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PANoptosis is one of several modes of programmed cell death (PCD) and plays an important role in 
many inflammatory and immune diseases. The role of PANoptosis in inflammatory bowel disease 
(IBD) is currently unknown. Differentially expressed PANoptosis-related genes (DE-PRGs) were 
identified, and pathway enrichment analyses were performed. LASSO regression model construction, 
a nomogram model, calibration curves, ROC and DCA curves were used to evaluate the predictive 
value of the model. Predicts transcription factors (TFs) and small-molecule drugs of DE-PRGs were 
analysed. Model genes and immuno-infiltration were analysed. The PANoptosis features of IBD include 
12 genes: OGT, TLR2, GZMB, TLR4, PPIF, YBX3, CASP5, BCL2L1, CASP6, MEFV, GSDMB and BAX. The 
enrichment analysis suggested that these genes were related to TNF signalling, NF-κB, pyroptosis and 
necroptosis. Machine learning identified three model genes: OGT, GZMB and CASP5. The nomogram 
model, calibration curves, ROC and DCA curves have strong predictive value. Immuno-infiltration 
analysis revealed that immune cell infiltration was increased in patients with IBD, and the model 
genes were closely related to the infiltration of various immune cells. The TFs associated with DE-
PRGs were RELA, NFKB1, HIF1A, TP53 and SP1. In addition, the Connectivity Map (CMap) database 
identified the top 10 small-molecule compounds, including buspirone, chloroquine, spectinomycin and 
chlortetracycline. This study indicate that DE-PRGs model genes have good predictive ability for IBD. 
Moreover, PANoptosis may mediate the process of IBD through TNF signalling, NF-κB, pyroptosis, 
necroptosis and immune mechanisms. These results present a new horizon for the research and 
treatment of IBD.
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Inflammatory bowel disease (IBD), including Crohn’s disease (CD) and ulcerative colitis (UC), is a chronic 
condition characterized by recurrent and remitting inflammation in the gastrointestinal tract. IBD is considered 
an immune-related disease in which immune cells produce inflammatory factors to regulate immune-
inflammatory responses and is associated with the regulation of various immune cells; however, its pathogenesis 
has not yet been fully elucidated1,2.

Programmed cell death (PCD) is a highly regulated cellular process in which specific genes are activated 
in response to internal or external environmental stimuli, orchestrating the orderly demise of the cell. The 
predominant forms of PCD include apoptosis, necroptosis, pyroptosis, ferroptosis and copper-induced cell 
death. Recent research has revealed that various modes of PCD exhibit significant cross-regulatory interactions 
that collectively influence cellular outcomes. Malireddi et al. proposed a new concept of total cell death called 
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PANoptosis in 20193. PANoptosis is a PCD pattern of inflammatory cells regulated by the PANoptosome 
complex, with features of pyroptosis, apoptosis and/or necroptosis. The PANoptosis complex includes the 
following: the ZBP1-PANoptosome: ZBP1, RIPK3, RIPK1, Caspase 8, Caspase 6, PYCARD and NLRP3; the 
AIM2-PANoptosome: AIM2, ZBP1, RIPK3, RIPK1, Caspase 8, Caspase 1, PYCARD, Pyrin and FADD; and 
the RIPK1-PANoptosome: RIPK1, RIPK3, Caspase 8, Caspase 1, PYCARD and NLRP33–8. Several studies have 
shown that PANoptosis is associated with the repair of multiple injuries, including spinal cord neuron injury9, 
acute kidney injury4,10, acute lung injury11–13, myocardial injury14, and retinal neuron ischaemia/reperfusion 
injury15. Therefore, PANoptosis is involved in the damage and repair process of various diseases.

In the study of digestive diseases, PANoptosis-related genes (PRGs) are related to the expression pattern, 
prognosis and immune infiltration of gastric cancer (GC). The regulation of PANoptosis by interferon 
regulatory factor 1 may prevent colorectal cancer (CRC)16; At the same time, phosphorylated NFS1 reduces 
oxaliplatin chemotherapy sensitivity in CRC by preventing PANoptosis17. PANoptosis plays important roles 
in CD and UC18,19. However, no relevant studies have been reported in IBD, and the differentially expressed 
PANoptosis-related genes (DE-PRGs) screened by various mechanical learning methods are inconsistent with 
the abovementioned studies. We further screened DE-PRGs for small-molecule drugs. The screening of DE-
PRGs model genes and transcription factors (TFs) will provide a theoretical basis and a new perspective for the 
pathogenesis of IBD.

Materials and methods
Data acquisition and analysis
We downloaded the matrix expression and clinical data from various datasets (GSE3365, GSE179285, 
GSE137344 and GSE75214) from the Gene Expression Omnibus (GEO)20. Age, sex, race, sample organism and 
disease diagnosis were included in the clinical data (Supplementary Table 1). R software was used to correct 
the transcriptome data, eliminate incomplete data, and filter out overlapping genes. In this study, we combined 
previous studies and related literature reports to complete data quality analysis, and used dataset GSE3365 as 
the training and GSE179285 as the validation. Immuno-infiltration analysis and transcription factor expression 
validation were performed in GSE3365, GSE179285 and GSE137344 datasets.

Identification of DE-PRGs in IBD
We used the “limma” package to screen differentially expressed genes (DEGs) between the IBD group and the 
normal group (adj.P.Val < 0.05, |log2FC| > 0.5). The “ggplot2” and “pheatmap” packages were used to visualize the 
volcano map and heatmap of the DEGs and display some of the DEGs. The heatmap revealed the top 20 genes. 
Combined with the database and related literature on PANoptosis, we screened 120 PRGs21 (Supplementary 
Table 2). A Venn diagram of the DE-PRGs was drawn using the “VennDiagram” package, and the DE-PRGs data 
were output (Supplementary Table 3).

Functional enrichment analysis
In R software, the “clusterProfiler”, “org.hs.egg.db”, “ggplot2”, “circlize”, “enrichplot” and “ComplexHeatmap” 
packages were used to perform Gene Ontology (GO) analysis22, Kyoto Encyclopedia of Genes and Genomes 
(KEGG) analysis23 and gene set enrichment analysis (GSEA)24. Through the Metascape online database25, the 
DE-PRGs were input, and enrichment analysis and transcription factor enrichment maps were generated online.

PPI network construction and DE-PRGs screening
A network interaction diagram was drawn using the STRING online database to analyse the protein interactions 
of the DE-PRGs26. In addition, DE-PRGs were input into Cytoscape software to obtain the network interaction 
map of the DE-PRGs, and the top 6 genes in the PPI network were calculated using the MCC algorithm, which 
revealed that these 6 genes presented the highest correlation coefficients. Finally, the DE-PRGs were input 
into the GeneMANIA network tool to analyse DE-PRGs-related genes and functions and construct a gene co-
expression network27.

Verification of DE-PRGs
In the validation dataset GSE179285, the “ggpubr” package in R software was used to verify the expression levels 
of DE-PRGs in IBD and determine their diagnostic ability for IBD.

Construction of risk scores for DE-PRGs signatures
We identified the characteristic genes of IBD through LASSO regression and then constructed a logistic regression 
model to output the list of model genes. The risk scores of the output samples were calculated (Supplementary 
Table 4). To evaluate the effectiveness and utility of this nomogram, we used calibration curves, ROC (Receiver 
Operating Characteristic) and DCA (Decision Curve Analysis) curves to evaluate its predictive power for IBD.

Immune infiltration analysis
The CIBERSORT calculation method was used to calculate the proportion of immune cells in each sample, as 
well as the expression levels of genes in 22 immune cell types28. Bar charts and box plots were drawn using the 
“reshape2” and “ggpubr” packages. The “limma”, “reshape2”, and “ggplot2” packages were used to analyse the 
correlations between model genes and the 22 immune cell types.

CMap analysis identifies small-molecule drugs among the DE-PRGs
A Connectivity Map (CMap) is a tool or method for linking small molecules, genes and diseases using gene 
expression signatures; the CMap database provides gene expression profile data before and after drug treatment 
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of human cell lines29. We entered the DE-PRGs and obtained the drugs associated with them from this database. 
CMap enables the discovery of small-molecule compounds with potential therapeutic effects and the screening 
of predicted small-molecule drugs; each positive score represents a positive correlation, and each negative 
score represents a negative correlation. The negative correlation indicates that the drug can reduce or reverse 
the symptoms of IBD. Meanwhile, the Search Tool for Interactions of Chemicals (STITCH) database studies 
the relationship between small molecule drugs and DE-PRGs30. The structures of small-molecule drugs were 
screened in PubChem31.

Establishment and verification of transcription factors-DE-PRGs networks
Trust (version 2) is a database of human and mouse transcriptional regulatory networks32. DE-PRGs were 
input online to obtain DE-PRGs-related TFs (Supplementary Table 5). In addition, in the datasets (GSE3365, 
GSE179285 and GSE137344), the expression levels of DE-PRGs-related TFs were validated. Some of the analytical 
methods in this study refer to our previous research33. See online database links Supplementary Table 7.

Results
Identification of DE-PRGs in IBD
In the context of IBD, we identified a total of 890 DEGs from the GSE3365 dataset. The analysis, represented 
through volcano plots and heatmaps, revealed that the genes exhibiting significantly elevated expression levels 
included SERPINB2, MYL9, ALAS2 and CCL2 (log2FC > 1) (Fig. 1A,B). Through a comprehensive review of 
the literature and relevant online databases, we subsequently identified 120 genes associated with PANoptosis 
(Supplementary Table 2). By integrating the 890 DEGs identified in IBD, we identified 12 DE-PRGs, specifically 
OGT, TLR2, GZMB, TLR4, PPIF, YBX3, CASP5, BCL2L1, CASP6, MEFV, GSDMB and BAX (Fig.  1C). We 
employed violin plots to illustrate the expression levels of DE-PRGs in IBD based on the GSE 3365 dataset 
(Fig. 1D). Furthermore, we assessed the expression profiles of DE-PRGs across additional datasets, 1 DE-PRG in 
the GSE137344 dataset (Supplementary Fig. 1A-C), and 21 DE-PRGs in the GSE75214 dataset (Supplementary 
Fig. 1D-F). Considering the quantity of DE-PRGs and the data quality from the IBD dataset, we opted for the 
GSE 3365 dataset to perform validation and facilitate subsequent model development.

Functional enrichment analysis of DE-PRGs
The results of the GSEA enrichment analysis for the GSE3365 dataset have been detailed in prior research33. 
We subsequently performed GSEA enrichment analysis on the GSE179258 dataset, with the GO enrichment 
analysis focused primarily on the activation of the immune response, the acute inflammatory response, the 
adaptive immune response, the adaptive immune response based on somatic recombination of immune receptors 
built from immunoglobulin superfamily domains and antigen processing and presentation (Fig. 2A). KEGG 
enrichment analysis revealed enrichment of genes related mainly to allograft rejection, antigen processing and 
presentation, autoimmune thyroid disease, cytokine-cytokine receptor interaction and leishmania infection 
(Fig. 2B). Therefore, the GSEA results suggest that the main focus is on the immune response and inflammation 
pathways, which is consistent with our previous results. We further utilized heatmaps to show the expression 
of DE-PRGs in IBD (Fig. 2C), which is consistent with the violin plot presented in Fig. 1D. The GO analysis 
of DE-PRGs was related mainly to necrotic cell death and apoptotic processes (Fig.  2D-E). KEGG analysis 
revealed associations with the pathways of tumour necroptosis, the NF-κB pathway and pyroptosis (Fig. 2F). 
Additionally, the Metascape online database revealed comparable findings related to pyroptosis, apoptosis and 
inflammatory responses (Fig. 2G); DE-PRGs were associated with vascular inflammation, tumour necrosis and 
intestinal inflammation (Fig.  2H); and transcription factor analysis indicated the involvement of RELA and 
NFKB1 (Fig. 2I).

Lasso regression model for DE-PRGs and disease prediction
Using DE-PRGs, LASSO regression analysis was performed to derive the expression levels of Lasso genes, followed 
by the construction of a logistic regression model to calculate the risk scores for the model genes. The genes 
incorporated into the model genes included CASP5, OGT and GZMB (Fig. 3A,B). A heatmap illustrating gene 
expression in IBD models revealed that CASP5 was upregulated, whereas OGT and GZMB were downregulated 
(Fig. 3C). The nomogram predicts the incidence of disease in each sample, the expression of each model gene 
and clinical feature has corresponding scores, and the total score predicts the incidence of disease in each sample 
(Fig. 3D). The calibration curve suggested that the C-index was 0.932; therefore, the accuracy of the nomogram 
in predicting the incidence of disease was high (Fig. 3E). The ROC curve indicated that the area under the curve 
(AUC) in the nomogram was the largest (AUC = 0.932), and the incidence of disease was the highest predicted 
by the nomogram. In addition, CASP5, OGT and GZMB could also better predict the incidence of disease 
(AUC = 0.734, 0.852, 0.781) (Fig. 3F). The DCA curve suggested that the nomogram and risk score were good 
predictors of the incidence of disease (Fig. 3G).

Validation of model genes in IBD
We screened the GSE137344 and GSE179285 datasets for validation. Clinical data analysis revealed that 
GSE179285 had no age data and incomplete sex data; therefore, the GSE 137,344 dataset was used for validation. 
Heatmaps revealed that the expression of CASP5 was upregulated (Fig. 4A). The calibration curve suggested 
that the C-index was 0.877; thus, the accuracy of the nomogram in predicting the incidence of disease was high 
(Fig. 4B). The ROC curve indicated that CASP5, OGT and GZMB could also better predict the incidence of 
disease (AUC = 0.598, 0.52, 0.585) (Fig. 4C). The DCA curve suggested that the nomogram, age and sex were 
good predictors of the incidence of disease (Fig. 4D).
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Fig. 1.  Expression and verification of DE-PRGs. (A) DEGs expression volcano map, the red marks are 
SERPINB2, MYL9, ALAS2 and CCL2; (B) DEGs expression heatmap (top 20); (C) Venn diagram of DEGs and 
PRGs; twelve DE-PRGs were identified (OGT, TLR2, GZMB, TLR4, PPIF, YBX3, CASP5, BCL2L1, CASP6, 
MEFV, GSDMB and BAX); (D) Diagram of the expression of DE-PRGs. The above data analysis is based on 
the GSE3365 dataset. Normal vs. IBD, DEGs: differentially expressed genes; DE-PRGs differentially expressed 
PRGs, CD Crohn’s disease, UC ulcerative colitis, **p < 0.01; ***p < 0.001.
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Fig. 2.  Functional enrichment and pathway enrichment analysis of DE-PRGs in IBD. (A,B) GSEA enrichment 
analysis was conducted using the GSE179285 dataset, where the horizontal axis denotes sorted genes and 
the vertical axis indicates enrichment scores. Curves of varying colours represent distinct pathways. (C) 
Heatmap analysis of DE-PRGs derived from the GSE3365 dataset. (D) GO analysis of DE-PRGs, including 
BP: biological process; CC: cellular component; MF: molecular function. (E) Circular diagram illustrating the 
GO enrichment analysis for DE-PRGs depicting genes that exhibited functional enrichment. Moving from 
the outermost to the innermost circle: the first circle denotes the GO ID, with distinct colours representing 
the three primary categories; the second circle indicates the number of genes associated with each GO term; 
the third circle reflects the count of overlapping genes enriched within each GO term; and the fourth circle 
illustrates the proportions of these genes. A deeper red hue signifies greater significance in gene enrichment 
among overlapping sets. (F) KEGG enrichment analysis of DE-PRGs. (G) Enrichment analysis of DE-PRGs 
using the Metascape online tool. (H) Disease-enriched pathway analysis of DE-PRGs using the Metascape 
online tool. (I) Transcription factors of DE-PRGs using the Metascape online tool.
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PPI network diagram of DE-PRGs and its validation
We utilized the STRING database to conduct a PPI analysis of the DE-PRGs. The 12 DE-PRGs were input into 
the STRING database, and independent genes were excluded to construct a PPI network diagram (Fig. 5A). The 
results were analysed using the CytoHubba plugin within Cytoscape software, with visualizations generated in 

Fig. 3.  Construction and prediction evaluation of the DE-PRGs regression model. (A,B) LASSO parameter 
profiles for genes. (C) DE-PRGs model genes heatmap. (D) Nomogram model. (E,F) Calibration and ROC 
curves of the value of the nomogram for prediction. (G) DCA curves. ROC receiver operating characteristic, 
DCA decision curve analysis. All the above results from the GSE3365 dataset.
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Cytoscape (Fig. 5B). Based on these visualization outcomes, we employed both the MCC and degree algorithms 
to analyse the PPI network, identifying six prominent DE-PRGs: TLR2, TLR4, CASP5, BCL2L1, CASP6 and 
MEFV (Fig. 5C). The GeneMANIA diagram illustrates co-expression interactions among the 12 DE-PRGs and 
their neighbouring genes; colour coding was used to denote shared functional relationships between these genes 
(Fig. 5D). Furthermore, the expression levels of the DE-PRGs were validated using data from the GSE179285 
dataset, however, the expression of TLR2 and TLR4 was up-regulated in our previous study. In this context, blue 
represents normal individuals, whereas red indicates patients with IBD (Fig. 5E).

Immune infiltration analysis of model genes
The above enrichment analysis indicated that the immune cell and inflammatory responses are involved in the 
pathogenesis of IBD. In the IBD datasets (GSE3365 and GSE179285), we previously studied different patterns 
of immune infiltration based on 22 types of immune cells using the CIBERSORT method33. This study used the 

Fig. 4.  Validation of the DE-PRGs model genes. (A) DE-PRGs model genes heatmap. (B,C) Calibration and 
ROC curves of the predictive value of the nomogram. (D) DCA curves. All the above results were validated on 
the GSE137334 dataset.
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Fig. 5.  PPI network diagram of DE-PRGs and their validation. (A) PPI network analysis of DE-PRGs (from 
the STRING database). (B,C) The top 6 Hub genes identified by the degree and MCC algorithms using 
CytoHubba in Cytoscape. (D) GeneMANIA diagram illustrating the co-expression interactions between DE-
PRGs and their neighbouring genes, with colour coding indicating the functional relationships shared among 
these genes. (E) The expression levels of DE-PRGs were validated in the GSE 179,285 dataset. Blue represents 
normal individuals, and red represents IBD patients; *p < 0.05; **p < 0.01; ***p < 0.001; ns: no statistical 
significance.
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CIBERSORT method to study different immune infiltration patterns based on 22 kinds of immune cells in the 
dataset (GSE137344) (Fig. 6A). In IBD, the infiltration of B cells naive and NK cells resting was significantly 
reduced, whereas the infiltration of plasma cells activated and NK cells activated was significantly increased 
(Fig. 6B). In three IBD datasets (GSE137344, GSE3365, and GSE179285), correlations between model genes and 
22 types of immune cells were further analysed. Overall, our analysis revealed that model genes were significantly 
negatively correlated with mast cells resting and positively correlated with mast cells activated and macrophages 
M1 in the GSE137344 dataset. In GSE3365, model genes were negatively correlated with macrophages M1 and T 
cells regulatory (Tregs). In GSE179285, model genes were significantly negatively correlated with eosinophils and 
positively correlated with plasma cells (Fig. 6C–E). There were dataset differences between single model genes 
and immune cell infiltration, with potential individual differences. OGT expression was significantly positively 
correlated with B-cell memory and was negatively correlated with macrophages M0 and macrophages M1. The 
expression of GZMB was positively correlated with T cells CD4 memory activated, NK cells resting, mast cells 
activated and neutrophils and was negatively correlated with T cells CD4 memory resting, macrophages M2, 
mast cells resting, eosinophils and Tregs. The expression of CASP5 was positively correlated with neutrophils,  
macrophages M1 and monocytes and was negatively correlated with T cells CD4 memory resting and Tregs 
(Fig. 6C–E).

Expression of transcription factors in IBD
The expression of TFs in patients with IBD was analysed using TRUST to investigate the interactions of TFs 
with DE-PRGs. A transcription factor regulatory network was constructed to identify TFs that interact with 
DE-PRGs (Fig. 7A, Supplementary Table 5). The TFs that bind to DE-PRGs included RELA, NFKB1, HIF1A, 
TP53 and SP1. In the GSE3365 dataset, the expression of RELA, NFKB1 and SP1 were downregulated, as verified 
in our previous study, and the expression of TP53 was upregulated, no statistical significance (Fig. 7B). In the 
GSE137344 dataset, the expression of RELA expression was downregulated (Fig. 7C). In the GSE179285 dataset, 
the expression levels of HIF1A and RELA were upregulated, whereas the expression of NFKB1 and TP53 were 
downregulated (Fig. 7D). The expression levels of DE-PRGs-related TFs differed across the above three datasets, 
which are all GEO datasets. For details, we must refer to current relevant studies and further clinical sample 
verification.

Fig. 6.  Immune infiltration analysis of DE-PRGs model genes. (A) These figures represent the extent of 
infiltration of various immune cells between the IBD disease group and the normal group from the GSE137334 
dataset. (B) Violin plots depicting the differences in immune-infiltrating cells between the IBD disease group 
and the normal group. The horizontal axis represents the names of the immune cells, and the vertical axis 
represents the content of the immune cells. Green represents the normal group, and red represents the disease 
group from the GSE137334 dataset. *p < 0.05; **p < 0.01. (C–E) Correlation analysis between model genes and 
immune cells is presented, with the horizontal axis denoting immune cells, the vertical axis indicating model 
genes, and the colour coding representing the correlation coefficient. Red signifies a positive correlation, 
whereas blue indicates a negative correlation. *p < 0.05; **p < 0.01; ***p < 0.001.
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Prediction of potential small-molecule drugs
To identify potential small-molecule drugs that target IBD, DE-PRGs were analysed using the CMap method. A 
total of 10 potentially effective drugs (score < − 96) were predicted (Fig. 8A, Supplementary Table 6), including 
methimazole, BRD-K91485395, chlortetracycline, buspirone, spectinomycin, fenoterol, BRD-K52640952, AS-
703,026, chloroquine and fenbufen (Fig. 8A). We further analysed the interactions between these 10 predicted 
drugs and DE-PRGs using the STITCH database. The results show that buspirone can interact with GZMB, 
chloroquine can interact with BCL2L1, TLR2 and TLR4, and spectinomycin can interact with chlortetracycline 
(Fig. 8B). In addition, the unique chemical and three-dimensional structures of these four drugs (buspirone, 
chloroquine, spectinomycin, and chlortetracycline) were predicted by PubChem (Fig. 8C–F).

Discussion
PCD is a precise and orderly self-destructive process within the cell that is essential for maintaining homeostasis 
and regulating disease development, and an imbalance in PCD can trigger inflammation and regulate the 
immune response. With the understanding and study of the mode of death, 14 programmed cell death modes 
have been revealed3,34–36: apoptosis37, necroptosis38, pyroptosis39,40, ferroptosis41, entotic cell death42, NETosis43, 
parthanatos44, lysosome-dependent cell death45, autophagy-dependent cell death46, alkaliptosis36,47, oxeiptosis48, 
cuproptosis49,50, disulfidocytosis51 and PANoptosis3. PANoptosis is an important inflammatory PCD pathway 
that combines key features of pyroptosis, apoptosis and necroptosis. The role of PANoptosis in IBD remains 
unclear. At present, immunosuppressants used to treat IBD cannot achieve complete remission, and effective 
immunosuppressants need to be sought. We found that DE-PRGs may affect the inflammatory-mediated 
immune response in IBD, which may provide new prospects for the immunotherapy of IBD.

In this study, we obtained 120 PRGs from the literature and previous studies. By combining 890 DEGs in the 
GSE3365 dataset, we identified 12 DE-PRGs. The GSEA enrichment analysis of the GSE3365 dataset has been 
described previously. In this study, GSEA enrichment analysis was performed on the GSE179258 dataset, with 
a focus on inflammatory and immune responses. DE-PRGs enrichment analysis revealed that these genes were 
involved mainly in apoptosis, necroptosis and mitochondrial stress and were related to TNF signalling, NF-κB, 
pyroptosis and necroptosis. In addition, the same results were obtained with the Metascape online database. 
The inflammatory cytokine tumour necrosis factor (TNF) promotes chronic inflammation and cell death in 
the gut, and blocking TNF is an effective treatment for IBD. TNF promotes mucin homeostasis by regulating 
cell differentiation and cystic fibrosis transmembrane conduction regulator (CFTR) activity. Epithelial-derived 

Fig. 7.  Network interaction between DE-PRGs and transcription factors and validation in IBD. (A) The 
diagram of the transcription factor regulatory network features red ellipses on the left representing DE-
PRGs and TFs on the right, illustrating the connections between these factors and their regulation of DE-
PRGs expression. (B–D) The expression of TFs was validated in three datasets (GSE3365, GSE179285 and 
GSE137344). *p < 0.05; **p < 0.01; ***p < 0.001; ns indicates no statistical significance. Blue represents the 
control group, and red represents the IBD group.
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Fig. 8.  Identification and screening of potential small-molecule compounds for the therapeutic management 
of IBD. (A) Heatmap showing the top 10 compounds with significantly negative enrichment scores 
(score < − 96) in 10 cell lines and a description of those top 10 compounds using CMap analysis. DE-PRGs 
were input into the CMap online database to screen for small molecule drugs. We chose Perturbagen Type: 
compound. (B) PPI network diagram of the 10 compounds and DE-PRGs. Red denotes small-molecule 
drugs that exhibit interactions that are negatively correlated with DE-PRGs and may be considered potential 
inhibitors. (C–F) Chemical structures of the 4 compounds (buspirone, chloroquine, spectinomycin and 
chlortetracycline). CMap: Connectivity Map.
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TNF-α was found to be an upstream regulator of mucin homeostasis52. Group 3 innate lymphoid cells (ILC3s) 
protect the intestinal epithelium against TNF-induced cell death53. 3-Mercaptopyruvate sulfurtransferase 
(MPST) is significantly reduced in IBD samples and may protect the intestine from inflammation by regulating 
the AKT/apoptosis axis of intestinal epithelial cells (IECs)54. Finally, in a large clinical cohort study of patients 
with IBD, anti-TNF-α treatment was associated with an increased risk of rheumatoid arthritis, psoriasis, and 
hidradenitis suppurativa55. In patients with IBD, polymorphisms in the NF-κB, TNF-α, IL-1β, and IL-18 
pathways are associated with anti-TNF-α treatment response56. The WD40-type repeat (WD40 domain, WDD) 
mediates ATG16L1-promoted TNFAIP3 lysosomal degradation and regulates the NF-κB response, autophagy, 
protein stability and inflammatory signalling57. Phosphoinositide-3-kinase regulatory subunit 3 (PIK3R3) is 
elevated in clinical patients with IBD with disruption of ZO-1 expression, and inhibition of PIK3R3 in mouse 
models alleviates dextran sulfate sodium salt (DSS)-induced IBD symptoms58. Gasdermin B (GSDMB) is also 
involved in IBD, and the functional deficiency of GSDMB NP can affect skin recovery/repair59. IBD-associated 
pathobionts synergize with NSAIDs to promote colitis, which is blocked by the NLRP3 inflammasome and 
Caspase-8 inhibitors60. TNF-α acts synergistically with IFN-γ to kill IECs via the CASP8–JAK1/2–STAT1 
pathway, independent of typical TNFR1 and cell death signals61. Therefore, the pathogenesis of IBD is related to 
the above pathways, which may provide new insights for the clinical treatment of IBD.

We further used DE-PRGs to construct a LASSO regression model and screened out model genes to analyse 
their ability to predict IBD. OGT, granzyme B (GZMB) and CASP5 had better predictive ability for IBD. The 
GSE137344 dataset also verified these findings. O-linked N-acetylglucosamine (O-GlcNAc) transferase (OGT) 
is an enzyme that catalyses posttranslational modification. mSin3A targets OGT to the promoter through 
O-GlcNAc modification, inactivating TFs and RNA polymerase II. A synergistic effect with histone deacetylation 
promotes gene silencing62,63.Wu-Mei-Wan (WMW) can increase OGT activity and inhibit O-GlcNAcase (OGA) 
activity, thereby increasing the level of RIPK3 O-GlcNAcylation and inhibiting the binding of RIPK3 to MLKL, 
thereby inhibiting necroptosis and alleviating TNBS-induced colitis in mice64. Myeloid-derived cullin3 (CUL3) 
downregulates OGT expression, promotes STAT3 phosphorylation, and prevents intestinal inflammation65. The 
expression levels of O-GlcNAcylation and OGT are decreased in the ICEs of patients with IBD, and the specific 
deletion of OGT in IECs can result in destruction of the mouse epithelial barrier and intestinal microecology 
disorders, leading to intestinal inflammation66. At present, the mechanism by which OGT influences the 
PANoptosis pathway in IBD is not clear.

CIBERSORT is the most cited immune cell infiltration estimation tool currently available and is used to 
assess the relative abundance of 22 immune cell types, including T-cell subsets, B cells, macrophages and 
dendritic cells28. A study of the abovementioned model genes in various diseases revealed that GZMB is related 
to the regulation of various immune cell types. In particular, in IBD, GZMB expression is associated with CD4 T 
cells, NK cells, mast cells, neutrophils, M2 macrophages, eosinophils, and Tregs (Fig. 6C-E). GZMB is a neutral 
serine protease present in the granules of T cells, natural killer cells, and lymphokine-activated killer cells and 
plays important roles in the rapid induction of target cell DNA breaks and apoptosis in alloreactive cytotoxic 
T lymphocytes67. GZMB is involved in immune cell infiltration and immune escape in many diseases. Human 
type 2 innate lymphoid cells (ILC2s) secrete GZMB to directly lyse tumour cells by inducing pyroptosis and/
or apoptosis, resulting in significant antitumour effects68. Rheumatoid arthritis (RA) citrolinated autoantigens 
presented by MHC class I can activate RA blood-derived GZMB + CD8 + T-cell expansion, express cytotoxic 
mediators and mediate the killing of target cells69. In patients with secondary progressive multiple sclerosis 
(SPMS), activated CD8 + T-cell subsets are elevated, indicating the terminal differentiated effector (EMRA) 
phenotype of GZMB. GZMB expression was induced in CD8 + TEMRA cells by the key transcription factor 
T-bet70. In a study of IBD, human B cells expressed GZMB when cultured with IL-21. CD19(+) B cells in patients 
with IBD induce intestinal epithelial cell death, and IL-21 enhances both the expression of GZMB in CD19(+) 
B cells and cytotoxic activity71. γδ T-cell receptors (γδ IELs) release GZMB after the binding of E-cadherin 
to CD103, promoting excessive shedding of intestinal cells into the intestinal lumen via tumour necrosis 
factor-mediated apoptosis72. GZMB produces CD4 + T cells that are involved in autoimmune diseases, GZMB 
expression in Th1 cells that regulate IL-10 impacts intestinal inflammation, and GZMB-deficient CD4 + T cells 
treated with butyrate exhibit more severe colitis73. In a high-fat diet (HFD) model, HFD-derived peroxide lipids 
(POLs) can stimulate the secretion of GZMB by resident NK cells to promote intestinal inflammation74. GZMB 
is upregulated in human IBD and is measured in nonresponsive patients with IBD to detect active IBD and 
predict treatment response75. In GSE3365 dataset, GZMB expression was downregulated, but in GSE179285, 
GZMB expression was upregulated. Based on recent studies on GZMB, we conclude that GZMB expression is 
upregulated in IBD. In our analysis of immune cells infiltration from the three datasets, we found that GZMB is 
positively correlated with T cells CD4 memory activated. During the progression of IBD, the activation pathway 
of CD4 + memory T cells promotes the production of cytokines and cell proliferation, maintaining the balance 
of the immune system, combined with the above literature reports. Therefore, GZMB may be closely related to 
CD4 + T cells. Therefore, GZMB is highly important for the diagnosis and prediction of IBD, but the specific 
molecular mechanism involved needs to be further studied.

CASP5 was initially thought to be a component of the NLRP1 inflammasome that induces cell death, but 
it was later believed to be closely related to pathogens and is a key downstream target of human monocytes 
activated by lipopolysaccharide (LPS), which is involved in the release of IL-1α and IL-1β76–78. Outer membrane 
vesicles (OMVs) derived from gram-negative bacteria facilitate the early recruitment of caspase-5 in human 
intestinal epithelial cells through selective interaction with sorting nexin 10 (SNX10). This process leads 
to the release of LPS from OMVs into the cytosol, thereby activating CASP5 and resulting in a decrease in 
E-cadherin expression and subsequent disruption of intestinal barrier function79. Another investigation further 
demonstrated that CASP5 is capable of being activated by LPS80. In critically ill patients suffering from acute and 
chronic liver failure as well as sepsis, the expression of CASP5 is upregulated during the inflammatory response 
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and activated in the context of bacterial infection to promote pyroptosis81. In age-related diseases, fibroblasts 
lacking CASP5 exhibit excessive activation in response to inflammatory stimuli, resulting in the overproduction 
of proinflammatory factors and accelerating early senescence characterized by heightened inflammatory 
responses82. In the investigation of intestinal diseases, the detection of nonsense mutations in CASP5 within 
microsatellite mutation phenotype (MMP) tumours of the colon and stomach (62% and 44%) identified CASP5 
as a potential target gene for cancer-associated microsatellite instability pathways83. Research has revealed a 
correlation between the expression levels of CASP5 and both inflammation and disease activity in UC, with 
its expression being upregulated in CRC tissues. Consequently, CASP5 may represent a potential therapeutic 
target for intestinal inflammation and CRC84. CASP5 is involved in apoptosis and inflammatory responses. 
In GC research, it has been found that the expression of CASP5 is related to the infiltration of the immune 
microenvironment, and its expression level is correlated with the activation and infiltration degree of immune 
cells85. In our data analysis, we discovered that the upregulation of CASP5 expression is significantly associated 
with neutrophil infiltration. We speculate that CASP5 is most likely to affect the immune inflammatory response 
involving neutrophils in IBD. CASP5 is predominantly linked to infectious diseases, but its involvement in 
IBD remains underexplored. The underlying mechanisms are not yet fully understood and warrant further 
investigation.

The analysis of the TFs associated with the DE-PRGs revealed RELA, NFKB1, HIF1A, TP53 and SP1 as key 
regulators. CD28 activation safeguards memory T cells against radiation-induced apoptosis by upregulating 
Bcl-xl and downregulating BAX, while T-cell survival is regulated by RELA/NF-κB through its influence on Bcl-
2 family members86. RELA moves from the nucleoplasm to the nucleolus and subsequently to the cytoplasm, 
where it facilitates the accumulation of BAX in mitochondria, thereby inducing apoptosis87. Wip1 downregulates 
Bcl-xl expression through the negative regulation of NF-κB and upregulates BAX expression, thereby increasing 
the sensitivity of p53-deficient cancer cells to anticancer agents88. In studies of hypoxia-induced or oxidative 
stress, graphene oxide induces apoptosis in IECs via the ROS–AMPK–p53 signalling pathway, resulting in 
the upregulation of cytochrome c (Cytc), BAX and cleaved Caspase-3, alongside the downregulation of Bcl-2, 
thereby exacerbating colitis89. Hypoxia-inducible factors (HIFs) are critically involved in the pathophysiology 
of gastric and intestinal mucosal injury. Butyrate-producing gut bacteria, such as F. prausnitzii, modulate the 
expression of IL-18 in a HIF-1α-dependent manner, thereby facilitating mucosal healing in IBD90.

Adherent invasive Escherichia coli(AIEC) colonizes patients with CD and promotes IBD by activating 
HIF-dependent responses91,92. Furthermore, in the context of immune regulation studies, HIF-1α-induced 
exogenous transporters enhance Th17 responses in CD93. HIF-1α in dendritic cells modulates regulatory T-cell 
activity to confer protection against colitis in mice94. The HIF-1α and STAT3 signalling pathways modulate 
CD11b expression in B cells, thereby facilitating immune suppression in IBD95. Research has been conducted 
on the TFs associated with DE-PRGs in IBD. The majority of studies concerning the regulation of DE-PRGs 
by these TFs have concentrated on their activation, which subsequently triggers further signalling pathway 
activation and mediates alterations in DE-PRGs expression. By integrating model genes construction, immune 
cell infiltration analysis and transcription factor assessment, a particularly promising area of investigation is 
how GZMB influences the activation of TFs to modulate immune responses within the gastrointestinal tract. 
This research could offer new insights for immunotherapy strategies targeting IBD and the development of 
immunosuppressive agents.

DE-PRGs are significantly correlated with TFs and small-molecule drugs, but investigations of these small 
molecules offer a scientific foundation for the development of targeted therapies for IBD utilizing small-molecule 
inhibitors. Our research revealed that the small-molecule drug chloroquine is associated with the TFs RELA and 
TP53, as well as with the DE-PRGs TLR2 and BCL2L1 (Supplementary Fig. 2A). Chloroquine (CQ) is a weakly 
basic lysosomotropic agent commonly utilized as an antimalarial drug that has therapeutic properties that include 
antimalarial, anti-inflammatory, antiviral, and antitumour effects. It is primarily employed in the treatment of 
rheumatic diseases such as systemic lupus erythematosus, scleroderma, polymyositis, and dermatomyositis, 
among other immune-mediated disorders96. Nevertheless, research on CQ in the context of IBD remains limited. 
In IBD studies, CQ has the potential to significantly ameliorate weight loss, reduce colon length, mitigate tissue 
damage, and decrease inflammatory cell infiltration in IBD models by inhibiting various Toll-like receptor 
(TLR) and T-cell responses97. CQ enhances the expression of Foxp3 and facilitates the differentiation of Tregs 
in a manner that is dependent on the orphan nuclear receptor Nurr1 (also referred to as NR4A2), resulting in a 
significant amelioration of symptoms associated with IBD98. Corticotropin-releasing hormone (CRH) induces 
psychosocial stress, which contributes to the onset of IBD, whereas CQ significantly alleviates the severity of IBD 
and its associated inflammatory response by inhibiting CRH-induced autophagy99. CQ can disrupt the release 
of TNF-α from monocytes and inhibit LPS-induced TNF-α secretion, thereby reducing the expression levels 
of IL-1β and IL-6100. Furthermore, in investigations of the mechanisms underlying liver injury, CQ modulates 
apoptosis and inflammation associated with the progression of liver damage by inhibiting HMGB1-mediated 
inflammatory responses and activating proapoptotic pathways, thereby ameliorating acute liver injury induced 
by CCl4

101. In investigations concerning CQ and p53, CQ was shown to activate the p53 signalling pathway 
and suppress tumour cell growth both in vitro and in vivo102,103. Another investigation revealed that in the 
context of DNA damage, CQ activates p53 and its downstream target gene p21, resulting in G1 cell cycle arrest, 
which inhibits tumour progression104. In investigations of CQ and apoptosis, CQ-induced neuronal cell death 
is contingent upon p53 and the Bcl-2 family105. CQ plays significant roles in various diseases, and through 
the analysis of TFs, model genes, and small-molecule drugs within our IBD framework, we can postulate that 
DE-PRGs may modulate inflammatory and immune responses in IBD through specific mechanisms, thereby 
providing a theoretical foundation for immunosuppressive therapies targeting IBD.

In this research analysis, we found that there are minor differences in the results of different dataset analyses. 
Different datasets may have sample sources, including different individual constitutions, races, ages, genders, 
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disease stages, sampling sites and sampling times. High-throughput sequencing methods, technical platforms, 
data quality and processing methods can all affect gene expression and immune cell distribution. In this study, 
data normalization treatment was carried out to avoid the influence of data processing on results. We will carry 
out strict verification in clinical cohorts in the later stage, and conduct high-throughput sequencing through 
sampling, as well as basic experimental verification. By comprehensively analyzing the expression of model 
genes, immune infiltration and the relationship with small molecule drugs, we can better understand the role of 
DE-PRGs in IBD and provide new ideas and methods for the diagnosis and treatment of IBD.

PANoptosis may mediate the pathogenesis of IBD through TNF signalling, NF-κB activation, pyroptosis, 
necrosis and immune mechanisms. By utilizing various machine learning approaches, we constructed the 
first DE-PRGs model genes (OGT, GZMB and CASP5) that demonstrated strong predictive ability for IBD. A 
comprehensive analysis revealed that these model genes are associated with the infiltration of diverse immune 
cell types; notably, GZMB expression is correlated with CD4 + T cells, NK cells, mast cells, neutrophils, M2 
macrophages, eosinophils and Tregs. Additionally, further transcription factor analysis and small-molecule drug 
screening identified the potential therapeutic agents buspirone and CQ as being linked to DE-PRGs and their 
corresponding TFs. These findings provide a theoretical foundation for immunotherapy in IBD as well as for 
the development of novel immunosuppressants while enhancing our understanding of the role of PANoptosis 
in IBD.

Data availability
The expression datasets used in this study were obtained from the GEO database: GSE3365, GSE179285, 
GSE137344 and GSE75214. All data are available in the main text or the Supplementary Materials.
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