG, 
Reverse: TCCTTGGAGGCCATGTAGGCCAT. The data were expressed as mean ± SD. Statistical analysis was con-
ducted using GraphPad software version 9.5.1. The comparison between two groups was performed using an unpaired, 
two-tailed Student’s t-test. Statistical significance was considered when the p-value was less than 0.05.

Results
Expression of PRGs in Different Clinical Samples
The chromosomal positions and the PPI network of the 20 PRGs are displayed in Figure 1A and B. It was found that the 
majority of the PRGs, except PRKACA, might play their roles in ARDS as a complex. The associations between 
different PRGs in the total samples (Figure 1C) and AM samples (Figure 1D) were analyzed. The Wilcox test resulted in 
12 PRGs with differential expression in AMs and MONOs samples (Figure 1E and F). All the results demonstrated that 
pyroptosis may play an important role in the occurrence of ARDS.
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PRGs as Potential Prognostic Markers for ARDS
To explore the prognostic significance of the 20 PRGs for ARDS, LASSO regression was applied to perform feature 
selection for dimension reduction to exclude redundant genes (Figure 2A and B). Hub PRGs were further identified by 
SVM (Figure 2C) and RF (Figure 2D) models. The SVM model was regarded as the optimal model with a smaller value 
of residuals (Figure 2E), and the genes involved in the model, including GPX4, IL6, IL18 and NLRP3, were considered 
as hub PRGs. ROC analysis revealed that the AUC values of the 4 PRGs were 0.911 (GPX4), 0.879 (IL18), 0.851 (IL6) 
and 0.841 (NLRP3), respectively, suggesting good prognostic performance for ARDS (Figure 2F).

Hub PRGs are Potentially Involved in Immunoregulation in ARDS
To investigate the significance of the hub PRGs (GPX4, IL6, IL18 and NLRP3) in the immunity of ARDS, correlations 
between PRGs expression and the activity of immune-related pathways, as well as HLA expression, were analyzed. 
Differential analysis revealed differences in immune function between the MONOs and AMs samples. As compared to 
the MONOs sample, AMs samples exhibited significant activation of some immune pathways, such as APC co-inhibition 
and CCR (Figure 3A). Additionally, the expression of HLA between the two types of samples was also remarkably 
different (Figure 3B). Correlational analysis indicated that the expression of the 4 PRGs was closely associated with 
multiple immune functions in AMs samples (Figure 4A). IL6 exhibited the strongest positive correlation with the CCR 
pathway (r=0.9), while GPX4 had the strongest negative correlation with the T co-inhibition (r= −0.55). Moreover, the 
expression of HLA-DMA exhibited the strongest negative correlation with NLRP3 (r= −0.66), but had the strongest 
positive correlation with GPX4 (r=0.59) (Figure 4B). Collectively, the 4 PRGs may participate in immunoregulation in 
ARDS.

Figure 1 Expression of PRGs in ARDS. (A) Chromosomal positions of the 20 PRGs; (B) PPI network of the 20 PRGs; (C) Correlations between PRGs expression in the 
total set; (D) Correlations between PRGs expression in the AM samples; (E) Heatmap of the PRGs with differential expression in AM and MONO samples; (F) Box plots of 
the PRGs with differential expression in AM and MONO samples. *P < 0.05; **P < 0.01; ***P < 0.001.
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Pyroptosis Modification Patterns in ARDS
Unsupervised consensus clustering analysis was performed on AMs samples based on the expression of the hub PRGs 
(Figure 5A–C). Three PRG-Clusters (A, B and C) were identified and could be well distinguished, as validated by further 
PCA (Figure 5D). Most of the 20 PRGs showed significant differential expression between different clusters. Among 
them, the pro-inflammatory cytokine IL-1β and inflammasome NLRP3 exhibited the highest expression in PRG-Cluster 
C, while the lowest expression in PRG-Cluster B (Figure 5E and F). The results demonstrate that ARDS may present 
multiple pyroptosis modification patterns, while PRG-Cluster C may represent an immune storm.

Immune Functions in the Three PRG-Clusters
Immune function and HLA expression in the three PRG Clusters were assessed. PRG-Cluster C exhibited the highest 
activity in immune responses (Figure 6A), and PRG-Cluster B had the highest mRNA expression of HLA (Figure 6B). 
These results show that pyroptosis may play an important regulatory role in the immune microenvironment of ARDS.

Biological Characteristics in the Three PRG-Clusters
Enrichment analysis was conducted to assess the biological functions in different pyroptosis modifications patterns. Compared to 
PRG-Cluster B, PRG-Cluster A exhibited higher activity in KEGG pathways, such as PROTEIN_EXPORT and 
N_GLYCAN_BIOSYNTHESIS (Figure 7A, Supplementary File 2). When compared with PRG-Cluster C, PRG-Cluster 
A had significantly up-regulated CITRATE_CYCLE_TCA_CYCLE and PYRIMIDINE_METABOLISM (Figure 7B, 
Supplementary File 3). Comparisons between PRG-Cluster B and C demonstrated significant up-regulation of pathways such 
as NOD_LIKE_RECEPTOR_SIGNALING_PATHWAY and CYTOKINE_CYTOKINE_RECEPTOR_INTERACTION in 
PRG-Cluster C (Figure 7C, Supplementary File 4). To gain more insight into the molecular mechanism, we obtained 597 
DEGs among the three PRG-Clusters (Figure 8A). The most enriched GO terms of the DEGs included positive regulation of 

Figure 2 PRGs are potential prognostic markers for ARDS. (A) LASSO regression with 10-fold cross-validation was used to fine-tune parameter selection. λ is the 
adjustment parameter, and the partial likelihood deviance is plotted according to log (λ); (B) LASSO regression coefficients of the 12 selected PRGs; (C) SVM model; (D) RF 
model; (E) Box plots of residuals (Red dot represents root-mean-square); (F) ROC curves of the 4 PRGs (GPX4, IL6, IL18 and NLRP3).
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DNA-binding transcription factor activity, among others. (Figure 8B), while the most activated KEGG pathways included Toll- 
like receptor signaling pathway and TNF signaling pathway, among others. (Figure 8C). WGCNA was applied to obtain three 
gene modules associated with the three PRG-Clusters (Figure 8D–G). PRG-Cluster B exhibited the strongest positive correlation 
with the grey module (r=0.77), and PRG-Cluster C had the strongest positive correlation with the blue module (r=0.8). The above 
results also clarified the gene expression regulatory network and the changes in relevant pathways mediated by pyroptosis in 
ARDS.

Hub Regulatory Proteins in Different Pyroptosis Modification Patterns
PPI networks corresponding to the grey and blue modules were established using the STRING database. The top 10 
proteins with the highest MCC value calculated by Cytoscape were selected as hub regulatory proteins. PRG-Cluster 
C might be regulated by IL6, IL1B, CXCL8, CCL3, MMP9, IL1RN, CXCL10, TLR2, PTGS2, CCL20 (Figure 9A), 
while PRG-Cluster B might be under the control of LRTOMT, GSTM2 and ALDH3B2 (Figure 9B).

Figure 3 Immune activity and HLA expression between MONO and AM samples. (A) Box plots of the expression status of immune pathways; (B) Box plots of HLA 
expression. *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 4 Correlations between hub PRGs and immune functions and HLA expression in AM samples. (A) Scatter plots of the correlations between the hub PRGs and 
immune functions. IL6 exhibited the strongest positive correlation with the CCR pathway (r=0.9), while GPX4 had the strongest negative correlation with the T co- 
inhibition (r= −0.55). (B) Scatter plots of the correlations between the hub PRGs and HLA expression. The HLA-DMA expression exhibited the strongest negative 
correlation with NLRP3 (r= −0.66), but had the strongest positive correlation with GPX4 (r=0.59). *P < 0.05; **P < 0.01; ***P < 0.001.
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Expression of Hub PRGs in Alveolar Macrophages of ARDS Mice
Finally, we validated the expression of Hub PRGs in alveolar macrophages of ARDS mice. Firstly, we established 
a mouse model of ARDS induced by LPS. In the lung tissues of ARDS mice, there was a significant infiltration of 
inflammatory cells, thickening of alveolar septa, and severe interstitial edema (Figure 10A and B). Compared to the 
control group, the lung tissue injury score in the ARDS group was significantly higher (P < 0.001) (Figure 10C). qRT- 
PCR was performed to measure the expression of Hub PRGs (GPX4, IL6, IL18, and NLRP3) in alveolar macrophages of 
mice. Compared to the control group, the expression of three hub PRGs (IL6, IL18, and NLRP3) was significantly 
upregulated in the ARDS group (P < 0.001). In contrast, the expression of one hub PRG, GPX4, showed a significant 
decrease (P < 0.001) (Figure 10D–G).

Discussion
ARDS is an inflammatory pulmonary disease characterized by acute onset and high mortality. In response to inflamma-
tory stimulation, severe hypoxemia is induced by diffuse injury of the alveolar–capillary barrier, immune infiltration, 
flooding of alveolar airspaces with protein-rich edema fluid, and severe gas exchange abnormalities.8,36 Increasing 
evidence37–39 has suggested that the pyroptosis of AMs is involved in the occurrence and development of ARDS, and its 
suppression may be a new treatment strategy. The present study, for the first time, analyzed the mRNA level of 20 PRGs 
in AMs and MONOs samples from ARDS patients and revealed 12 PRGs that exhibited differential expression between 
the two types of samples. Further analysis found that GPX4, IL6, IL18 and NLRP3 were hub PRGs with prognostic 
significance for ARDS and implications for immunoregulation. Furthermore, we also discovered significant changes in 
the mRNA expression of four hub PRGs in AMs of ARDS mice. Three pyroptosis modification patterns in AMs samples 
were identified based on the expression of the four PRGs. According to the analyses of the pattern-mediated gene 
expression regulatory network and changes in relevant pathways, we proved that pyroptosis may play an important 
regulatory role in immune microenvironment in ARDS.

Currently, several studies have focused on the four hub PRGs. GPX4 is an inhibitory protein of lipid peroxidation 
that can degrade the lipid peroxides. It was recently reported as a key regulatory protein of pyroptosis in macrophages, 
as it could decrease the activity of Caspase-1, Caspase-11, and PLCG1 to prevent GSDMD-N production and 

Figure 5 Identification of pyroptosis modification patterns in ARDS. (A) Cumulative distribution function (CDF) curves with k= (2–9); (B) The relative change in the area 
under the CDF curves from k= (2–9); (C) Heatmap of the matrix of co-occurrence proportions for AM samples; (D) PCA; (E) Heatmap of the PRGs expression in the three 
PRG-Clusters (A–C); (F) Box plots of the PRGs expression in the three PRG-Clusters (A–C). *P < 0.05; **P < 0.01; ***P < 0.001.
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pyroptosis.40 IL-6 is a multi-functional cytokine involved in multiple physiological functions and essential for 
maintaining immune homeostasis. It can inhibit the inflammatory injury associated with pyroptosis in AMs, which 
might be achieved via the suppression of Caspase-3-GSDME-mediated apoptosis-to-pyroptosis transformation or 
typical pyroptosis.41 IL-18 is a member of the IL-1 cytokine family and stimulates innate lymphocytes and antigen- 
experienced, but not naive, T cells. Both Caspase-1-dependent and independent pyroptosis pathways can induce the 
activation of Caspase-1, which then cleaves the precursors of IL-18. The bioactive IL-18 is then released into the 
extracellular environment and induces inflammatory responses.42 NLRP3, composed of 1016 amino acids, is encoded 
by NLRP3 gene mapped to chromosome 1q44. The carboxy-terminal LRR domain is responsible for ligand recogni-
tion; the intermediate NOD domain hydrolyzes ATP to GTP; the amino-terminal PYD domain participates in cellular 
inflammatory response by binding to molecules sharing an identical DNA-binding domain.43 Activated NLRP3 
exposes the NACHT domain, which induces ATP-dependent oligomerization, resulting in the formation of an 

Figure 6 Immune microenvironment in different PRG-Clusters of ARDS. (A) Difference in immune activity. PRG-Cluster C exhibited the highest activity in immune 
responses; (B) Difference in HLA gene expression. PRG-Cluster B had the highest mRNA expression of HLA. *P < 0.05; **P < 0.01; ***P < 0.001.
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inflammasome containing Caspase and ASC (Apoptosis-associated speck-like protein containing a CARD). The 
NLRP3 inflammasome then activates Caspase-1 to induce pyroptosis in cells.

All the four hub PRGs are associated with immune pathways and may play a role in immunoregulation. Our results 
demonstrated that IL6 had the strongest positive correlation with the CCR pathway. It has been established that activated 
M1 macrophages induce the expression of the pro-inflammatory cytokine IL-6 and chemokine receptors CCR1/CCR5 to 
promote T-helper type 1 (Th1) and Th17 responses, which are essential in pathogen killing.44 A study on colitis-related 
colorectal cancer revealed that IL-6 induces macrophages to become tumor-promoting macrophages by producing 
CCL20 in the tumor microenvironment. CCL-20 recruits B cells and γδ T cells expressing CCR6 to advance the 

Figure 7 Potential biological pathways across the three pyroptosis modification patterns. (A) KEGG pathways between PRG-Cluster (A and B); (B) KEGG pathways 
between PRG-Cluster (A and C); (C) KEGG pathways between PRG-Cluster (B and C).
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tumor progression.45 Additionally, our study also found the strongest negative correlation between GPX4 and 
T co-inhibition. It is noteworthy that the activity of GPX4 is essential for T cell survival. Experiments in genetically 
engineered mouse models have shown that deficiency of GPX4 in myeloid cells increases the rate of lethality in sepsis. 
Furthermore, GPX4 knockout in myeloid cells also facilitates the occurrence of intestinal tumors by increasing the 

Figure 8 DEGs in the three pyroptosis modification patterns and functional analysis. (A) Pyroptosis-associated DEGs (n=597); (B) GO terms of the DEGs; (C) GO terms 
of the DEGs from Biological Process (BP); (D) WGCNA for DEGs with P<0.05; (E) Scale-free topology model ft index and the mean connectivity under different thresholds; 
(F) Gene dendrogram and module colors; (G) Heatmap of the module-trait relationships.

Figure 9 PPI networks. (A) Hub regulatory proteins of PRG-Cluster C based on blue module genes; (B) Hub regulatory proteins of PRG-Cluster B based on grey module 
genes.
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genetic instability in intestinal epithelial cells. Further research has demonstrated that GPX4-deficient antigen-specific 
CD8 + and CD4 + T cells fail to proliferate and protect host mice from infection by lymphocytic choriomeningitis virus 
and Leishmania.8 Another study reported that enhanced expression of GPX4 in T cells increases the number of follicular 
helper T cells and facilitates antibody responses in vaccinated mice and young people.46 The studies mentioned above 
collectively indicate that GPX4 is crucial for T cell immunity. Additionally, we found that HLA-DMA expression had the 
strongest negative correlation with NLRP3 (r= −0.66) and the strongest positive correlation with GPX4 (r= 0.59), which 
also implies the potential role of the four hub PRGs in immunoregulation of ARDS.

The present study identified three pyroptosis modification patterns using unsupervised clustering analysis and PCA, and 
demonstrated differential expression in the majority of the PRGs across different patterns. It inferred that ARDS has diverse 
pyroptosis modification patterns represented by different immune characteristics and microenvironments. The results of KEGG 
pathway enrichment analysis also indicated the activation of different signaling pathways in different patterns, demonstrating 
the complexity of immune responses in ARDS. To gain more insight into the molecular mechanism, 597 DEGs among the 

Figure 10 The expression levels of 4 PRGs (GPX4, IL6, IL18 and NLRP3) in alveolar macrophages of mice. (A) HE staining of normal mouse lung tissue (magnification ×200); 
(B) HE staining of ARDS mouse lung tissue; (C) Lung tissue injury score. Expression levels of GPX4 (D), IL6 (E), IL18 (F) and NLRP3 (G) mRNA were quantified using qRT-PCR. 
***P < 0.001.
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three pyroptosis modification patterns were obtained and found to enrich in GO terms such as positive regulation of DNA- 
binding transcription factor activity, as well as KEGG pathways such as Toll-like receptor signaling pathway and TNF 
signaling pathway. Further WGCNA obtained three gene modules associated with the pyroptosis modification patterns. Based 
on the result of correlation analysis, the grey and blue modules with significant correlation with cluster B and C were selected 
for further analysis. PPI networks based on the genes involved in the two modules were generated, and the top 10 proteins with 
the highest MCC value were selected by Cytoscape and considered as hub regulatory proteins for the corresponding pyroptosis 
modification patterns. This analysis helps unravel the pyroptosis-mediated gene expression regulatory network in ARDS.

There are still some limitations to the study. For instance, the study results should be interpreted with caution due to the 
small size and heterogeneity of the samples included. Validation of the results is required in further large-scale studies, and 
both in vivo and in vitro experiments are needed to explore the specific mechanisms. Moreover, all the data in this study were 
obtained at the mRNA level, which may lead to less satisfactory results regarding the assessment for protein-based immune 
signaling pathways. Regardless of the limitations, our study also proved that pyroptosis modification is of vital significance in 
the immune microenvironment in ARDS, which deepens our understanding of the potential pathogenesis of ARDS.

Conclusion
In conclusion, the present study conducted bioinformatic analysis on previously published human sample datasets, 
GSE89953 and GSE116560 datasets, and identified the important roles of the PRGs and pathways associated with AMs 
pyroptosis in the immunoregulation of ARDS. Additionally, we identified four hub PRGs (GPX4, IL6, IL18 and NLRP3) 
associated with AMs pyroptosis in ARDS. The differential expression of these four PRGs was confirmed in both normal and 
ARDS mice. The findings of this study may provide new targets and insights for the diagnosis and treatment of ARDS.
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