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Editorial on the Research Topic 


The role of inflammation and immune control in digestive disease and therapeutic approaches


In recent years, digestive tract diseases have posed an increasingly serious threat to global health. Conditions such as inflammatory bowel disease (IBD), gastroesophageal reflux disease (GERD), and irritable bowel syndrome (IBS) are becoming more common and are closely associated with persistent inflammation and disrupted immune regulation. Taking IBD as an example, it serves as a representative immune-mediated digestive disease. Commonly used treatments such as aminosalicylates, corticosteroids and immunomodulators can relieve symptoms to some extent, but their effectiveness is often limited. Long-term use is frequently accompanied by drug resistance and considerable side effects. These challenges highlight the urgent need to better understand the immunological and inflammatory mechanisms underlying these conditions. Advancing this understanding is essential for identifying new therapeutic targets and developing more precise interventions to manage digestive tract diseases and restore immune balance.

Advances in molecular biology and immunology have led to the identification of key targets involved in the inflammatory and immune dysregulation that characterize digestive tract diseases. In IBD, aberrant expression of genes such as CXCR4, THY1, CCL20, and CD2 has been implicated in disease progression. These molecular changes are accompanied by the infiltration and dysfunction of immune cell populations, including Th17 cells, regulatory T cells (Tregs), and neutrophil extracellular traps (NETs), which represent hallmark features of intestinal inflammation (Liu et al., Long et al.). Among critical pathways, the IL-6/JAK2/STAT3 axis plays a central role in orchestrating inflammatory responses and T cell differentiation. Dysregulated activation of this pathway promotes excessive production of pro-inflammatory cytokines such as IL-6 and IL-17, and disrupts the Th17/Treg balance, thereby amplifying mucosal inflammation (Tang et al.). This Research Topic also revealed that miR-146a serves as a negative regulator of inflammation by inhibiting the NF-κB signaling cascade and downstream pro-inflammatory gene expression. Reduced miR-146a expression is closely associated with heightened inflammatory responses (Zhu et al.). Moreover, circadian clock component BMAL1 has been shown to regulate autophagy and maintain epithelial barrier integrity by sustaining the expression of tight junction proteins, including Claudin-1 and ZO-1. Loss of BMAL1 function compromises these protective mechanisms, contributing to barrier dysfunction (Zhang et al.). Furthermore, overactivation of the PI3K/AKT signaling pathway induces apoptosis in intestinal epithelial cells (IECs) by upregulating pro-apoptotic proteins including Bax and Caspase-3, whereas targeted inhibition of this pathway contributes to the preservation of barrier function (Huang et al.). Beyond IBD, distinct molecular mechanisms have been identified in other digestive disorders. In GERD, epithelial injury is not solely driven by acid exposure but also involves activation of the NLRP1/Caspase-1/GSDMD pyroptotic pathway (Kim et al.). In IBS, abnormal activation of Toll-like receptor 4 (TLR4) and loss-of-function mutations in nucleotide-binding oligomerization domain 2 (NOD2) contribute to the disorder’s complex immune and microbial interactions (Wan et al., Masaki et al.). Collectively, these findings outline a multifaceted molecular framework underlying the immune and inflammatory dysregulation in digestive tract diseases, offering potential therapeutic targets for intervention.

Building on these mechanistic insights, a diverse array of therapeutic interventions is currently under investigation. One promising therapeutic approach involves the use of miR-146a mimics, synthetically engineered RNA molecules designed to replicate the function of endogenous miR-146a, to downregulate NF-κB-mediated pro-inflammatory gene expression. Preclinical studies have demonstrated that administration of miR-146a mimics can effectively attenuate inflammatory responses and alleviate colitis symptoms in animal models (Zhu et al.) (Figure 1). Concurrently, natural bioactive compounds present unique advantages. For instance, the flavonoid Cynaroside modulates the PI3K/AKT pathway, thereby reducing IEC apoptosis and enhancing the expression of tight junction proteins, which fortify the intestinal barrier (Huang et al.) (Figure 1). Additionally, rapamycin, an established autophagy inducer, promotes the clearance of damaged cellular components and restores cellular homeostasis, subsequently reducing mucosal inflammation (Zhang et al.) (Figure 1). Complementing these modern pharmacological strategies, traditional formulations are also being revisited. The traditional Chinese medicine formulation Youhua Kuijie (YHKJ) has shown significant inhibition of the IL-6/JAK2/STAT3 pathway and restoration of the Th17/Treg balance when used in conjunction with sulfasalazine (SASP) (Tang et al.) (Figure 1).




Figure 1 | Management strategies for inflammatory bowel disease in this Research Topic. Key targets include miR-146a, BMAL1, essential immune cells, and inflammatory factors. Therapeutic agents encompass both natural compounds, including miR-146a mimics, Youhua Kuijie (YHKJ), sulfasalazine (SASP) and Cynaroside, and synthetic agents like rapamycin.



Although therapeutic strategies for intestinal inflammation are diverse, they are all fundamentally aimed at modulating inflammatory signaling and restoring immune balance to support intestinal barrier repair. Therapeutic approaches, including miR-146a mimics, Cynaroside, rapamycin, and the traditional formulation YHKJ, converge on common objectives such as suppressing pro-inflammatory pathways, reducing intestinal epithelial cell apoptosis, and re-establishing the balance between pro-inflammatory and regulatory immune responses. Nevertheless, these strategies exhibit substantial mechanistic heterogeneity. For example, miR-146a mimics provide a targeted, gene-specific intervention but face significant challenges related to in vivo delivery and stability. Cynaroside primarily acts through inhibition of the PI3K/AKT pathway to enhance barrier integrity, although its efficacy may vary between individuals. Rapamycin, in contrast, exerts broader effects by promoting autophagy, potentially benefiting a wider patient population. YHKJ, a multi-component traditional Chinese medicine formula, appears to function through complex and synergistic mechanisms that have yet to be fully characterized. This mechanistic diversity suggests the potential value of integrative strategies that combine multiple therapeutic modalities to address individual limitations and advance personalized treatment approaches.

In addition, several bioactive compounds and therapeutic strategies have shown promise in modulating inflammatory responses and restoring immune balance in digestive tract diseases. Ginseng and its active constituents, ginsenosides, exert anti-colitic effects by inhibiting the TLR4/NF-κB signaling pathway and promoting gut microbiota homeostasis (Zhao et al.). Similarly, mannose alleviates IBD symptoms in murine models by strengthening the intestinal immune barrier through microbiota-mediated mechanisms (Yang et al.). Andrographolide demonstrates a protective effect on ulcerative colitis by activating the Nrf2/HO-1-mediated antioxidant response (Shu et al). Atractylenolide I suppresses the release of pro-inflammatory mediators, while Platycodin D activates intestinal AMPK and downregulates genes involved in lipid absorption, thereby indirectly attenuating systemic inflammation (Chen et al.,Tang et al.). Emerging computational approaches have also contributed to the identification of novel biomarkers. A machine learning analysis of large-scale IBD-related datasets revealed MIR4435-2HG as a potential diagnostic marker, detectable through a minimally invasive blood test (Stemmer et al.). Beyond pharmacological interventions, dietary strategies such as time-restricted feeding have gained attention for their immunometabolic effects. This approach has been shown to reduce systemic levels of pro-inflammatory cytokines, including IL-6 and TNF-α, activate thermogenic pathways in brown adipose tissue, and reshape the gut-liver axis by enhancing Treg-mediated immunoregulation (Gong et al.). In addition to the aforementioned studies, other contributions within this Research Topic have expanded our understanding of digestive diseases through the identification of novel molecular targets and comprehensive reviews (Wang et al.,Wang et al., Huang et al., Wang et al., Alhendi and Naser).

In summary, recent advances in the identification of therapeutic targets of digestive diseases have driven the development of innovative treatment strategies aimed at modulating inflammation and immune dysregulation. These emerging approaches, encompassing both modern pharmacological agents and traditional medicinal formulations, not only deepen our mechanistic understanding of digestive diseases but also offer promising avenues for precise and effective therapeutic intervention.
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Background

Understanding the molecular pathogenesis of inflammatory bowel disease (IBD) has led to the discovery of new therapeutic targets that are more specific and effective. Our aim was to explore the molecular pathways and genes involved in IBD pathogenesis and to identify new therapeutic targets and novel biomarkers that can aid in the diagnosis of the disease.





Methods

To obtain the largest possible number of samples and analyze them comprehensively, we used a mega-analysis approach. This involved reprocessing raw data from multiple studies and analyzing them using bioinformatic and machine learning techniques.





Results

We analyzed a total of 697 intestinal biopsies of Ulcerative Colitis (n = 386), Crohn’s disease (n = 183) and non-IBD controls (n = 128). A machine learning analysis detected 34 genes whose collective expression effectively distinguishes inflamed biopsies of IBD patients from non-IBD control samples. Most of these genes were upregulated in IBD. Notably, among these genes, three novel lncRNAs have emerged as potential contributors to IBD development: ENSG00000285744, ENSG00000287626, and MIR4435-2HG. Furthermore, by examining the expression of 29 genes, among the 34, in blood samples from IBD patients, we detected a significant upregulation of 12 genes (p-value < 0.01), underscoring their potential utility as non-invasive diagnostic biomarkers. Finally, by utilizing the CMap library, we discovered potential compounds that should be explored in future studies for their therapeutic efficacy in IBD treatment.





Conclusion

Our findings contribute to the understanding of IBD pathogenesis, suggest novel biomarkers for IBD diagnosis and offer new prospects for therapeutic intervention.





Keywords: inflammatory bowel disease, ulcerative colitis, Crohn’s disease, biomarkers, mega-analysis, machine learning





Introduction

Ulcerative colitis (UC) and Crohn’s disease (CD), both forms of inflammatory bowel disease (IBD), are chronic immune-mediated inflammatory diseases that affect the digestive system, characterized by periodic episodes of relapse and remission and currently lacking a definitive cure (1, 2). While UC mainly targets the large intestine (colon), causing continuous surface inflammation, starting from the rectum and extends along the colon, CD can affect any part of the digestive tract, often exhibiting a patchy pattern and frequently occurring in the small intestine, particularly the terminal ileum (3). However, distinguishing between CD and UC in some cases can be challenging, leading to an interim diagnosis of “indeterminate” or “unclassified” colitis and potential treatment delays. Currently, indeterminate colitis remains unresolved in 5-15% of IBD patients (4).

The management of IBD has undergone significant transformation in the past two decades, thanks to the emergence of biological therapies. However, not all patients respond to these biological drugs, and the prevalence of IBD is on the rise globally (5). Hence, early diagnosis and prompt treatment initiation are pivotal strategies to enhance patient outcomes and overall well-being (6).

Upon initiating effective therapy, confirming remission using measurable endpoints is crucial. objective endpoints such as endoscopic, histological, and clinical measures, alongside surrogate biomarkers like blood CRP or fecal calprotectin levels are helping to evaluate and understand the state of the disease. However, the practical application of endoscopic and fecal measurements poses challenges in routine practice and lacks specificity for intestinal inflammation (7). Previous study has emphasized the development of a new molecular measurement, focusing on molecular signature of mucosal and peripheral blood components to enhance accuracy and predict relapse (8).

Recently, the understanding of the molecular pathogenesis of IBD has advanced significantly leading to enhanced disease management. Importantly, specific signaling pathways have emerged as having a pivotal role in the inflammatory process, contributing to dysregulated inflammatory responses and playing essential roles in the development of IBD (9). Key pathways involved in this process include NF-κB pathway, PI3K/Akt signaling pathway, and JAK/STAT signaling pathway (10). Additionally, MAPK signaling pathway, Chemokine signaling pathway, Cytokine-cytokine receptor interaction pathway are significant contributors to diseases associated with inflammation including IBD (11–13). A deeper investigation into these biological pathways may reveal new targets for therapeutic interventions and facilitate the discovering of diagnostic and monitoring biomarkers.

Over the years, extensive research has been conducted on transcriptomic data and gene signatures associated with IBD. The introduction of next-generation sequencing (NGS) has greatly improved our ability to study the disease by providing higher resolution, increased sensitivity, and the capacity to discover novel IBD-related molecular transcripts. Despite these advances, integrating findings from different studies has been challenging due to experimental variations and varying analytical methods. To overcome these challenges, we adopted a comprehensive mega-analysis approach that involved reprocessing and consolidating data from multiple sources. Through this large-scale analysis and the application of standardized methods across the combined dataset, we identified novel biomarkers for IBD diagnosis and offer new prospects for therapeutic intervention.





Materials and methods

To perform the mega-analysis, we conducted a thorough search in public databases for relevant studies. The datasets, which contained raw data, were then downloaded, and consistently reprocessed to facilitate subsequent analyses. The entire study design is visually depicted in Figure 1.




Figure 1 | Study design.






Search strategy and study selection criteria

Comprehensive searches of Gene Expression Omnibus (GEO) (14) and ArrayEpress (AE) (15) databases were performed on October 5, 2021. The search terms were as follows: (“Inflammatory Bowel Disease”) OR (“Crohn’s disease”) OR (“Ulcerative colitis”) AND (“high throughput sequencing”[Platform Technology Type]) AND “homo sapiens”[Organism] AND (“RNA-seq” OR “RNAseq” OR “RNA sequencing”). This systematic review was performed according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (16). The flow chart for the selection of studies is shown in Figure 2.




Figure 2 | PRISMA Flow Diagram. *Duplicated samples have been removed. GSE62207, GSE93624 - used same patients taken from RISK project, duplicated with GSE101794. GSE150961- used same patients as in GSE109142 taken from the PROTECT.







Inclusion/exclusion criteria

Only studies meeting specific inclusion criteria were considered for the mega-analysis. These criteria included the availability of RNA-seq raw data, transcriptomes obtained from whole tissue samples (punch biopsy), direct sequencing without any further manipulations (e.g. tissue culture or isolated cells), the use of the illumina sequencing platform, and the availability of metadata. Studies based on microarray platform, single-cell RNA-seq and small RNA-seq were excluded from the analysis. Additionally, uninflamed biopsies were excluded due to the limited size of the retrieved cohort.





RNA sequencing data processing

We uniformly processed the RNA sequencing data from the selected eligible studies. Raw data were downloaded using the SRA-Toolkit (https://hpc.nih.gov/apps/sratoolkit.html). Briefly, we utilized the fasterq-dump tool to download FASTQ files, followed by adapter trimming using Trim Galore (https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) and quality checking with FASTQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Next, we aligned the high-quality reads to the reference genome (GRCh38) using HISAT2 (17). The number of reads mapped to each annotated genes was then counted using featureCounts software (18). For the statistical analysis we retained only samples with a library size greater than 10 million counts, and genes with less than 1 count per million reads (CPM) across more than 90 samples were filtered out using the ‘filterByExpr’ function implemented in edgR package (19).





Differential expression analysis

Normalization and differential gene expression were conducted using the edgeR (19) and limma (20) R packages. In brief, raw read counts were normalized using the TMM method and then a voom transformation was applied to approximate a normal distribution, resulted in a dataset with logCPM values. Prior to initiating the differential expression analysis, we performed Multidimensional Scaling (MDS) analysis to represent the data in a reduced-dimensional space which enable the visualization of batch effects associated with the dataset. We found the “study source” factor to have the largest contribution to the variation, with a notable correlation to the tissue source (small intestine vs. large intestine) (Supplementary Figure 1). Following the consideration of study batch effects, we applied linear modelling to detect differential expression. Statistically significant differentially expressed genes (DEGs) were defined as those having fold change > 2 and False Discovery Rate (FDR) < 0.05.

To distinguish between UC and CD, we utilized samples from the large and small intestines, specifically from the Rectum (UC= 233, non-IBD control= 46) and from the Ileum (CD= 155, non-IBD control= 24), respectively. We added an interaction term to the linear model, in order to detect which genes respond differently to the disease in UC compared to CD. To model the tissue effect we added a comparison between the small intestine and the large intestine among the non-IBD control samples. The study feature was added as covariate to the model to account for its effect.

Linear equation used to distinguish between each disease type and control samples as well as analysis details are described in Supplementary Materials under methods section.





Pathway and upstream regulators analysis

To identify canonical pathways and upstream regulators, we used the Ingenuity Pathway Analysis (IPA) (21) based on list of DEGs. Briefly, we performed the core analysis to identify significant canonical pathways that were enriched among the DEGs and to predict significant activated upstream regulators. Negative z score value implies an overall pathway’s inhibition and a positive z-score value suggests an overall pathway’s activation. Pathways and upstream regulators having p-value < 0.05 and absolute z‐score ≥ 2 were considered statistically significant.





Machine learning

We employed supervised machine learning (ML) techniques on the gene expression data for classifying various diagnoses: UC (n= 233, Rectum) vs. non-IBD control (n= 46, Rectum), CD (n= 164, Small intestine) vs. non-IBD control (n= 33, Small intestine), and IBD (388 cases, including 233 UC rectum and 155 CD ileum) vs. non-IBD control (70 samples, including 46 rectum and 24 ileum). These diagnoses were treated as the output variables. Each diagnosis was subjected to separate analysis using various ML algorithms to develop a predictive model for classification.

To ensure an unbiased evaluation of the model’s performance, we split our data into training (80%) and test (20%) sets using the train_test_split function from the Scikit-learn (22) library in Python (23). After applying feature selection, we trained and tested different classifier models, followed by validation using the GSE193677 dataset as an external and independent data source (as detailed below).

1.Feature selection

To reduce the number of features and select input variables that have the strongest relationship with the output variables we utilized the SelectKBest algorithm from the Scikit-learn library. This algorithm ranks the features based on their individual ANOVA F-values and selects the top k features with the highest F-values as the most relevant for prediction. This approach is suitable for categorical output variables, as in our study. Evaluation of the selected features was performed using a Logistic Regression classifier with different random states and cross-validation. This allowed us to assess the effectiveness of the selected k features in accurately predicting the target variable. By iterating through different k values and random states, we were able to identify the combination that yielded the highest accuracy, indicating the optimal number and significance of features. The k values and random state are described in Supplementary Table 1.

2.Classifiers

In our analysis, we utilized six classifier models from the Scikit-learn (22) and xgboost (24) packages: SVM, KNN, Random Forest, Extra Trees, XGBoost and Naive Bayes. To optimize their performance, we implemented a nested loop to iterate over different hyperparameter values for each algorithm. These hyperparameters were tuned to enhance predictive capabilities and mitigate overfitting for each model (Supplementary Table 1).

To distinguish between UC and CD, we first run DE analysis as described above then, we selected genes meeting two criteria: 1) significant interaction (fold change > 2 and FDR < 0.05) and 2) non-significance in tissue comparison (defined as fold change < 1.3 and FDR > 0.5). This resulted in 365 genes. These genes were subsequently used as features in a ML analysis. The expression matrix used as input to ML analysis contained normalized expression values that were corrected for tissue and study batch effect using removeBatchEffect() function from the limma package (20). The ML analysis, included 233 UC-inflamed Rectum samples and 155 CD-inflamed Ileum samples for training the models. For validation, we utilized data from the GSE193677 dataset, which included 60 UC-inflamed Rectum samples, 68 CD-inflamed Rectum samples and 60 CD inflamed ileum. Feature selection and ML analysis was done as described above.





Independent validation data

As an independent validation dataset we used the transcriptomic data from the Argmann et al. study (8), available on GEO database (GSE193677). The raw data was downloaded and underwent reprocessing steps, including alignment to the GRCh38 reference genome and voom transformation. The dataset downloaded consisted of 240 samples. For our analysis, we included 60 samples from patients diagnosed with UC, showing severe to moderate inflammation, collected from the rectum, and 60 samples from patients with CD, exhibiting similar inflammation levels, obtained from the ileum. Additionally, we incorporated 120 samples from non-IBD control participants, 60 samples from the rectum and 60 samples from the ileum. We maintained an equal representation of male and female participants in all groups. The dataset was used to validate the six different classifier models. The accuracy and area under the ROC curve (AUC) were calculated to assess models’ performance.





Blood samples dataset

The blood samples dataset was obtained from the Argmann et al. study (8) available on GEO database (GSE186507) which comprises blood RNA-seq data collected from whole blood samples during the participant’s endoscopy visits, along with comprehensive clinical, and endoscopic evaluations. We downloaded and reanalyzed (as described above) a total of 111 samples collected from patients diagnosed with both UC and CD. These samples were from individuals exhibiting clinical symptoms along with either severe or inactive endoscopic states. Additionally, we included samples from patients without clinical symptoms and with an inactive endoscopic state, as well as samples from non-IBD controls.





Drug repurposing analysis

The drug repurposing analysis was conducted using the Connectivity Map (CMap) (25) through the web application CLUE (https://clue.io) (26). CMap is a collection of genome-wide transcriptional expression data responses from human cell lines that have been treated with chemical compounds known as perturbagens. These perturbagens induce changes in cellular gene expression patterns. Our aim was to identify perturbagens that induced opposing expression patterns, to the top significant 300 upregulated and downregulated genes within the IBD vs. non-IBD control DEGs, and within the comparison between each of the diseases and non-IBD control samples separately. Querying these expression patterns with the CMap reference, particularly the Gene Expression (L1000) Touchstone dataset, generated a heatmap displaying the connectivity score (tau) of 2837 small-molecule compounds as perturbagens. Our focus was on compounds demonstrating the highest anti-correlation and CMap median tau score below −95 in the HT-29 cell line column. These compounds are candidates for drug repurposing. We chose to look at HT-29 cells, since this cell line, originating from colon adenocarcinoma, serves as a relevant in-vitro model for studying processes like absorption, transport, and secretion by intestinal cells (27–29).





Statistical analysis

Statistical analyses were conducted using the R statistical framework (v.4.2.2) (30). Boxplots illustrating expression levels were generated using the ggplot2 R package (v.3.4.0) (31). Unless indicated otherwise, comparisons between different groups were calculated using t test or ANOVA, with a significance threshold set at p < 0.05. The statistical analysis involved training and evaluating six machine learning algorithms was done using Python (v.3.10.11) (23). Model performance was assessed using the accuracy_score function to compute classification accuracy, while Receiver Operating Characteristic (ROC) curves were utilized to evaluate the model’s ability to distinguish between classes, with the AUC (Area Under the Curve) serving as a measure of classifier performance. The scikit-learn (v.1.2.0) (22) library was employed for computation, and matplotlib (v.3.6.2) (32) for visualization.






Results




Datasets and cohorts analyzed in the study

Based on our inclusion criteria, 11 datasets were selected and subsequently were included in the mega-analysis. The datasets included clinical data and biopsy samples from the intestines of a total of 697 participants, comprising 569 IBD patients and 128 non-IBD controls (Figure 2). Distribution of expression data pre and post normalization is given in (Supplementary Figure 2).

The 11 eligible studies included in the analysis are described in Table 1. Within our UC cohort, which is derived from eight of these studies, we obtained a total of 386 inflamed biopsies specifically from the large intestine. For the CD cohort, which is derived from four studies, we identified 183 inflamed biopsies primarily from the small intestine. Among the included studies, five provided non-IBD control samples, mostly from subjects suspected of having IBD but with radiographic, endoscopic, and histologic findings. The remaining samples obtained from normal bowel sections, located more than 10 cm away from tumors in patients undergoing bowel resection for sporadic colon cancer. Overall, the control group included 95 samples from the large intestine and 33 samples from the small intestine.


Table 1 | Characteristic of datasets used for analysis.







Inflammatory pathways and upstream regulators common between UC and CD

We identified 4,027 DEGs (2396 upregulated and 1631 downregulated genes, Figure 3A) when comparing gene expression from inflamed biopsies of the UC group and the control group, both taken from the large intestine. Given the involvement of CD in both the small and large intestines, we merged data of the biopsies obtained from inflamed regions of both intestinal segments. We then compared this combined dataset to non-IBD control biopsies collected also from both the small and large intestines. By conducting this comparative analysis, we sought to gain insights into the gene expression patterns associated with CD across both tissues. We found 1,008 DEGs including 629 upregulated genes and 379 downregulated genes in inflamed samples vs. non-IBD controls (Figure 3B). Finally, we chose to investigate IBD as a unified group when compared to the control group. In the IBD vs. control group we identified 2099 DEGs including 1387 upregulated and 712 downregulated. (Figure 3C). The top ten up- and down-regulated genes are displayed in Figure 3D. Several genes consistently appear across all comparisons. Notably, a lncRNA ENSG00000254645, stands out as it ranks among the top ten downregulated genes in the IBD vs. Control comparison. This transcript has previously been associated with IBD (33). In our analysis, this transcript demonstrates significant downregulation in both the CD vs. Control and UC vs. Control comparisons (Supplementary Figure 3).




Figure 3 | Volcano plots of DEGs selected with a threshold of adjusted p-value < 0.05 and fold-change >2 for the following comparisons: (A) UC vs. control, (B) CD vs. control and (C) IBD vs. control. Highlighted are the 34 genes found in ML analysis (see ML analysis section below). (D) Top ten up (yellow)- and down (blue)-regulated genes in the different comparisons. Genes with FDR < 0.05 were ranked based on fold change.



We utilized IPA to identify molecular pathways enriched within the list of DEGs obtained by comparing inflamed to non-IBD control tissues in the different comparisons (Figures 4A–C). As expected, activated pathways in all comparisons, were enriched in immune response pathways, including pathogen induced cytokine storm signaling, phagosome formation pathway and wound healing signaling. IL-17 was also upregulated in all comparisons, although did not rank in the top five upregulated pathways in CD and IBD comparisons. The downregulated pathways observed in all comparisons encompassed various metabolism and catabolism processes. For example; serotonin degradation, nicotine degradation III, thyroid hormone metabolism II (via conjugation and/or degradation), and melatonin degradation I. Along with the metabolism pathways there are also downregulated nuclear receptor (NR) pathways which related directly to gut microbiota and play protective roles in intestinal epithelial integrity (34). Notably, LXR/RXR Activation signaling, which is a NR pathway, was downregulated only in CD and IBD comparisons, but not in UC. IPA Comparison analyses revealed activated and inhibited upstream regulators (Figure 4D). Upon the common activated regulators we found pro-inflammatory cytokines (IL1B, TNF), and the NFkB complex which trigger immune responses. Upon the common inhibited regulators we identified alpha catenin and the IL10RA which their inhibition is known to increase intestinal permeability (35) and promotes inflammation (36), respectively. Overall, these results show that similar pathways and upstream-regulators are involved in both diseases and suggest that similar molecular mechanisms operate in both.




Figure 4 | IPA Functional analysis. (A-C) Top five  activated (orange) and inhibited (blue) canonical pathways based on absolute IPA’s activation z-score > 2 for the following comparisons: (A) UC vs non-IBD control, (B) CD vs non-IBD control, (C) IBD vs non-IBD control. Negative z score value implies an overall pathway's inhibition and a positive z-score value suggests an overall pathway's activation. All pathways had -log (B-H p-value) > 1.3 meaning FDR less  than 0.05. (D) Hierarchical clustering of upstream regulators’ activation z score across all comparisons.







Machine learning prediction models for IBD

A machine learning analysis aimed at distinguishing between UC and CD identified ten genes (Supplementary Table 2). To verify the accuracy of the trained model, we employed two approaches. Initially, we utilized independent UC and CD samples collected from the same tissues used in the training set (rectum and ileum, respectively). This yielded an impressive AUC of 0.97 in ROC analysis (see Supplementary Figure 4A). However, validation failed when utilizing external data from the rectum, which represents the same tissue for both diseases, resulting in AUC scores hovering around 0.6 (see Supplementary Figure 4B). Acknowledging the limitations posed by tissue effects in discriminating between the diseases, we subsequently, developed diagnostic models to identify genes capable of effectively discriminating between inflamed samples of UC, CD and IBD each compared separately against non-IBD controls. Six ML algorithms were employed with hyperparameter tuning (see methods). We found ten genes distinguishing between UC and non-IBD samples, another 9 genes for the comparison between CD and non-IBD samples, and 34 genes for the differentiation between IBD and non-IBD samples (the genes are indicated in Figure 5A). The most accurate models were generated for the classification of UC from non-IBD control samples, followed by the IBD classification, and finally CD classification. Specifically, the highest accuracy scores were achieved with the validation data using KNN and Random Forest. In the UC analysis, Random Forest achieved 0.947 accuracy, KNN reached 0.933. For IBD, both models achieved 0.9 accuracy. In CD, KNN had the highest accuracy of 0.9, followed by Naive Bayes at 0.89. ROC curves were generated for all models and analyses on the validation data (Figures 5B–D), illustrating their performance in terms of the true positive rate versus the false positive rate. The curves demonstrated good discriminatory ability, with a notable separation between the diseased and non-IBD control samples in all comparisons. Overall, the results indicate that the classification models achieved a robust and reliable performance in distinguishing between different disease groups and non-IBD controls.




Figure 5 | Machine learning results. (A) Venn diagram showing the overlap between ML-selected discriminative genes for the following comparisons: UC vs. Control, CD vs. Control and IBD vs. Control. (B–D) ROC curve of True positive rate vs. False positive rate at different six models on validation data GSE193677 for (B) UC (C) CD and (D) IBD analyses.







Novel non-coding RNAs in IBD

Among the genes identified through our ML analyses, we recognized known immune related genes and diagnostic markers. Some of the genes were common and intersected between the different models, with AQP9 present across all of them, FCGR3A is present in both CD and IBD analyses, while SAA1, SAA2, and KCNDA3 intersect between UC and IBD analyses (Figure 5A). Of particular interest, IBD analysis revealed three long non-coding RNA (lncRNA) genes, two are novel transcripts, ENSG00000285744 and ENSG00000287626, along with known lncRNA MIR4435-2HG. To verify the differential expression of the six intersected genes along with the lncRNAs, box plots were generated using the normalized data and significant expression level differences were observed in both our mega-analysis dataset and the GSE193677 validation dataset (Figures 6A, B), with lower expression of these genes in non-IBD control samples compared to CD and UC. Notably, all genes obtained from the ML analysis showed significant expression levels differences (Supplementary Figure 5).




Figure 6 | Distribution of the normalized expression of selected genes across UC, CD and non-IBD control samples in (A) Mega-analysis dataset: CD (n= 183), UC (n= 386) and control group (n=128). P-values were calculated using two-way analysis of variance (ANOVA). (B) GSE193677 validation dataset: The dataset includes inflamed samples from CD (n=60, ileum) and UC (n=60, rectum), along with non-IBD control samples from both the ileum (n=60) and rectum (n=60). Statistical significance was assessed using Student’s t-test. *p < 0.05, ****p < 0.0001 indicate the significance levels.



To evaluate the potential of the ML-selected genes as non-invasive biomarkers, we assessed their expression in blood samples from IBD patients (Supplementary Figure 6). Out of the 34 genes, 29 were available in the blood expression dataset. We observed a significant upregulation of 12 genes (p-value < 0.01) whose expression was higher in individuals with severe endoscopic manifestations of IBD when compared to the control group. The expression of six of these genes, namely ADGRG3, KCNJ15, AQP9, MIR4435-2HG, S100A8, and S100A9, which showed the most significant differences based on their p-values, are depicted in Figure 7.




Figure 7 | Distribution of ML detected genes’ normalized expression in serum samples across different patient groups. Pink and blue colors represent CD and UC patients, respectively. The pattern differentiation—crosshatch for an inactive endoscopic state and circles for a severe endoscopic state—reflects the severity of endoscopic conditions. The x-axis labels (‘Yes’ or ‘No’) distinguish between the presence or absence of clinical symptoms in patients, with ‘Yes’ indicating clinical symptoms and ‘No’ representing the absence of symptoms. The groups are: CD patients without clinical symptoms and either inactive (pink, crosshatch, n=20) or severe (pink, circle, n=15) endoscopic states, CD patients with clinical symptoms and severe endoscopic states (pink, circle, n=12), UC patients without clinical symptoms and either inactive (blue, crosshatch, n=20) or severe (blue, circle, n=13) endoscopic states, UC patients with clinical symptoms and severe endoscopic states (blue, circle, n=14) and the control group (green, n=17). The Wilcoxon test was used to assess statistical significance in the comparison between the severe endoscopic IBD groups and the control group.







Connection of drug-gene signature by CMap

Finally, we utilized the Broad Institute Connectivity Map (CMap) (25) to predict potential novel therapeutic compounds based on differential gene expression results. For each the three DEG comparisons described above, we run a separate CMap analysis. In each analysis we used the top 300 DEGs, comprising 150 upregulated and 150 downregulated genes as a query to the CMap system. In addition we run another query that contained the 34 genes selected in IBD ML analysis, 30 of them were recognized by the CMap tool. These four sets of genes were employed as queries in seeking potential connections or similarities in gene expression patterns with drug-induced gene signatures present in the CMap database. It’s worth noting that the CMap system employs different cell lines for its analyses. Given the intestinal nature of our diseases of interest, we placed a specific emphasis on results derived from the HT-29 cell line.

After the tool analyzed the valid genes, it revealed 22 compounds with median_tau_score values lower than -95. This indicates a strong and significantly opposing biological effect directed towards the gene signatures associated with the various diseases (as depicted in Figure 8). The compounds and various families identified in the CMap suggest potential implications for IBD treatment. Notably, Antimycin-A exhibits the highest connectivity score (-99.53), along with Histone deacetylase (HDAC) inhibitors (Pyroxamide, tacedinaline, and trichostatin-a),Monoamine oxidase inhibitor (Procarbazine), BCR-ABL kinase inhibitors (Dasatinib) and RAF inhibitors (Vemurafenib, AZ-628, PLX-4720) mTOR inhibitors (WYE-354) and SYK inhibitors (Fostamatinib) MEK inhibitors (PD-0325901, MEK1-2-inhibitor) Cannabinoid receptor antagonist (O-1918), cyclooxygenase inhibitor (Valdecoxib) and Histamine receptor antagonist (Loratadine).




Figure 8 | A heatmap generated by CMap showing the connection, assessed by connectivity score (tau score) between gene expression signature of the 4 groups (columns) and the compounds (rows). The score measures the strength of connection between the query signature and a compound. Compounds are sorted by decreasing order of median score across the four groups. Compounds with median score lower than -95 are considered significant.








Discussion

Whole-transcriptome analyses of IBD samples have been extensively performed over the years, but there is no conclusive understanding regard the mechanisms and expression pattern of specific genes underlying IBD. To gain a deeper insight into the mechanism of IBD, we conducted a mega-analysis, incorporating nearly 700 samples, along with reprocessing over 350 samples of validation data. Utilizing this comprehensive approach, we integrated data from multiple studies and applied unified bioinformatics methods to analyze the combined dataset thoroughly. By doing so, we have demonstrated the expression of genes that are already known to be related to the disease, as well as additional genes and novel transcripts whose expression is different in IBD and can potentially be exploited as a novel therapeutic target. We also characterized different pathways and upstream regulators, which are involved in the disease and can shed light on its underlying mechanism. Finally, using CMap, we presented new potential implications for the treatment of IBD.

In this work, we analyzed both CD and UC collectively as a group of IBD patients and assessed each disease individually. A search in the literature shows that many studies have already identified shared genetic risk factors and common pathways associated with both diseases (37). However, there’s also a growing interest in understanding the distinctions between UC and CD, as these differences can have clinical implications (4). In our attempt to detect genes that can distinguish between CD and UC, we encountered challenges due to tissue-specific effects. MDS analysis of the transcriptomes revealed that region of intestinal biopsy, colon or ileum, had significant effect on gene expression, overshadowing the discriminatory potential of inflammation status, with disease subtype (UC vs CD). We identified 10 genes that effectively distinguished between UC and CD, when testing our training model using samples originated from the same tissue source as used to train the model (UC from rectum and CD from ileum). However, validation using data from external samples obtained from the same tissue (CD and UC from the rectum) resulted in models failure. This aligns with the findings of Argmann et al. who similarly emphasized the dominant influence of the biopsy site on gene expression variation, with minimal divergence observed between UC and CD subtypes (8). To the best of our understanding, many of the differences in gene expression reported in the literature which were attributed to variations between the two diseases, can, in fact, be attributed to differences between the affected tissues rather than the disease themselves, since each of the diseases is mainly expressed in a different segment of the intestine (3). In light of these limitations, our primary focus was on identifying common molecular signatures associated with both UC and CD. We specifically emphasized shared biological pathways and mechanisms, aiming to enhance our understanding of the fundamental processes contributing to IBD. Furthermore, we sought to explore potential therapeutic targets that could be relevant for both diseases, regardless of the specific disease subtype or biopsy location.

Numerous published studies have consistently demonstrated differential gene expression in the inflamed intestinal tissues of individuals with IBD when compared to samples from healthy subjects. For instance, the Dual oxidase (DUOX) gene family, responsible for producing reactive oxygen species (ROS) (38) has been a subject of interest in these investigations. DUOX2 has been linked to very early onset IBD (39), and previous studies have reported overexpression of DUOX2 and DUOXA2 genes in UC (40). Our differential gene expression analysis supports these findings, highlighting DUOX2 and DUOXA2 among the top ten significantly upregulated genes in samples from IBD patients. Additionally, using ML algorithms, we showed that SAA1 and SAA2 discriminate between inflamed samples of UC, as well as IBD and non-IBD controls. This finding has already been published indicating that elevated levels of Serum Amyloid A (SAA) proteins, specifically SAA1 and SAA2, were consistently observed in IBD patients, particularly during active inflammation (41). We also identified MMP3 (Matrix Metalloproteinase 3), REG1A (Regenerating Islet-Derived Protein 1 Alpha), and CHI3L1 (Chitinase 3-Like 1) among the up-regulated genes in intestine samples of IBD patients. These genes are also known as upregulated in inflamed areas of colons of IBD patients compared to uninflamed tissues (42). Since these genes are involved in tissue remodeling (43–45), their aberrant expression may influence the extracellular matrix and tissue damage observed in IBD inflammation. Finally, of particular interest in our findings are the genes of the channels proteins AQP (Aquaporin) family, namely AQP9 and AQP8. AQP9 belongs to the aquaglyceroporins subfamily facilitates the membrane transport of water and glycerol and consistently displayed upregulation across UC, CD and IBD patients compared to non-IBD control subjects, demonstrating a commonality that also emerged in all our ML analyses. The exact mechanism of AQP9 in IBD remains unclear, but its increased expression in IBD has been observed in previous studies (46, 47). Recent research revealed that AQP9 is downregulated in IBD patients’ responders to infliximab compared to non-responders (48).

In contrast, AQP8, a member of the AQP8-Type Aquaammoniaporins, is associated with water absorption regulation, particularly in the duodenum, jejunum, and colon. It plays a role in water transport, however distinguishing itself with permeability to NH3/NH4+ (49). This gene exhibited pronounced downregulation across UC, CD and IBD patients compared to non-IBD control subjects. The observed decrease in its expression in IBD patients aligns with previous research findings (50, 51). However, it’s important to note that discovering inhibitors for AQP proteins poses a significant challenge due to their perceived ‘undruggable’ properties (52). Among other down regulated genes, CLDN8 (Claudin 8) a tight junction protein involved in maintaining the integrity of the intestinal barrier known to be down-regulated in both UC and CD (53). Additionally, CA1 (Carbonic Anhydrase 1) involved in pH regulation and mucosal protection (54) and other genes involved in transport (OTOP2 Otopetrin 2, SLC26A2 (Solute Carrier Family 26 Member 2), in metabolic process HMGCS2 (3-Hydroxy-3-Methylglutaryl-CoA Synthase 2) and immune regulation (DPP10 Dipeptidyl Peptidase 10) were also down-regulated. One notable discovery is a novel transcript, ENSG00000254645, which is downregulated in IBD patients compared to non-IBD subjects. Recently, this transcript was reported to be down regulated in CD (33). This transcript is a long non-coding RNA (lncRNA) located on chromosome 11, with the SOX6 (SRY-Box Transcription Factor 6) gene upstream and INSC (Inscuteable Spindle Orientation Adaptor) and the calcitonin genes (CALCa and CALCB) downstream (55–57).

Based on our DEGs analysis we also revealed pathways and upstream regulators associated with bacterial response and the activation of the NFκB transcription factor. These pathways promote the production of pro-inflammatory molecules, including tumor necrosis factor (TNF), interleukins (IL)-1, IL-6, IL-1B, and interferon (IFN-γ) (58). One significant pathway that stood out was the S100 family signaling pathway. It was notably activated in the UC vs. control comparison and ranked among the top ten activated signaling pathways in the CD comparison (data not shown). This pathway plays a crucial role in IBD, particularly through the involvement of S100A8 and S100A9 proteins, collectively known as calprotectin. These proteins are highly expressed by neutrophils and immune cells during inflammation and serve as a fecal calprotectin marker for inflammation and disease activity in UC (59). Another pathway enriched in UC was the IL-17 signaling. This pathway was also ranked in the top 20 pathways in CD and IBD comparisons (data not shown). Elevated IL-17 levels in active IBD patients’ blood and inflamed mucosa underline its role in disease inflammation (60, 61). However, caution is warranted in targeting this pathway for treatment, as observed in clinical studies using IL-17 inhibitors. These trials revealed heightened risks, including increased Candida albicans infections in IBD patients’ intestinal mucosa and severe adverse events leading to the premature cessation of an anti-IL-17 treatment trial for CD (60, 61). Clinical trials targeting the IL17 pathways show improvement in other inflammatory conditions, such as psoriasis, however, their administration has shown links to both new-onset and exacerbation of IBD, emphasizing the complexity and potential risks associated with manipulating this pathway in IBD therapy (62, 63). It’s noteworthy that to date, there are no ongoing clinical trials specifically targeting the IL-17 pathway for inflammatory bowel disease, signifying the need for further research to understand its role and develop safer, more effective treatments tailored to these diseases.

The pathways undergoing downregulation, encompassing metabolic, catabolic, and NR pathways, play a critical role in immune cell functions (64). Among these pathways, the LXR/RXR pathway has role in attenuating proinflammatory responses by modulating NFκB activity (65). Notably, in CD and IBD, we observed downregulation of this pathway alongside activation of the upstream regulator NFκB complex. In UC, while NFκB activation was also evident, the LXR/RXR pathway did not rank among the top 20 downregulated pathways. However, upon closer examination of the downregulated pathways in UC, the LXR/RXR pathway fell just slightly below the significance Z-score cutoff (data not shown). Furthermore, other immunometabolism pathways such as PXR/RXR Activation and the xenobiotic metabolism PXR signaling pathway, which also modulate NFκB activity (66), are downregulated in UC. Notably, NR pathways are significantly influenced by gut microbes (67) and can be a pharmacologically target for autoimmune treatment (34, 68).

Our ML analysis revealed three long non-coding RNAs (lncRNAs) including two novel transcripts, ENSG00000285744 and ENSG00000287626, along with MIR4435-2HG. These lncRNAs effectively distinguish between inflamed samples of IBD and non-IBD controls. The ENSG00000285744 transcript is located on chromosome 8 in proximity to IL-7, a cytokine known to play a role in the inflammatory response (69). The ENSG00000287626 transcript is located on chromosome 6 and overlaps with DTNBP1, a gene associated with the genetic disorder Hermansky–Pudlak syndrome (HPS), which has been reported to affect some patients with IBD (70). Finally, it is worth noting that the lncRNA MIR4435-2HG is already known to be associated with the immune system. The suppression of MIR4435-2HG has been shown to inhibit macrophage M1 polarization while promoting M2 polarization. This effect contributes to the alleviation of intestinal inflammation in mice with ulcerative colitis through the JAK1/STAT1 signaling pathway (71). Notably, our IPA analysis revealed the activation of both JAK1 and STAT1 upstream regulators in IBD. In addition, MIR4435-2HG was found to directly bind to EZH2 (72), the catalytic subunit of the polycomb repression complex 2 (PRC2). Epithelial EZH2 serves as an epigenetic determinant in experimental UC by inhibiting TNFα-mediated inflammation and apoptosis (73). In addition, it was shown that EZH2 suppression ameliorate intestinal inflammation and delay the onset of colitis associated cancer, suggesting the feasibility of EZH2 inhibitor for the control of IBD (74). Finally, the expression of MIR4435-2HG has been found to correlate with the size of intestinal polyps in Colorectal Cancer (CRC) (75) suggesting MIR4435-2HG to play a role in colorectal health. Collectively, these observations suggest that MIR4435-2HG may serve as a common molecular marker for inflammation-mediated processes and intestinal health.

Given the absence of specific serum markers for the diagnosis and management of IBD, it has become crucial to identify significant differences in serum levels among genes showing substantial expression in mucosal biopsies during severe endoscopic activity, regardless of the state of clinical symptoms. Notably, ADGRG3, KCNJ15, AQP9, MIR4435-2HG, S100A8, and S100A9 have demonstrated such variations. While S100A8 and S100A9 calprotectin have exhibited correlations with serum CRP, suggesting systemic inflammation, their utility might be limited to reflect intestinal inflammation (76). KCNJ15, identified as a common marker for UC and ankylosing spondylitis, shows promise as a potential diagnostic marker (77). Given the roles of all genes mentioned in the immune system, further validation is essential for their specific implications in IBD.

We performed data-driven analysis based on CMap for identifying new candidate compounds for IBD therapy. As the cell lines used to create the CMap reference database did not include UC or CD cells, we used HT-29 cells, the only intestinal cells in this database. We identified several potential candidate compounds from thousands of options for IBD therapy. Among them, one standout candidate is Antimycin-A boasting the highest connectivity score. This compound, an ATP synthase inhibitor, is recognized for its influence on mitochondrial dysfunction, a hallmark associated with IBD pathogenesis (78). Other compounds identified are Histone deacetylase (HDAC) inhibitors, like Pyroxamide, tacedinaline and trichostatin-a, as potential IBD treatment options. Notably, these compounds are known for their anti-inflammatory properties, offering promise in regulating inflammation linked to IBD (79). Likewise, the Monoamine oxidase inhibitor Procarbazine may have the potential to modulate neurotransmitters and immune responses and BCR-ABL kinase inhibitors such as Dasatinib and RAF inhibitors like Vemurafenib, AZ-628, and PLX-4720 might indirectly impact immune pathways, offering insights into IBD modulation (80, 81). Additionally, mTOR inhibitors, represented by WYE-354, and SYK inhibitors like Fostamatinib are under investigation for their anti-inflammatory effects (82, 83) and MEK inhibitors, including PD-0325901 and MEK1-2-inhibitor, target pathways associated with inflammation and immune responses (84). It’s worth acknowledging the dichotomous findings regarding the impact on IBD as certain reports suggested RAF/MEK inhibitors to potentially promote IBD in humans and mice (85, 86), while others have indicated that MEK inhibitors hold promise in improving diarrhea and histological scores in a murine colitis model (84), and RAF inhibition has induced clinical remission in CD patients (87). Lastly, compounds such as the Cannabinoid receptor antagonist O-1918, cyclooxygenase inhibitor Valdecoxib, and Histamine receptor antagonist Loratadine are all associated with anti-inflammatory pathways (88–90). These findings open new treatment strategies for future studies in IBD management.

In conclusion, our observations of an association between IBD and different candidate genes, specifically the novel transcripts ENSG00000285744, ENSG00000287626, and the MIR4435-2HG, needs to be further validated and interrogated functionally. MIR4435-2HG shows promise as a diagnostic tool using a simple blood test and may even serve as a therapeutic target. Finally, the identification of new candidate compounds for IBD therapy shed light on potential avenues for IBD treatment and warrant further investigation.
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Background

Inflammatory bowel disease (IBD) greatly affects human quality of life. Mannose has been reported to be used to treat IBD, but the mechanism is currently unknown.





Methods

C57/BL mice were used as research subjects, and the mouse acute colitis model was induced using dextran sulfate sodium salt (DSS). After oral administration of mannose, the body weights and disease activity index (DAI) scores of the mice were observed. The colon lengths, histopathological sections, fecal content microbial sequencing, colon epithelial inflammatory genes, and tight junction protein Occludin-1 expression levels were measured. We further used the feces of mice that had been orally administered mannose to perform fecal bacterial transplantation on the mice with DSS-induced colitis and detected the colitis-related indicators.





Results

Oral administration of mannose increased body weights and colon lengths and reduced DAI scores in mice with DSS-induced colitis. In addition, it reduced the expression of colon inflammatory genes and the levels of serum inflammatory factors (TNF-α, IL-6, and IL-1β), further enhancing the expression level of the colonic Occludin-1 protein and alleviating the toxic response of DSS to the intestinal epithelium of the mice. In addition, gut microbial sequencing revealed that mannose increased the abundance and diversity of intestinal flora. Additionally, after using the feces of the mannose-treated mice to perform fecal bacterial transplantation on the mice with DSS-induced colitis, they showed the same phenotype as the mannose-treated mice, and both of them alleviated the intestinal toxic reaction induced by the DSS. It also reduced the expression of intestinal inflammatory genes (TNF-α, IL-6, and IL-1β) and enhanced the expression level of the colonic Occludin-1 protein.





Conclusion

Mannose can treat DSS-induced colitis in mice, possibly by regulating intestinal microorganisms to enhance the intestinal immune barrier function and reduce the intestinal inflammatory response.
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1 Introduction

Inflammatory bowel diseases (IBDs), including Crohn’s disease and ulcerative colitis, are most typically characterized by the development of progressive, chronic, and relapsing inflammation in the gastrointestinal tract response. It is related to a variety of genetic and environmental factors (1, 2) and greatly affects human quality of life (3). The primary feature of IBD is disruption of intestinal homeostasis that includes dysregulated immune responses, eating disorders, genetic susceptibility, intestinal microbiota imbalance, and barrier damage (4, 5). Until now, the pathogenesis of IBD has not been fully understood. However, intestinal mucosal dysfunction and uncontrolled immune responses mediated by intestinal epithelial cells and immune cells are important factors in its occurrence (6, 7), and this has become gradually accepted as a mainstream view. In recent years, the prevalence of IBD has increased, with a troubling increasing trend among younger people. With the rapid development of high-throughput DNA sequencing and bioinformatics, it is believed that the impaired homeostasis and functional changes in intestinal flora and their metabolites play an important role in the pathogenesis of IBD (8). Furthermore, intestinal microbial disorders are well known to the public as a new pathogenic concept. Intestinal microorganisms play an important role in the intestine, including the shaping of the intestinal mucosal barrier and the regulation of intestinal immune function (9). Many drugs have been reported to be beneficial for IBD, but the mechanisms remain unclear. Some researchers have proposed the idea that drugs regulate intestinal immunity and barrier function by regulating intestinal flora.

Mannose is a natural bioactive six-carbon monosaccharide that exists in a free state in the peels of certain plants. For example, peaches, apples, and citrus peels contain certain amounts of free mannose (10). Previous studies have shown that mannose can improve metabolic syndrome, including obesity, type 2 diabetes, and non-alcoholic fatty liver disease, by reshaping the intestinal flora (10–12). It is worth noting that there is a close correlation between people with metabolic syndrome and people with intestinal barrier disorders. In recent years, researchers have gradually paid attention to the inhibitory effect of mannose on intestinal or body inflammation, and they have widely studied mannose and consider it as promising strategy (13). However, the therapeutic mechanism of mannose for colitis remains unclear.

In this study, we first demonstrate that mannose can treat dextran sulfate sodium salt (DSS)-induced colitis in mice. It was further discovered that the therapeutic mechanism may be related to inhibiting the expression of intestinal inflammatory genes and maintaining the intestinal barrier function. In addition, we found that this therapeutic effect may have been due to mannose regulating the intestinal microbiota. Fecal bacterial transplantation further confirmed that mannose enhanced the intestinal immune barrier function by regulating intestinal microorganisms and thereby alleviated DSS-induced colitis in mice.




2 Materials and methods



2.1 Animal experiments

C57/BL mice (20 ± 2 g) obtained from the Experimental Animal Center of Jinan University were used in this study. Animals were maintained under controlled temperature (21−23°C), humidity (50%), and light (12 h light/12 h dark). All animal experiments were approved by the Experimental Animal Ethics Committee of Jinan University. DSS was dissolved in drinking water at a concentration of 3.0% (MP Biomedicals, molecular weight 36,000–50,000). The mannose drug was obtained from the Sigma-Aldrich Company (3458-28-4), and the feeding standard was 500 µg/day (per kilogram of body weight). The animal feed and drinking water were sterilized prior to use.




2.2 Real-time fluorescent quantitative RT-PCR

Fresh tissues were ground and homogenized, and the total RNA was extracted using the TRIzol reagent (Ambion). Amplification products were labeled using SYBR (YEASEN, 10222ES60). RT-PCR was performed using the PCR system of Bio-rad. Relative mRNA levels were calculated using the comparative threshold cycle method. The primer sequences are shown in Table 1.


Table 1 | Primer information table.






2.3 Western blot

The radioimmunoprecipitation assay buffer (RIPA) lysis buffer was used to extract the colon epithelial tissue proteins, and subsequently, a bicinchoninic acid (BCA) protein assay kit was used to determine the protein concentration (Beyotime, Shanghai, China). The polyvinylidene difluoride (PVDF) membrane was then blocked with 5% skimmed milk powder for 2 hours. The membrane was then incubated with Occludin-1 (1:1000, ab216327) at 4°C, β-Actin (1:1000, ab8226) levels were assessed as a loading control, and then a secondary antibody (1:2000) was bound to the primary antibody for 2 hours at room temperature. Signals were captured using an emitter-coupled logic substrate (Pierce Chemical Co.). The intensity of each band was quantitatively analyzed using ImageJ software.




2.4 Fecal transplant

In the fecal bacterial transplantation experiment, fresh feces of mice that had been orally administered mannose were used as the research material, crushed using a grinder, and then resuspended three times in buffer, after which they were centrifuged at 6000 r/min for 10 min. The supernatant was used for intragastric administration. A total of 100 µg of feces was dissolved in 200 µL of phosphate buffered saline (PBS) solution, and each mouse was given 200 µL of the fecal microbial supernatant via intragastric administration every day.




2.5 Serological testing

When the mice were sacrificed, the blood of the mice was collected and centrifuged at 6000 r/min for 15 minutes, and the serum was collected for relevant serological testing, i.e., the detection of TNF-α (H052-1-2), IL-6 (H007-1-2), IL-1β (H002-1-1), and IFN-r (H024-1-2). All reagents were purchased from the Nanjing Jiancheng Bioengineering Institute, and the testing operations were as described in the instructions.




2.6 16S RNA microbial sequencing

The fresh intestinal contents of the mice were collected, quickly frozen in liquid nitrogen and then stored in at −80°C. Bacterial DNA was extracted using a DNA rapid extraction kit, and a paired-end 16sRNA gene library was used for library construction and analysis. The V3+V4 region of the 16S rRNA gene was amplified using PCR and subsequently sequenced on the Illumina Hiseq 2500 sequencing platform using the PE250 mode (2 × 250 bp paired-end) (Biomarker Technologies Corp., China). In addition, the BMKCloud platform (www.BMKCloud) was used for the data analysis.




2.7 Colon histological staining

The colon was stained using hematoxylin-eosin staining (H&E). In short, fresh intestinal tissue was washed with PBS and then fixed with 4% paraformaldehyde. Frozen sections that were 10 µm thick were then constructed. Fresh sections were washed with ultrapure water, stained with hematoxylin for 30 seconds, and then stained with eosin for 30 seconds. After the samples were dried, they were photographed using a light microscope (Leica Co.). For the pathological evaluation, the HE-stained sections were scored as previously reported (14).




2.8 Statistical analysis

Data are expressed as the mean ± standard error of the mean (SEM). Furthermore, significant differences were determined by performing a t-test with least significant difference (LSD) post hoc tests, and statistical significance was set at p < 0.05.





3 Results



3.1 Mannose reduced the symptoms of DSS-induced colitis in mice

To determine the therapeutic effect of mannose on DSS-induced colitis in mice, we used DSS to induce the mice for 7 days. We then established the DSS-induced colitis model. Mannose was further administered orally for 7 days, and its therapeutic effect on colitis was observed (Figure 1A). The results showed that compared with the control group, the mice in the DSS group showed an obvious weight loss trend after being continuously induced with DSS for 7 days. On the 7th day, it was statistically found that the weights of the mice with the DSS-induced colitis were significantly lower than that of the control group (P < 0.05) (Figure 1B), and the body weights on day 14 were also significantly lower than that of the control group. The results demonstrated that the DSS-induced colitis model was effective and significantly reduced the body weights of the mice. Additionally, 7 days after the colitis mouse model was induced using DSS, the body weights of the mice that had been orally administered mannose were significantly higher than that of the DSS group, indicating that mannose alleviated the DSS-induced weight loss in the mice. In addition, we calculated the disease activity index (DAI) scores of the mice during the experimental period. The results also showed that after 7 days in the DSS-induced mice, the DSS group significantly improved their DAI scores compared with the control group (P < 0.05). Subsequently, 7 days after the oral administration of mannose, the DAI scores of the mice in the mannose group were significantly lower than that of the mice in the DSS group (P < 0.05) (Figure 1C). The results indicated that the mannose had a significant therapeutic effect on DSS-induced colitis in mice.




Figure 1 | (A) Colitis mouse feeding model chart; (B) colitis mouse weight trend chart; and (C) colitis mouse DAI score chart. Significant differences are indicated as *p-value < 0.05. n=3-6/group. #P-value < 0.05, comparison between control and DSS+mannose.



To further observe the therapeutic effect of mannose on DSS-induced colitis in mice, we dissected the mice 14 days later and observed the colon lengths. The results showed that DSS significantly reduced the colon lengths of the mice (P < 0.05), while this result was significantly reversed after mannose treatment. The colons of the mice in the mannose group were significantly longer than those of the mice in the DSS group (P < 0.05) (Figures 2A, B). In addition, we stained the colon tissues of the three groups of mice and found that the colon walls of the control mice were clear, the villi were normal in shape, the epitheliums were intact, the glands were neatly arranged, the crypts were normal, the goblet cells were abundant, and there was no inflammatory cell infiltration. After colonic epithelial necrosis and shedding of the mice in the DSS group, the intestinal villi were abnormally atrophic, the intestinal walls became thinner, the glands were disordered, ulcer symptoms were severe, and a large number of inflammatory cells infiltrated the mucosal muscle layer. The colonic walls of the mice in the mannose group were clear and complete, and the villi shapes could be distinguished. There was local swelling of villi, a small amount of inflammatory cell infiltration, inconsistent gland arrangement, and rare ulcer symptoms (Figure 2C). These morphological results indicated that mannose had a therapeutic effect on DSS-induced colitis in mice, and its mechanism may have been the inhibition of intestinal inflammation and maintenance of the intestinal epithelial barrier function.




Figure 2 | Phenotype of mice with colitis: (A) representative pictures of the colons of mice with colitis; (B) statistical diagram of the colon lengths of mice with colitis; (C) expression levels of the inflammatory genes in the colons of mice; and (D) representative pictures of the HE staining of the mouse colons. Significant differences are indicated as *p-value < 0.05. n=3-6/group. #P-value < 0.05, comparison between control and DSS+mannose.






3.2 Mannose reduced the intestinal or serum inflammatory factor levels

To explore the mechanism of mannose on the colon inflammatory response of the mice, we extracted colon epithelial cells from the mice and further quantified the expression levels of related inflammatory genes. The results showed that the expression levels of colon inflammatory genes in the DSS group were significantly higher than those in the control group. TNF-α, IL-6, IL-1β, IFN-r, IL-2, IL-12, and TGF-β had all increased (P < 0.05), and the mannose treatment significantly alleviated this phenomenon. The mannose treatment significantly reduced the expression levels of inflammatory factors compared with the DSS group (Figure 2D). In addition, we further examined the expression level of the Muc2 gene in the colon epithelial cells and found that mannose reversed the inhibitory effect of DSS on the Muc2 gene in the mice. The results indicated that the therapeutic effect of mannose on colitis may have been due to a reduction in the expression of intestinal inflammatory genes that maintained the normal barrier structure of the intestine. Next, we further quantified the serum inflammatory factors in the mice and found that the expression levels of serum inflammatory factors (TNF-α, IL-6, IL-1β, and IFN-r) in the mice induced by DSS were significantly higher than those in the control group (P < 0.05). In contrast, the mannose treatment reduced the expression levels of related inflammatory factors (Figure 3A). This suggests that mannose may have antagonized the DSS-induced colon inflammatory response by reducing the intestinal or serum inflammatory factor levels.




Figure 3 | Mouse serology and microbial sequencing: (A) expression of inflammatory factors in the serum of mice; (B) alpha diversity of the intestinal microorganisms; (C) β diversity of the intestinal microorganisms; (D) differences in intestinal microbial phyla levels; and (E) intestinal microorganisms of the three groups of the mice Venn diagram. Significant differences are indicated as *p-value < 0.05.






3.3 Mannose may regulate the composition of intestinal microorganisms to exert anti-inflammatory effects

To further explore the anti-colitis mechanism of mannose, we collected the colon contents of the mice and performed 16S RNA sequencing analyses. The results showed that after the DSS-induced colitis in mice, the composition of the intestinal microorganisms in the mice changed. The alpha diversity of the intestinal microorganisms was significantly lower than that in the control group (P < 0.05). Mannose treatment reversed this change, and the intestinal microbial alpha diversity of the mice that were orally administered mannose was significantly higher than that of the mice in the DSS group (P < 0.05) (Figure 3B). However, we did not find significant differences in the intestinal microbial beta diversities of the mice in the control, DSS, and mannose groups (Figure 3C). Subsequently, it was observed that there were significant differences in the phyla of the intestinal microorganisms of the three groups of mice. Compared with the control group, the Firmicutes phylum in the intestinal microorganisms of the mice in the DSS group decreased, while the Bacteroidetes phylum increased, and the Bacteroidetes phylum increased in the mannose group. The phylum level compositions of the intestinal microbiota of the mice were similar to that of the control group (Figure 3D). We further observed the differences in the genus level of the intestinal microorganisms among the three groups of mice and found that a total of 185 species of bacteria were detected in the control group, a total of 111 species of bacteria were detected in the DSS group, and a total of 206 species of bacteria were detected in the mannose group. A total of 47 bacterial genera were shared among the three groups of mice. The control group had 68 unique bacterial species, the DSS group had 32 unique bacterial species, and the mannose group had 95 unique bacterial species. The results indicated that mannose modulated the composition and abundance of intestinal microorganisms in the mice, and changes in the intestinal flora are a possible mechanism of how mannose treats colitis. To obtain a clearer understanding of the regulatory effect of mannose on mouse microorganisms, we closely examined the differences in the bacterial genera among the three groups of mice. The results showed that compared with the DSS group, the abundances of Bifidobacterium, Fusicatenibacter, Blautia, Agathobacter, Dorea, and other bacteria in the intestinal microbiota of the mannose-treated mice were significantly increased (P < 0.05) (Figure 4A). However, we did not observe differences in the ratio of Bacteroidetes to Firmicutes among the three groups(P < 0.05) (Supplementary Figure S1A). These findings suggest that mannose maintained the intestinal barrier function by regulating the abundance of intestinal probiotics.




Figure 4 | (A) Differences in the intestinal microbial bacterial abundances, and (B) the colon Occludin-1 protein expression. Significant differences are indicated as *p-value < 0.05. n=3-6/group.



We then further explored the changes in the intestinal barrier function. We compared the changes in the intestinal barrier function among the three groups by detecting the colon epithelial tight junction protein (Occludin-1). The results showed that compared with the control group, the expression levels of the Occludin-1 protein in the colon of the mice induced with DSS were significantly reduced (P < 0.05). Mannose treatment completely reversed this phenomenon. Compared with the DSS-induced mice, the expression of the Occludin-1 protein was significantly increased (P < 0.05) (Figure 4B).




3.4 Fecal transplantations in the mannose-treated mice improved colitis

Previous studies have shown that mannose alleviates colitis in mice by regulating the intestinal microbiota of mice. To verify this idea, we used the feces of mice that were orally administered mannose as material for fecal microbiota transplantation (FMT). We then performed FMT on the mice (Figure 5A). The results showed that at the end of the 7-day experiment, the lengths of the colons of the mice were significantly shorter in the DSS group than in the control group(P < 0.05), while the lengths of the colons of the DSS+FMT group were significantly longer than those of the mice with DSS-induced colitis (P < 0.05) (Figure 5B). This suggests that the fecal bacteria transplanted from the mannose-treated mice could be used to treat DSS in mice. We further measured the mouse body weights and disease activity scores (DAI score), and the results were consistent. The weights of the mice with DSS-induced colitis were significantly reduced, and the DAI scores were significantly increased (P < 0.05). However, the fecal bacteria transplantation in mice increased their body weights, and their DAI scores decreased (P < 0.05) (Figures 5C, D). This further demonstrates that mannose alleviated colitis in mice by regulating the intestinal microbiota. In addition, to verify the improvement effect of fecal bacterial transplantation on the intestinal barrier function, we quantified the Occludin-1 protein in the colons of the mice with fecal bacterial transplantation. The results showed that the expression levels of Occludin-1 were significantly higher in the mice in the DSS group than those in the control group. This malignant change was reversed in mice transplanted with fecal bacteria (P < 0.05) (Figure 5E). This indicates that the intestinal microorganisms after FMT improved the damaging effect of DSS on the colon barrier function of the mice. To this end, we tested our conjecture again by detecting changes in the expression levels of colon inflammatory genes. The results showed that the expression levels of colon inflammatory genes in the DSS group were significantly higher than those in the control group (TNF-α, IL-6, IL-1β, IFN-r, IL-2, IL-12, TGF-β) (P < 0.05), while the fecal bacteria transplanted mice had significantly inhibited expression of inflammatory genes (Figure 6A). Consistently, we found that inflammatory factors (IL-1β and TNF-α) in serum were significantly lower in the fecal transplant group than in the DSS group (P < 0.05) (Supplementary Figures S1B, C). The results indicated that mannose improved mouse colitis by regulating the intestinal microbiota of the mice (Figure 6B).




Figure 5 | Fecal bacteria transplant model diagram: (A) schematic of the fecal bacteria transplantation; (B) representative pictures of the mouse colons; (C) and (D) are diagrams of the mouse colon lengths and colon DAI scores, respectively; and (E) expression of the Occludin-1 protein in the colons of mice transplanted with fecal bacteria. Significant differences are indicated as *p-value < 0.05. n=3-6/group.






Figure 6 | (A) Expression levels of inflammatory genes in the colons of mice transplanted with fecal bacteria, and (B) model diagram of the mannose treatment of colitis. Significant differences are indicated as *p-value < 0.05. n=3-6/group. #P-value < 0.05, comparison between control and DSS+mannose.







4 Discussion

Mannose is a six-carbon monosaccharide that is metabolized by the body through absorption in the small intestine (15). In this study, we found that the oral administration of mannose alleviated DSS-induced colitis in mice, which involved reducing the expression levels of colonic inflammatory genes and serum inflammatory factors. In addition, we found that mannose rescued the inhibitory effect of DSS on the colonic tight junction protein Occludin-1. Tight junction proteins play a crucial role in the formation and maintenance of the intestinal epithelial barrier. The occurrence of IBD involves a disruption in the tight junctions and imbalances of the epithelial cell permeability (16, 17). Our study showed that mannose prevented a decrease in the tight junction protein expression induced by DSS administration, thereby alleviating colitis symptoms. This result was consistent with previous research results (2, 18–20). Relevant scholars have suggested that the therapeutic effect of mannose on DSS-induced colitis may be related to the regulation of macrophage polarization in the colon that may involve the release of TNF-α and pathological endoplasmic reticulum stress of intestinal epithelial cells (20).

In addition, we sequenced the cecal contents and found that mannose modulated the composition of intestinal microorganisms, including the bacterial abundance and alpha diversity. There were increased abundances of Bifidobacterium, Fusicatenibacter, Blautia, Agathobacter, and Dorea. These probiotics have been reported to improve intestinal inflammation (21, 22). Therefore, we hypothesized that the therapeutic effect of mannose on colitis may be related to its modulation of intestinal microorganisms. To test our hypothesis, we performed fecal bacterial transplantation using the feces of mannose-treated mice. In mice with DSS-induced colitis, fecal bacteria transplanted from the mannose-treated mice had an anti-colitis effect. Specifically, fecal bacteria transplanted into mice reduced intestinal inflammatory gene expression and increased the Occludin-1 protein level. These results indicate that mannose enhanced the intestinal immune barrier function through intestinal microbiota and alleviated DSS-induced colitis in mice. Previous researchers have found that mannose can exert anti-obesity effects by regulating intestinal microorganisms (10, 23). In this study, we found that mannose treatment of DSS-induced colitis in mice may have been related to its modulation of intestinal microorganisms. In short, mannose modulation of intestinal microbiota is a feasible strategy for treating colitis.

The primary feature of IBD is a disruption of intestinal homeostasis, including dysregulated immune responses, eating disorders, genetic susceptibility, intestinal microbiota imbalance, and barrier damage (4, 5). Gut microbes have been shown to modulate intestinal immunity, eating disorders, and genetic susceptibility and improve intestinal barrier function (24–27 al., 2023). Therefore, we have reason to believe that mannose’s regulation of intestinal microorganisms may be related to the alleviation of colitis. DSS is a chemical substance that stimulates the intestinal epithelium and causes the destruction of the mucosal-epithelial barrier, resulting in an increase in intestinal epithelial permeability. This causes macromolecular substances (including toxic molecules and metabolic wastes) to pass through the intestine and enter the blood, causing local or systemic symptoms (28). Intestinal microorganisms serve as a protective film adherent to the intestinal mucosa or intestinal epithelial surface that can reduce the infiltration of toxic chemical substances into the intestinal epithelium and reduce the release of inflammatory mediators within the intestinal epithelium (20). This is consistent with the view that related drugs can alleviate colitis (29–31). This explains the feasibility that the oral administration of gut microbiota (FMT) with mannitol can also alleviate DSS-induced colitis in mice. Another critical factor for intestinal barrier function is the expression level of the intestinal epithelial tight junction proteins. The most important is the Occludin-1 protein that plays a key role in the intestinal barrier (32). We found that fecal bacterial transplantation can increase the expression of the colonic Occludin-1 protein in mice with DSS-induced colitis. This may be due to the interaction between the products of the intestinal metabolism of probiotics after transplantation and the intestinal epithelium. This also explains the beneficial effects of fecal transplantation.




5 Conclusion

In this study, we confirmed that mannose can alleviate DSS-induced colitis in mice, and its mechanism is related to inhibiting the expression of intestinal inflammatory genes and maintaining the intestinal barrier function. In addition, we found that this therapeutic effect may have been due to mannose regulating the intestinal microbiota. We further confirmed that mannose enhanced the intestinal immune barrier function by regulating intestinal microbiota through fecal bacterial transplantation in mice that were orally administered mannose. This then alleviated DSS-induced colitis in mice.
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Objective

Ulcerative colitis (UC) and metabolic dysfunction-associated steatotic liver disease (MASLD) are closely intertwined; however, the precise molecular mechanisms governing their coexistence remain unclear.





Methods

We obtained UC (GSE75214) and MASLD (GSE151158) datasets from the Gene Expression Omnibus (GEO) database. Differentially expressed genes (DEGs) were acquired by the ‘edgeR’ and ‘limma’ packages of R. We then performed functional enrichment analysis of common DEGs. Hub genes were selected using the cytoHubba plugin and validated using GSE87466 for UC and GSE33814 for MASLD. Immunohistochemistry was employed to validate the hub genes’ expression in clinical samples. Immune infiltration and gene set enrichment analyses of the hub genes were performed. Finally, we estimated the Spearman’s correlation coefficients for the clinical correlation of the core genes.





Results

Within a cohort of 26 differentially regulated genes in both UC and MASLD, pathways involving cytokine-mediated signaling, cell chemotaxis, and leukocyte migration were enriched. After further validation, CXCR4, THY1, CCL20, and CD2 were identified as the hub genes. Analysis of immune infiltration patterns highlighted an association between elevated pivotal gene expression and M1 macrophage activation. Immunohistochemical staining revealed widespread expression of pivotal genes in UC- and MASLD-affected tissues. Furthermore, significant correlations were observed between the increased expression of hub genes and biochemical markers, such as albumin and prothrombin time.





Conclusion

This bioinformatics analysis highlights CXCR4, THY1, CCL20, and CD2 as crucial genes involved in the co-occurrence of UC and MASLD, providing insights into the underlying mechanisms of these two conditions.





Keywords: ulcerative colitis, metabolic dysfunction-associated steatotic liver disease, M1 macrophages, immune, bioinformatics




1 Introduction

Inflammatory bowel disease (IBD) is a chronic and recurrent inflammatory condition of uncertain origin that affects the gastrointestinal tract. As one subtype of IBD, ulcerative colitis (UC) is characterized by continuous inflammation of the colonic mucosa. Common symptoms include diarrhea, abdominal pain, passage of mucus and blood, and weight loss (1). In addition to the intestinal manifestations, UC is often associated with extraintestinal manifestations involving the hepatobiliary system, such as fatty liver and primary sclerosing cholangitis (2, 3). The etiology of UC is not yet fully understood; however, it is recognized as a multifactorial IBD. The global incidence and prevalence of UC is rapidly increasing, posing a significant challenge to global public health. Effective managing ulcerative colitis remains a major challenge (4).

Metabolic dysfunction-associated steatotic liver disease (MASLD), formerly known as nonalcoholic fatty liver disease (NAFLD), was officially renamed in June 2023 (5). MASLD is a pathological syndrome characterized by hepatic steatosis and lipid accumulation. Within the category of metabolic syndrome-related chronic liver diseases, the prevalence of MASLD is increasing at an alarming rate, accounting for 32.4% of the total population by 2022, and is one of the most common chronic liver diseases (6). As a common extra-intestinal manifestation of IBD, MASLD frequently coexists with IBD. It is estimated that up to 26.1% of patients with IBD have concurrent MASLD. Among the patients with MASLD, the prevalence of UC was as high as 41.7% (7).

Although increasing evidence suggests a close association between UC and MASLD, the mechanisms underlying the simultaneous occurrence of these two diseases are not fully understood. Moreover, the increasing prevalence of both diseases inevitably increases healthcare costs (8, 9). Therefore, it is imperative to explore the relationship between UC and MASLD in terms of comorbidity mechanisms. This study aimed to use bioinformatics in conjunction with clinical samples to identify diagnostic biomarkers and relevant signaling pathways for MASLD in the context of UC. These findings provide clinical evidence for the treatment of patients with UC complicated with MASLD.




2 Materials and methods



2.1 Data sources

Four data sets (GSE75214, GSE151158, GSE87466, GSE33814) were downloaded from the Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/geo). For the UC dataset, we selected GSE75214. This dataset included the RNA sequencing results from 97 patients with active UC and 11 normal control colon mucosa samples. The dataset has a large sample size, consistent sampling sites between the case and control groups, and provides gene expression profiles from mucosal biopsies, primarily from patients with active UC. It is considered a classic dataset for the bioinformatics analysis of UC. For the MASLD dataset, we selected the GSE151158. This dataset included sequencing results from 40 patients with MASLD and 21 normal control liver tissues. The dataset has a relatively large sample size and was recently published in the context of this disease. Gene analysis of this dataset mainly focused on genes involved in innate immune function, making it more suitable for investigating the comorbidity mechanisms between MASLD and UC, an autoimmune disease (10, 11). The validation datasets used were GSE87466 and GSE33814. GSE87466 contained data from 87 patients with UC, whereas GSE33814 contained data from 31 patients with MASLD. These validation datasets also have the advantages of relatively large sample sizes and recent publication dates. They have been extensively reported in the relevant literature, and their analytical results are considered authoritative and reliable (12, 13). A comprehensive insight into the datasets used in this study is outlined in Supplementary Table 1. Supplementary Table 2 provides the comparability of the GEO and hospital cohorts in terms of age and sex. The roadmap of the main research ideas in this article is illustrated in Figure 1.




Figure 1 | Roadmap of the main research ideas in this article. The steps highlighted in red are the innovative points or the necessary steps of our study.






2.2 Definitions

UC patients: All patients with UC included in this study had a definitive diagnosis supported by relevant endoscopic and pathological evidence. In addition, patients were required to be over 18 years of age and possess complete hospitalization records and laboratory test results. The exclusion criteria included patients with incomplete clinical or pathological information, those with an unclear diagnosis, and those with concurrent tumors or severe complications.

Patients with MASLD: MASLD was clinically diagnosed based on meeting ultrasound or imaging-based criteria for the condition. Exclusion in the absence of other causes of steatosis such as significant alcohol consumption, chronic viral hepatitis B or C and other specific causes for hepatitis steatosis, the presence of at least one of the following five metabolic abnormalities is required (1): Overweight or obesity: BMl≥25 kg/m2 in Caucasians (BMl≥23 kg/m2 in Asians), or waist circumference>94/80 cm in Caucasian men and women, or ethnic adjusted criteria (2). Fasting glucose >5.6 mmol/L (100 mg/dL), or 2-hour post-load glucose ≥7.8 mmol/L (140 mg/dL), or hemoglobin A1c≥39 mmol/mol (5.7%), or type 2 diabetes mellitus or treatment for type 2 diabetes (3). Blood pressure≥130/85 mmHg or specific drug treatment. (4) Plasma triglycerides >1.70 mmol/L (150 mg/dL) or lipid-lowering treatment. (5) Plasma HDL-cholesterol <1.0 mmol/L (40 mg/dL) for men and <1.3 mmol/L (50 mg/dL) for women or lipid-lowering treatment (5).

Ten healthy controls and 49 patients with UC were included in this study. Seven patients had concurrent MASLD. Supplementary Table 3 provides clinical information of all patients included in the study. All clinical data and intestinal tissue samples were obtained from patients treated at the Renmin Hospital of Wuhan University between 2021 and 2023.




2.3 Analysis of differential genes

The microarray data were processed via two R packages, “GEOquery” and “Limma”. Probe sets devoid of the corresponding gene symbols were excluded from the analysis. In cases where genes were associated with multiple probe sets, the average was calculated. Differentially expressed genes (DEGs) were identified based on the criteria of p-values < 0.01 and |fold change| > 1. To identify co-occurring DEGs shared by the UC and MASLD datasets, Venn diagrams were generated using the online tool Evenn (http://www.ehbio.com/test/venn/#/) (14).




2.4 Functional enrichment analysis

To investigate the intrinsic molecular biological mechanisms associated with these co-occurring genes, Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were performed (15, 16) using the ‘ClusterProfiler’ package (version 4.8.2) in R (17). GO and KEGG serve as pivotal public repositories for delineating the distinctive biological and functional traits within these pathways.




2.5 Protein-protein interaction network construction and module analysis

The online resource STRING (http://string-db.org) was used to probe interconnected genes (18). The protein-protein interaction (PPI) networks featuring multifaceted regulatory connections were constructed using the STRING database. Interactions with a composite score surpassing 0.4 were deemed statistically significant. PPI networks were visualized using Cytoscape (http://www.cytoscape.org) (19). Notably, the Cytoscape Molecular Complex Detection Technology (MCODE) is a technique that clusters proteins based on their relationships with edges and nodes. It aims to identify key subnetworks and protein complexes within the biological molecular interaction network, leveraged for the identification of principal functional modules in PPI networks. The criteria for module selection were Degree Cutoff = 2, Node Score Cutoff = 0.2, K-Core = 2, and Max. Depth = 100.




2.6 Identification and validation of hub gene expression

Hub genes were identified using the CytoHubba plugin of Cytoscape. Four algorithms were employed to analyze the co-expressed genes, and the top 15 comorbid genes from each algorithm were retained and intersected to obtain the candidate core genes. Subsequently, based on their expression in the validation datasets GSE87466 and GSE33814, the candidate core genes were further refined and identified as the core genes for comorbidity between UC and MASLD.




2.7 Construction of receiver-operating characteristic curves to assess diagnostic efficacy

The ‘pROC’ package was utilized to generate the receiver operating characteristic (ROC) curve, evaluating the ability of hub genes to differentiate between UC patients and healthy individuals across all datasets (20).




2.8 Exploration the internal associations and immune cell correlations of hub genes

For the establishment of co-expression networks encompassing these hub genes, the GeneMANIA platform (http://www.genemania.org/) was utilized (21), which is commonly employed to uncover the internal associations within gene sets. The correlation between varying degrees of immune cell infiltration and diagnostic markers for MASLD comorbidity in UC was investigated through the CIBERSORT (https://cibersortx.stanford.edu/) method for immune infiltration analysis using the R package ‘CIBERSORT’ (22). Spearman’s correlation analysis was subsequently employed to examine the relationship between the expression of diagnostic markers and the content of 22 distinct immune cell types to elucidate the potential associations between diagnostic markers and immune cell populations.




2.9 Gene set enrichment analysis

Gene Set Enrichment Analysis (GSEA) was used to evaluate pertinent pathways and molecular mechanisms distinguishing the two study groups (23). We downloaded gene expression data for each sample from the GEO database, and based on the median expression of the core genes in the chip, we re-grouped the samples into high and low expression groups. After using signal-to-noise measurement in GSEA to rank all genes in the chip according to their association with the high or low expression of the core genes, we then selected the top 5 pathways associated with high expression of each core gene. Gene sets showing enrichment with a nominal p-value of < 0.05, |normalized enrichment score (NES)|> 1, and a false positive rate (FDR) q-value < 0.25 were classified as statistically significant.




2.10 Immunohistochemical staining

Immunohistochemistry was used to assess the expression of CXCR4, CCL20, THY1, and CD2 in the intestinal tissues of the patients at the Department of Pathology, Renmin Hospital of Wuhan University. Paraffin sections (5 μm) were soaked in 3% hydrogen peroxide for 15 min after deparaffinization with xylene and hydration with graded ethanol. Sections were then blocked with goat serum for 0.5 h at room temperature. Subsequently, sections were incubated overnight at 4°C with primary antibodies against CXCR, CCL20, THY1, and CD2 (Abcam). The following day, samples were tested using an immunohistochemistry kit (D601037, Sangon Biotech, Shanghai, China). Sections were incubated with HRP-conjugated secondary antibody for 0.5 h at 37°C and subsequently visualized with DAB chromogen solution. Nuclei were counterstained with hematoxylin. Finally, microscopy (Olympus FV1200, Japan) was used for image acquisition, and the percentage area of positive staining was determined using K-reviewer software.

The results of immunohistochemical staining based on the Immunoreactive Score (IRS) were primarily evaluated by two pathology researchers. Distinct components, such as the extent of staining (0-3 points) and positivity rate (0-4 points) within the immunohistochemical sections, were assessed separately and subsequently multiplied to yield a comprehensive score ranging from 0 to 12 points. Specifically, staining intensity was evaluated based on the appearance of staining in the target cells: no staining (0 points), pale yellow (1 point), brownish yellow (2 points), and tan (3 points). Similarly, the percentage of positive cells was assessed in terms of the positivity rate: 0%-5% (0 points), 6%-25% (1 point), 26%-50% (2 points), 51%-75% (3 points), and >75% (4 points). The amalgamated score was categorized into high and low positivity and was subsequently harmonized.

Considering the potential selection bias, the histological images shown in this manuscript represent patients with UC and moderate disease activity. The study complied with the Declaration of Helsinki and was approved by the Ethics Committee Review Board of Renmin Hospital of Wuhan University. A consent form was sent to and signed by a legal custodian. The Institutional Review Board of Renmin Hospital of Wuhan University approved the study protocol. (Approval number: WDRY2022-K130) A nonparametric Wilcoxon signed-rank test was employed to assess differences between the groups, while analysis of variance (ANOVA) was utilized for comparing data across multiple groups. A p value < 0.05 was considered significant (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).




2.11 Correlation of hub genes with disease characteristics and biochemical levels in UC

As previously described, to further elucidate the association between core genes and diseases, we performed a correlation analysis between the clinical information of patients with UC and the IRS scores of the core genes. A p value < 0.05 was considered significant, an r value > 0.3 indicated a certain degree of correlation, and an r value > 0.5 indicated a strong correlation.




2.12 Statistical analysis

All statistical analyses of this bioinformatics study were conducted using R software (version 4.3.1; https://www.r-project.org/). The two datasets were compared using Wilcoxon signed-rank tests. Correlation analyses were performed using Spearman’s correlation coefficients. Statistical significance was set at p < 0.05.





3 Results



3.1 Identification of differentially expressed genes in the expression profiles of UC and MASLD

Volcano and heat maps demonstrated that 2,255 differential genes were identified in 97 patients with UC and 11 normal controls from GEO, of which 1,302 were upregulated and 953 were downregulated genes. SLC38A4, NAT8B, APOBEC3B, PDE6A, and TAT are the most significantly downregulated genes, while PDIA5, BAG3, CHPF, CNN2, and SLC6A14 are the most significantly upregulated genes (Figure 2A). A heatmap of the 50 most remarkable DEGs in the UC dataset is shown in Figure 2B. In 40 patients with MASLD and 21 normal controls, 50 differential genes were identified, of which 49 were upregulated and 1 was downregulated. The only downregulated gene is B3GAT1, while BAX, ITGA6, LAIR1, LGALS3, and CXCL10 are the most significantly upregulated genes (Figure 2C). A heat map of the top 50 most prominent DEGs in the MASLD dataset is shown in Figure 2D. Using a Venn diagram, the intersection of the differential gene sets from the two datasets led to the identification of 26 co-occurring differentially expressed genes. Notably, all 26 genes were up-regulated (Figure 2E).




Figure 2 | The volcano map (A) and heatmap (B) of GSE75214; The volcano map (C) and heatmap (D) of GSE151158. (E) The Venn diagram of 26 DEGs was obtained by overlapping two datasets. DEG, differentially expressed gene.






3.2 Functional characterization of common differentially expressed genes

We identify the underlying mechanisms of shared genes related to MASLD in the progression of UC. Using the shared 26 DEGs observed in both UC and MASLD (Figure 3A), our analysis yielded 189 distinct GO terms including 166 biological processes (BPs), 12 molecular functions (MFs), and 11 cellular components (CCs). With reference to BP, the core genes were mostly enriched in neutrophil chemotaxis (GO:0030593), neutrophil migration (GO:1990266), and granulocyte chemotaxis (GO:0071621). Additionally, for molecular functions (MF), the core genes showed prominent enrichment in chemokine activity (GO:0008009), chemokine receptor binding (GO:0042379), and cytokine activity (GO:0005125). With reference to CC, the core genes were mainly enriched in the outer plasma membrane (GO:0009897), MHC class II protein complexes (GO:0042613), and MHC protein complexes (GO:0042611). In addition, the results of our KEGG enrichment analysis showed that the core genes were enriched in 89 pathways (Figure 3B), among which viral protein interaction with cytokines and cytokine receptor (hsa04061, P=6.738e-06), cytokine-cytokine receptor interaction (hsa04060, P=7.978e-05), Toll-like receptor signaling pathway (hsa04620, P=7.978e-05), and Chemokine signaling pathway (hsa04062, P=7.978e-05) were significantly associated with enrichment of core genes. This confirms the presence of shared molecular mechanisms between UC and MASLD, indicating the intricate connections underlying the two conditions.




Figure 3 | (A) The bar diagram of top 10 items in BP, CC and MF of GO enrichment analysis. (B) The concept map of top 10 pathways in KEGG enrichment analysis. (C) PPI network diagram. (D) Two significant gene clustering modules. (E) Identification of 12 candidates for hub genes by four algorithms. BP: Biological Process; CC, Cellular Component; MF, Molecular Function; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes. PPI, protein–protein interaction;.






3.3 Key genes of the PPI network and identification of hub genes

To reveal the interactions between proteins, a PPI network of the shared genes was constructed using the STRING database and Cytoscape software (Figure 3C). Twenty-four nodes and 112 pairs were obtained (p< 1.0e-16). MCODE, a Cytoscape plugin, was employed for modular analysis to detect key clustering modules. Utilizing the MCODE plugin, significant modules in the PPI network were uncovered, identifying 19 hub genes tightly connected in two clusters as crucial modules (Figure 3D), Module 1 comprised 8 nodes and 22 edges with a cluster score of 6.286, while Module 2 consisted of 11 nodes and 28 edges with a cluster score of 5.6. Additionally, hub genes related to common DEGs were pinpointed using CytoHubba. As biological networks are heterogeneous, multiple topological analysis algorithms have been used simultaneously to identify hub genes (24). maximum neighborhood component (MNC), Degree, BottleNeck and Closeness were simultaneously applied to forecast and investigate the top 15 important hub genes in the PPI networks. The overlap of 15 genes from these four algorithms unveiled 12 potential hub genes. (Figure 3E): CCL20, CXCL9, CD2, CXCR4, TNF, CD74, CCL4, CD53, THY1, ITGAX, CXCL10, and CD83.




3.4 Validation of hub genes expression

We chose the UC dataset GSE87466 and MASLD dataset GSE33814 from GEO to verify the expression of the candidate hub genes. The findings revealed that only four hub genes exhibited significant upregulation in both UC and MASLD tissues compared to those in healthy tissues (Supplementary Figure 1). These hub genes were CXCR4, CCL20, THY1, and CD2 (Figures 4A, B).




Figure 4 | The expression of hub genes in the validation sets. (A) CXCR4, CCL20, THY1, and CD2 were validated in GSE 87466. (B) CXCR4, CCL20, THY1, and CD2 were validated in GSE33814. (C) ROC curves were plotted to assess the diagnostic accuracy of the hub gene. UC, ulcerative colitis; MASLD, metabolic dysfunction-associated steatotic liver disease; ROC, receiver operating characteristic.






3.5 Using ROC curve to evaluate diagnostic efficacy in UC and MASLD

ROC curves for the four hub genes were generated and AUCs (Area Under Curve) were determined. In the UC training set, AUCs for CXCR4, CCL20, THY1, and CD2 hub genes were 0.903, 0.931, 0.932, and 0.890, respectively. In the MASLD training set, the AUCs of the hub genes were 0.768, 0.802, 0.777, and 0.814, respectively. In addition, the AUC values of hub genes exceeded 0.7 in validation datasets including GSE87466 and GSE33814, indicating the excellent predictive potential of these four hub genes (Figure 4C). These results indicate that CXCR4, CCL20, THY1, and CD2 are promising markers for the diagnosis of UC and MASLD.




3.6 Analysis of core gene function and immune infiltration

To investigate potential correlations and relationships, we performed a PPI analysis using the GeneMANIA database to examine the relationships between the four hub genes and their 20 interacting genes. This analysis aimed to predict correlations related to colocalization, shared protein structural domains, coexpression, prediction, and pathways. The predicted genes are depicted in the outer circle, while the hub genes are represented in the inner circle. As shown in Figure 5A, the resulting network exhibited enrichment in cellular responses to chemokines, chemokine responses, leukocyte migration, leukocyte chemotaxis, cytokine activity, and cellular chemotaxis.




Figure 5 | (A) The protein–protein interaction network generated from the GenMINIA database. (B) The correlation between hub genes and differential immune cells in GSE75214.Positive correlation is shown in red; Negative correlation is shown in blue. (C) The correlation between hub genes and differential immune cells in GSE151158. (D) CD86 expression in various groups of tissue samples. (E) IRS scores of CD86 among different groups. DEG: differentially expressed gene; IRS, Immunoreactive Score. *:P<0.05; **:P<0.01; ***P<0.001.



To further explore the relationship between core genes and immune infiltration, the proportions of 22 immune cells in the GSE75214 and GSE151158 datasets were evaluated using CIBERSORT. Spearman analysis was subsequently performed to explore the correlation between the four hub genes and immune cells in UC and MASLD. In UC samples (Figure 5B), a positive relationship was observed between core genes and NK cells resting (r=0.53, p<0.05), M1 macrophages (r=0.55, p<0.05), neutrophils (r=0.57, p<0.05), and T cells CD4 memory activated (r=0.49, p<0.05). Conversely, in MASLD samples (Figure 5C), the core genes were primarily associated with M1 macrophages (r=0.59, p<0.05) and T cells CD4 memory resting (r=0.61, p<0.05). Taken together, the core genes associated with the comorbidity of UC and MASLD appear to be primarily correlated with the activation of M1 macrophages. To further investigate our hypothesis, we performed immunohistochemical staining of intestinal tissue samples to label CD86 molecules that were highly expressed by M1 macrophages, and examined their expression across different groups (Figure 5D). The results revealed a significantly higher IRS score for CD86 in the comorbidity group compared to both the UC and control groups (Figure 5E), providing additional confirmation of the role of M1 macrophages in the comorbidity of UC and MASLD.




3.7 GSEA results for hub genes

To identify the regulatory pathways that were differentially expressed between the high- and low-expression groups of hub genes within GSE75214 and GSE151158, we conducted GSEA and identified five pivotal signaling pathways that were activated in UC and MASLD based on their enrichment scores (Supplementary Figures 2A, B). The results revealed that the heightened expression of central comorbid genes in UC and MASLD was prominently linked to graft-versus-host disease, primary immunodeficiency, and allograft rejection. Additionally, in UC samples, elevated expression of these central genes was associated with leishmaniasis and malaria, whereas in MASLD samples, it was correlated with Type I diabetes mellitus and aspergillosis. The nominal p-values, FDR q-values, and NES of GSE75214 and GSE151158 are shown in Supplementary Tables 4, 5. GSEA results for the validation datasets GSE87466 and GSE33814 are shown in Supplementary Figures 3A, B.




3.8 Validation of hub genes in tissue samples and evaluation of clinical relevance

To further validate our hypothesis, we performed immunohistochemical staining of intestinal tissue sections obtained from patients diagnosed with UC, and standardized the expression levels of core genes using the IRS system. Supplementary Figure 4 displays immunohistochemical images (4x) of core genes in patients with UC with varying degrees of disease activity. The Kruskal-Wallis test was conducted to compare the IRS scores of these core genes, and the results are presented in Supplementary Table 6, revealing no statistically significant differences in gene expression among the different UC disease severity groups. These findings could be applied to subsequent analyses of patients with coexisting MASLD. However, to minimize potential selection bias during the validation process and ensure the rigor of our study, tissue samples exclusively derived from intestinal tissue slices of patients with moderate UC were used (Figures 6A, B). Based on the IRS scores, the hub genes CXCR4, THY1, CCL20, and CD2 exhibited low or negligible expression in normal tissues, with IRS scores of 2, 1.3, 2, and 1.5, respectively. In contrast, moderate expression was observed in the UC group, with scores of 6, 4.6, 6.7, and 4, and the expression levels were significantly higher in tissues from individuals with UC combined with MASLD, as evidenced by IRS scores of 10, 8.2, 9.8 and 6.7 (Figure 6C).




Figure 6 | (A) Representative immunohistochemistry images of CXCR4 and THY1 expression in control, UC and UC-MASLD patient colon tissues. (B) Representative immunohistochemistry images of CCL20 and CD2 expression in control, UC and UC-MASLD patient colon tissues. (C) IRS of hub genes among different groups. UC, ulcerative colitis; MASLD, metabolic dysfunction-associated steatotic liver disease; IRS, Immunoreactive Score. *:P<0.05; **:P<0.01; ***P<0.001.



Furthermore, based on the clinical information collected from 42 patients with UC, we aimed to determine the clinical significance of these core genes. By adding the IRS scores of the four hub genes and calculating the total scores of hub genes for each patient with UC, we performed a Spearman correlation analysis between the total scores of hub genes and clinical information. The results indicate that the expression of core genes is closely associated with protein, electrolyte, coagulation function, and hemoglobin-related indicators in UC patients. The expression of core genes showed a significantly negative correlation with the levels of total protein (r=-0.326, p=0.035), albumin (r=-0.482, p=0.001), cholinesterase (r=-0.373, p=0.015), calcium concentration (r=-0.353, p=0.022), hemoglobin (r=-0.353, p=0.022), platelet distribution width (r=-0.313, p=0.044), and macro platelet % (r=-0.323, p=0.037), and positively correlated with the levels of urea/creatinine ratio (r= 0.464, p=0.002), blood magnesium concentration (r=0.335, p=0.030), prothrombin time (r=0.434, p=0.004), and PT international normalized ratio (r=0.442, p=0.003) (Table 1). Some of the biochemical indices that were significantly correlated with core genes are shown in Supplementary Figure 5.


Table 1 | Correlation of total core gene score with biochemical parameters in patients with UC.







4 Discussion

This study explored common hub genes and pathways associated with the co-occurrence of UC and MASLD using bioinformatics analyses of publicly accessible databases. We identified CXCR4, CD2, THY1, and CCL20 as being significantly upregulated in patients diagnosed with UC together with MASLD, marking them as pivotal core genes. Immune infiltration analysis revealed a notable association between the increased expression of these core genes and the activation of M1 macrophages. This observation was further reinforced by the GSEA results, which demonstrated a significant link between elevated core gene expression and other immune-related diseases and pathways. MASLD is a common comorbidity of UC, potentially heightening the susceptibility of patients with IBD to liver-related complications compared with those without MASLD, which may affect the clinical management of patients with IBD (25).

The receptor CXCR4 belongs to the chemokine receptor family and plays a critical role in cell signaling and immune regulation. Upon binding to its ligand CXCL12, CXCR4 participates in numerous biological processes including cell migration, proliferation, survival, and tissue development (26). Previous studies identified CXCR4 as an effective leukocyte chemoattractant in the development of UC. This process involves attracting lymphocytes and monocytes from the bloodstream to the site of inflammation, exacerbating colonic inflammation, and promoting the onset and progression of UC (27).

In non-alcoholic steatohepatitis (NASH) animal experiments, it has been demonstrated that CXCR4/CXCL12 facilitates CD4T cell-dependent migration to the liver, promoting the recruitment of hepatic lymphocytes and the progression of MASLD (28). Furthermore, patients with NASH display specific lipidomic characteristics (29), especially elevated free cholesterol levels, which significantly affect the chemokine binding, conformational integrity, and functionality of CXCR4 (30). This further enhances T-cell activation and their participation in intracellular signaling and inflammatory processes, thereby exacerbating steatohepatitis (31, 32). These findings imply that CXCR4 is a potential therapeutic target for the treatment of UC-associated MASLD.

As a member of the chemokine ligand family, CCL20 serves as both an inflammatory chemoattractant and a homeostatic chemokine (33). It contributes to the balanced development and maintenance of the mucosal immune system by continuously expressing follicle-associated epithelial cells in Peyer’s patches and isolated lymphoid follicles, thereby contributing to homeostasis (34). Specifically, CCL20 can transition from a regulatory to a proinflammatory 1 type or 17 type response, promoting Th17 cell activation, increasing IL-17 secretion, and exacerbating inflammatory reactions (35). Studies have indicated that during the active phase of IBD development, the expression of CCL20 mRNA increases several-fold owing to the activation of TRL-1 and TRL-3 signals, facilitating the transfer of IL-17 from the blood to the intestine (36). During the progression of MASLD, mature adipocytes release chemokines, such as CCL20, and other soluble mediators, stimulating lymphocyte migration in adipose tissue through CCR6, resulting in obesity-related inflammation, such as insulin resistance, and the occurrence of MASLD (37). Furthermore, high CCL20 expression in patients with MASLD fibrosis contributed to the development of cholangitis and hepatocellular carcinoma (38). Additionally, CCL20 can induce cell migration and epithelial-mesenchymal transition (EMT) through the PI3K/AKT and Wnt/β-catenin pathways, thereby promoting tumor growth and predicting low survival rates and tumor recurrence in hepatocellular carcinoma patients (39).

THY1 is a glycosylphosphatidylinositol-anchored protein weighing–25-37 kDa, known for its high expression on the surface of thymocytes and peripheral T cells. Co-stimulatory bone marrow-derived dendritic cells (BMDCs) induce T cell proliferation through crosslinking of Thy-1 molecules using an anti-Thy-1 monoclonal antibody (mAb; clone G7), which inhibits mitosis (40). Furlong et al. reported that THY-1 signaling facilitates the differentiation of CD4 + T cells into subsets TH1, TH2, and TH17 (41). In a non-polarizing environment, this signal specifically induces the synthesis of IL17A by TH17 cells, promoting immune responses. In a study that employed single-cell sequencing of colonic mesenchymal cells from five patients with IBD, CD90 enrichment was observed in four clusters of colonic stromal fibroblasts (S1-S4), myofibroblasts, and two pericellular clusters (42). Single-cell sequencing analysis of Crohn’s disease by Martin et al. revealed the presence of an activated fibroblast population. These fibroblasts exhibit high expression levels of CD90 and PDPN (podoplanin), and the enrichment of this characteristic is associated with resistance to antitumor necrosis factor treatment (43). Although further investigation is required to understand the role of CD90 fibroblasts and their associated signals in UC, previous studies and our findings support the involvement of THY1 in immune-related inflammatory diseases. Recently, THY1 research has gained substantial attention in the field of MASLD. Prior transcriptomic analysis of MASLD patients has revealed that THY1 is one of the differentially expressed genes linked to the progression from MASLD to NASH and fibrosis. THY1 is an important biochemical marker for assessing fibrosis progression in MASLD (44). Furthermore, Gao et al. demonstrated an upward trend in THY1 expression as MASLD progressed, specifically reflecting the severity of fibrosis (AUC=0.74) (45). This observation was subsequently confirmed by Sanchez et al. (46). Collectively, these studies suggest that THY1-mediated immune responses and fibrotic mechanisms may represent shared factors that contribute to the co-occurrence of UC and MASLD.

CD2, a glycoprotein of the immunoglobulin superfamily, is located on the exterior of T and NK cells. It predominantly attaches to lymphocyte-associated antigen 3 (LFA3, also known as CD58) and plays a vital role in establishing and organizing immune synapses between T cells and antigen-presenting cells (47). Previous studies have demonstrated that soluble CD58 can block the interaction of CD2/CD58, thereby playing a therapeutic role in inflammation and autoimmune diseases. The study by Hoffmann et al. has observed a significant decrease in soluble CD58 in IBD patients, and the levels of CD58 are significantly are significantly negatively correlated with ESR and disease activity. (48). Recent studies in transgenic mice expressing human CD219 have demonstrated that treatment with the anti-human CD2 monoclonal antibody CB.2 in a metastatic colitis model attenuated intestinal inflammation and extended survival, underscoring the substantial role of CD2 in the onset and progression of UC (49). Although studies on CD2 in MASLD are limited, enhanced CD58 expression has been found to correlate with the degree of hepatocellular injury in patients with chronic HBV infection. This could be attributed to its binding to CD2, which accelerates the activation of T and NK cells, thus intensifying the cellular immune response to eliminate HBV and potentially leading to liver tissue damage (50). Moreover, in hepatitis C, increased CD2-associated proteins have been demonstrated to influence lipid metabolism through the IRS1-Akt-AMPK-HSL pathway, causing deactivation of hormone-sensitive lipase and consequent augmentation of lipid droplet accumulation, ultimately promoting steatosis (51). We postulate that the co-stimulatory signaling of CD2-CD58, inducing T cell activation and hormone-sensitive lipase inactivation, might constitute one of the potential mechanisms contributing to the comorbidity of UC and MASLD.

In this study, we successfully identified and validated four key genes expressed in UC patients with concurrent MASLD, demonstrating their potential involvement in chemokine signaling pathways, neutrophil activation, and focal adhesion functions. Nevertheless, this study has several limitations. First, the lack of available sequencing data on UC patients with concurrent MASLD in the GEO database restricted our ability to explore the differential gene expression between UC and UC with MASLD. Additionally, the acquisition of clinical liver tissue samples poses challenges, necessitating validation of our findings solely using intestinal tissue samples from patients. Future studies should prioritize expanding the sample size and conducting comprehensive validations across multiple tissue types. Furthermore, the absence of additional molecular experiments or animal studies limits our understanding of the mechanistic roles of core genes in the relationship between UC and MASLD. Such investigations will provide a better understanding of this association.

In conclusion, this study identified four genes (CXCR4, CCL20, THY1, and CD2) associated with MASLD as potential diagnostic markers for UC. These findings suggest that UC may enhance the progression of MASLD through the immune and inflammatory pathways. Additionally, the study revealed significant correlations between the diagnostic markers of UC and MASLD, immune cell infiltration, and specific biochemical indicators in patients with UC. Overall, this study identifies potential biomarkers and treatment options for patients with UC and MASLD.
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Background

In addition to abnormal liver inflammation, the main symptoms of non-alcoholic steatohepatitis (NASH) are often accompanied by gastrointestinal digestive dysfunction, consistent with the concept of spleen deficiency (SD) in traditional Chinese medicine. As an important metabolic sensor, whether peroxisome proliferator-activated receptor alpha (PPARα) participates in regulating the occurrence and development of NASH with SD (NASH-SD) remains to be explored.





Methods

Clinical liver samples were collected for RNA-seq analysis. C57BL/6J mice induced by folium sennae (SE) were used as an SD model. qPCR analysis was conducted to evaluate the inflammation and metabolic levels of mice. PPARα knockout mice (PPARαko) were subjected to SE and methionine–choline-deficient (MCD) diet to establish the NASH-SD model. The phenotype of NASH and the inflammatory indicators were measured using histopathologic analysis and qPCR as well.





Results

The abnormal expression of PPARα signaling, coupled with metabolism and inflammation, was found in the results of RNA-seq analysis from clinical samples. SD mice showed a more severe inflammatory response in the liver evidenced by the increases in macrophage biomarkers, inflammatory factors, and fibrotic indicators in the liver. qPCR results also showed differences in PPARα between SD mice and control mice. In PPARαko mice, further evidence was found that the lack of PPARα exacerbated the inflammatory response phenotype as well as the lipid metabolism disorder in NASH-SD mice.





Conclusion

The abnormal NR signaling accelerated the vicious cycle between lipotoxicity and inflammatory response in NAFLD with SD. Our results provide new evidence for nuclear receptors as potential therapeutic targets for NAFLD with spleen deficiency.





Keywords: nuclear receptor, lipid metabolism, non-alcoholic steatohepatitis, inflammatory response, PPARα




1 Introduction

Non-alcoholic fatty liver disease (NAFLD) is the most common chronic liver disease worldwide, affecting 12.5% of the global population (1). Non-alcoholic steatohepatitis (NASH) is the advanced stage of NAFLD, which typically increases the risk of developing into cirrhosis and hepatocellular carcinoma (HCC), ultimately leading to HCC (2). So far, NASH has become the fastest-developing cause of HCC. In clinical practice, changing lifestyle and drug therapy are the commonly used coping strategies mainly because there is currently no specific treatment method for NASH and the specific cause of NASH is not yet clear (3).

NASH is a chronic liver disease closely related to metabolic disorders, characterized by hepatocyte steatosis, inflammation, and fibrosis (4). Among them, inflammation is an important feature of NASH, which is a complex process caused by multiple factors. In brief, immune cells such as macrophages and T lymphocytes are activated by fatty acids and oxidative stress, releasing pro-inflammatory cytokines, leading to the progression of inflammation and fibrosis (5, 6). Secondly, abnormal fatty acid metabolism is one of the key factors in NASH inflammation. Once liver fatty acid metabolism is imbalanced, fatty acids accumulate excessively in hepatocytes, leading to the formation and enlargement of lipid droplets, thereby triggering an inflammatory response in the liver (7). Moreover, when exposed to excessive fatty acids and free radicals, hepatocytes can also result in increased oxidative stress, further increasing the inflammatory response and exacerbating the progress of NASH (8). In traditional Chinese medicine (TCM), spleen deficiency (SD) is the basis of NASH, which can be manifested as chest and rib swelling and pain, sighing, depression or irritability, lack of appetite, bloating, and loose stools (9). Mice gavaged with folium sennae were usually used as the SD model, exhibiting diarrhea, imbalance of short-chain fatty acid metabolism, and severe inflammation (10). However, it is not clear whether this severe inflammation will cause an inflammatory response in the liver and ultimately lead to metabolic disorders in the liver.

Peroxisome proliferator-activated receptors (PPARs) are ligand-activated transcription factors of the nuclear hormone receptor superfamily comprised of three subtypes, namely, PPARα, PPARβ/δ, and PPARγ, and they play a crucial role in glucose and lipid metabolism and inflammation (11). Among them, PPARα can promote the uptake and oxidation of fatty acids, inhibit adipocyte differentiation, and also promote the reverse transport of cholesterol by regulating the expression of related genes (12, 13). Although abnormal PPARα signaling is often associated with abnormal liver lipid metabolism, its abnormal expression is also accompanied by inflammatory reactions in the liver (14). Recent studies have begun to consider the crosstalk between hepatocytes and immunocytes. It is known that lipotoxicity caused by lipid metabolism disorders in hepatocytes can induce inflammatory reactions as shown in our previous study (15). The administration of the PPARα/γ dual agonist tesaglitazar had anti-inflammatory effects in ob/ob mice by reducing the number of pro-inflammatory adipose tissue macrophages (16). The current study investigated the hypothesis that SD-induced liver inflammation leads to abnormalities in the PPARα pathway, thereby accelerating susceptibility to NASH.

It is believed that once the inflammatory response intensifies, it will further induce lipid metabolism disorders to form a vicious cycle, ultimately exacerbating the development of the disease (17). Similar to this point of view, our previous study proved that hepatic Zbtb18 protein transcriptionally activates FAO and CLTC expression, which inhibits NLRP3 inflammasome’s activity, alleviating inflammatory stress and insulin resistance. In this study, WT mice and PPARα knockout (PPARαko) mice gavaged with folium sennae (SE) were used as the SD model, a methionine–choline-deficient (MCD) diet was used as an incentive for NASH, and the molecular biology techniques and transcriptomics were utilized for detecting changes in inflammation, lipid metabolism, and PPARα expression.




2 Materials and methods



2.1 Animals

Six- to 8-week-old C57BL/6J mice were housed in an SPF-level breeding environment (24°C ± 2°C, a 12/12-h light/dark cycle) and had free access to water and food supervised by the Ethics Committee of Guangzhou University of Chinese Medicine. Mice were divided into the CON group and the SD group. SD mice were gavaged with 0.4 ml of 10% SE (w/v), while mice in the CON group were given the same equivalent normal saline. Seven days later, mice were executed, and the liver of each mouse was collected for further examination.

Six- to 8-week-old WT mice and PPARα knockout (PPARαko) mice were fed with chow diet (CD) or MCD diet with SE gavage for 7 days. The serum and the liver of each mouse were collected for further detection.




2.2 Sample analysis

For qPCR, the total mRNA of each liver sample was extracted, followed by reverse transcription into cDNA, and then quantitative PCR was performed using Master Mix (ABclonal Co., Wuhan, China). The specific primers are shown in Supplementary Table S1.

For histopathologic analysis, liver samples were sliced after embedding and fixation. For immunohistochemistry, hematoxylin and eosin (H&E) staining kit, Oil Red O staining kit, and Sirius Red staining kit were used following the instructions. For immunohistochemistry (IHC), after dewaxing, hydration, and antigen repair, slices were blocked and incubated with antibodies overnight at 4°C, followed by incubation with the secondary antibody for 1 h, and pictures were observed using a microscope after being sealed.




2.3 Clinical sample and RNA-seq analysis

The liver samples of NAFLD and NAFLD-SD patients were collected from the First Affiliated Hospital of Guangzhou University of Chinese Medicine in accordance with the guidelines of the Declaration of Helsinki, and written informed consent was obtained from each patient supervised by the First Affiliated Hospital of Guangzhou University of Chinese Medicine Institutional Review Board and Ethics Committee.

For RNA-seq analysis, total RNA was extracted and RNA purity, quantification, and integrity were evaluated. Sequencing was conducted and the libraries were constructed according to the manufacturer’s instructions. The RNA-seq analysis was conducted by Berry Genomics Corporation (Beijing, China).




2.4 Statistical analysis

Data were shown as means ± SEM, and the significant differences were evaluated using Student’s t-test. A p-value <0.05 was considered statistically significant.





3 Results



3.1 PPAR signaling was abnormal in the liver of NAFLD-SD patients

To gain insight into the underlying molecular mechanisms of NAFLD and NAFLD-SD, we performed RNA-seq analysis of clinical liver samples from patients with NAFLD and NAFLD-SD (Figure 1A). The results showed that 213 genes were differently expressed with 106 upregulated and 107 downregulated differentially expressed genes (DEGs) (Figure 1B). RNA-seq data showed a significant difference between NAFLD-SD and NAFLD (Figure 1C), and the KEGG pathway analysis showed that the main differential pathways included metabolism and inflammation, with the PPAR signaling pathway closely associated with them (Figure 1D). In line with the KEGG analysis, gene set enrichment analysis (GSEA) showed that the DEGs (NAFLD-SD vs. NAFLD) were negatively correlated with the “PPAR signaling pathway” categories and were positively correlated with inflammation, suggesting that these changes could regulate the nuclear receptor and inflammation (Figures 1E, F). Pearson’s correlation analysis of the RNA-seq analysis data was performed to further explore the correlation between PPAR and genes involved in inflammation from the NAFLD-SD vs. NAFLD. The results showed that PPARα and PPARr mRNA levels were negatively correlated with the expression of the gene related to inflammation (Figure 1G).




Figure 1 | RNA-seq analysis of liver samples of NAFLD and NAFLD-SD patients (A). Scatter plot (B), heatmap (C), and KEGG analysis (D) of RNA-seq data. Regulated gene sets (E), gene set enrichment analysis (GSEA) (F), and gene correlation analysis (G) of RNA-seq data.






3.2 The inflammatory response and fibrosis were increased in the liver of SD mice

In order to explore the changes caused by SE-induced SD in the liver, qPCR analysis was conducted. The results showed that inflammatory genes such as Il6, Tnfα, Il1β, and nfkb were highly expressed in the SD group (Figure 2A). The macrophage infiltration marker genes such as cd86 and iNos were also significantly increased in the liver of SD mice (Figure 2B). PPARα signaling-related genes were also detected, and it was found that PPARα was downregulated while Pgc1α was upregulated by SD intervention (Figure 2C). Moreover, the mRNA expression levels of asma, Tgfβ, Col2a1, and Col5a1 were increased in the liver of SD mice, suggesting an increased tendency to liver fibrosis (Figure 2D).




Figure 2 | qPCR analysis of liver samples of WT and SD mice, including inflammatory genes such as Il6, Tnfα, Il1β, and nfkb (A); macrophage marker genes cd86 and iNos (B); PPARα signaling-related genes such as PPARα and Pgc1α (C); and fibrosis-related genes such as asma, Tgfβ, Col2a1, and Col5a1 (D). Data are shown as the mean ± SEM, n = 6. *p < 0.05, **p < 0.01, ***p < 0.005, and ****p < 0.001.






3.3 The lack of PPARα exacerbated liver fibrosis and inflammatory response in NASH-SD mice

PPARαko mice fed with MCD diet as well as gavaged with SE (MCD+SD) were used for further exploration. When fed with CD, there was barely any difference between WT and PPARαko mice in liver histopathological analysis, while when subjected to MCD+SD intervention, more severe pathological manifestations of lipid deposition and fibrosis were observed in the liver of PPARαko mice compared with WT mice (Figure 3A). Mice in the MCD+SD group exhibited high mRNA expression levels of TGFβ1 and Col1a1 in the qPCR results, with PPARαko mice exhibiting higher expression compared with WT mice (Figure 3B).




Figure 3 | Histopathological analysis of liver samples of WT and PPARαko mice intervened with CD or MCD+SD, including H&E staining, Oil Red O staining, IHC of αSMA, and Sirius Red staining (A). qPCR analysis of liver samples of those mice, including fibrosis-related genes such as Tgfβ, Col1a1, and αSMA (B). Data are shown as the mean ± SEM, n = 6. *p < 0.05, ***p < 0.005, and ****p < 0.001.



Further experiments focused on the liver inflammation of those mice. When fed with CD, there was no significant difference in the expression levels of inflammatory genes including Il6, Tnfα, and Il1β as well as F4/80 in the liver of both WT and PPARαko mice, while when intervened with MCD+SD, those genes in PPARαko mice were significantly higher than those in WT mice (Figure 4).




Figure 4 | qPCR analysis of liver samples of WT and PPARαko mice intervened with CD or MCD+SD, including inflammatory genes such as Il6, Tnfα, Il1β, and f4/80. Data are shown as the mean ± SEM, n = 6. *p < 0.05, **p < 0.01, and ***p < 0.005.







4 Discussion

The pandemic of NASH has forced us to consider countermeasures, and identifying susceptible populations of NASH and preventing their process in NASH are two of the feasible ways. TCM believes that SD, which is involved in the abnormal function of the spleen and liver as well as organs of the digestive system, is the key to the occurrence and development of NASH (18). An individual with SD is more likely to exhibit symptoms of digestive and metabolic abnormalities, which may trigger or accelerate NASH (19). Also, TCM research on NASH has always focused on SD (20). SE is a commonly used inducer for establishing SD models, and mice treated with its intervention may experience metabolic abnormalities, diarrhea, and other symptoms, which are typical manifestations of SD (21). This project outlines the increased susceptibility of SD individuals to NASH and points out one of its potential therapeutic targets—PPARα.

Inflammation is one of the important triggers in the progression of NAFLD to NASH (22). In this study, there are significant differences in metabolic and inflammatory pathways in the RNA-seq analysis of liver samples from NASH-SD and NASH patients, suggesting that metabolism and inflammation may be triggers for the development of SD toward NASH, as demonstrated by SD mice in our study. This is consistent with a recent study on increased inflammation and metabolic disorders in SD mice (10). However, SD-induced severe diarrhea in mice may also be associated with intestinal barrier dysfunction and dysbiosis of gut microbiota (23). For example, when transferred to sterile mice, specific microbial characteristics may be reshaped, and the progression of NASH can be delayed, indicating that mitochondrial dysfunction promotes the progression of NASH by exacerbating the gut–liver status as well as inflammation (24). Overall, the changes in the microenvironment of liver inflammation caused by different reasons will drive the activation of hepatic stellate cells and thereby accelerate the development of NASH, which is consistent with our research (25).

In NASH patients, not only severe inflammation and lipid deposition but also a tendency for liver fibrosis was observed (26). Similar results were observed in SD mice, indicating that individuals with SD are more susceptible to NASH. Meanwhile, NASH treatment strategies either seek to alleviate metabolic disorders and cell damage or directly target the accompanying inflammation and fibrosis, with targets for reducing the activation of inflammatory cascade reactions including nuclear receptor agonists (27). In this study, we observed that the liver of SD mice exhibited not only elevated levels of inflammation and a tendency toward fibrosis but also abnormal PPARα signaling, in which PPARα is one of the nuclear receptors. When entering the nucleus, PPARα can bind to promoters that are associated with β-oxidation-related factors such as ACADM and CPT1A and also enhance their transcriptional activity and ultimately drive the process of fatty acid β-oxidation (28). Also, activated PGC-1α can regulate fatty acid β-oxidation through synergism with transcription factors such as PPARα, indicating the crucial role that PPARα/PGC1α signaling plays in liver fatty acid metabolism homeostasis (29). PPARα is downregulated in many liver diseases such as NAFLD and NASH (30). In this study, we found for the first time that PPARα is downregulated in the liver of SD mice. Thus, the abnormal expression levels of PPARα and PGC1α occurred simultaneously with fibrosis and elevated inflammatory response in SD mice, indicating that this signaling may be the reason for the increased susceptibility of SD mice to NASH.

In further research, we investigated whether PPARα deficiency increased the susceptibility to NASH, using PPARαko mice and WT mice with MCD+SD intervention as the study subjects and conducting histopathological observations. H&E staining and Oil Red staining are commonly used to observe fat deposition in mouse liver, while Sirius staining and immunohistochemistry for detecting αSMA expression are commonly used to observe the severity of liver fibrosis (31). In our study, PPARαko mice treated with MCD+SD intervention showed more severe fat deposition and fibrosis in the above liver pathological analysis compared with WT mice, but there was no difference between the two in the CD diet. It is known that PPARα is highly expressed in the liver and participates in regulating fatty acid metabolism (32). After binding to fatty acid ligands, PPARα stimulates the transcription of genes containing PPARα response elements in its enhancer, with the most significant being those genes involved in lipid metabolism and energy homeostasis (33). Previously, Li’s research showed that there was no significant difference in the liver between normally fed PPARko mice and WT mice, which is consistent with our research results (34). The absence of PPARα exacerbates the NASH performance caused by MCD+SD intervention, which is related to the functions of PPARα in regulating lipid metabolism homeostasis and inflammatory response. Meanwhile, our results also indirectly reflect that the absence of PPARα increases the susceptibility to NASH. In addition, only a preliminary exploration of the mechanism has been conducted, and  the number of clinical samples used was limited, which cannot be representative of all situations. Further studies are needed in the future.

Overall, the lack of PPARα accelerated the vicious cycle between lipid metabolism and inflammatory response in NAFLD with SD. Similar results have been found in sepsis in which the metabolic and inflammatory responses to bacterial infection were impaired in the absence of PPARα, which leads to an enhancement in mortality due to bacterial sepsis (35). Our previous studies also exhibited that the ingredients of spleen-tonifying drugs can improve NAFLD or NASH by regulating PPAR signaling, which indirectly confirms the conclusion of this topic (36, 37). Unfortunately, there was no separate comparison between the MCD group and the MCD+SD group when setting up the groups, which will also be our next research direction. In addition, only a preliminary exploration of the mechanism has been conducted, and  the number of clinical samples used was limited, which cannot be representative of all situations. Further studies are needed in the future.
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Background

Serum creatinine (Cr) and albumin (Alb) are important predictors of mortality in individuals with various diseases, including acute pancreatitis (AP). However, most previous studies have only examined the relationship between single Cr or Alb levels and the prognosis of patients with AP. To our knowledge, the association between short- and long-term all-cause mortality in patients with AP and the blood creatinine to albumin ratio (CAR) has not been investigated. Therefore, this study aimed to evaluate the short- and long-term relationships between CAR and all-cause mortality in patients with AP.





Methods

We conducted a retrospective study utilizing data from the Medical Information Market for Intensive Care (MIMIC-IV) database. The study involved analyzing various mortality variables and obtaining CAR values at the time of admission. The X-tile software was used to determine the optimal threshold for the CAR. Kaplan-Meier (K-M) survival curves and multivariate Cox proportional hazards regression models were used to assess the relationship between CAR and both short- and long-term all-cause mortality. The predictive power, sensitivity, specificity, and area under the curve (AUC) of CAR for short- and long-term mortality in patients with AP after hospital admission were investigated using Receiver Operating Characteristic analysis. Additionally, subgroup analyses were conducted.





Results

A total of 520 participants were included in this study. The CAR ideal threshold, determined by X-tile software, was 0.446. The Cox proportional hazards model revealed an independent association between CAR≥0.446 and all-cause mortality at 7-day (d), 14-d, 21-d, 28-d, 90-d, and 1-year (y) before and after adjustment for confounders. K-M survival curves showed that patients with CAR≥0.446 had lower survival rates at 7-d, 14-d, 21-d, 28-d, 90-d, and 1-y. Additionally, CAR demonstrated superior performance, with higher AUC values than Cr, Alb, serum total calcium, Glasgow Coma Scale, Systemic Inflammatory Response Syndrome score, and Sepsis-related Organ Failure Assessment score at 7-d, 14-d, 21-d, 28-d, 90-d, and 1-y intervals. Subgroup analyses showed that CAR did not interact with a majority of subgroups.





Conclusion

The CAR can serve as an independent predictor for short- and long-term all-cause mortality in patients with AP. This study enhances our understanding of the association between serum-based biomarkers and the prognosis of patients with AP.





Keywords: creatinine to albumin ratio, acute pancreatitis, all-cause mortality, MIMIC-IV, serum biomarker




1 Introduction

Acute pancreatitis (AP) is a prevalent disease of the digestive system, affecting 13-45 per 100,000 individuals annually, with gallstones, alcoholism, and triglyceridemia being the main causes (1, 2). Most patients are mildly symptomatic, presenting with epigastric or full abdominal pain, abdominal distension and vomiting, which can be controlled with supportive care and intravenous fluid therapy (3, 4). Approximately 20% of patients develop moderate or severe AP, with pancreatic necrosis and peripancreatic tissue necrosis, and even multi-organ failure, with a mortality rate of up to 30% in this group of patients (5–7). Therefore, early and accurate assessment of disease severity may help to reduce AP mortality.

The Ranson criteria (8), Balthazar grade (9), Sepsis-related Organ Failure Assessment (SOFA) (10), Acute Physiology and Chronic Health Evaluation II (APAChE-II) (8), and Bedside Index for Severity in AP (BISAP) (11) are now the most widely used approaches for assessing AP severity. However, these scoring systems are complex. Examples include the Ranson criteria, which includes 11 clinical and laboratory data, and APAChE-II, which includes age, chronic health status, and 12 acute physiological markers. Consequently, these scoring systems require time for data collection before concluding the condition assessment, which may cause a delay in determining the severity of the disease and miss the optimal window of opportunity for optimal treatment. Therefore, there is an urgent need for a simpler, quicker, highly repeatable, and sensitive indicator to gauge AP severity.

Previous studies have demonstrated a relationship between blood levels of serum creatinine (Cr), albumin (Alb), and C-reactive protein (CRP) with the severity and prognosis of AP (12–14). Combining these serum indicators, despite having low predictive value, effectively enhances predictive sensitivity (15). CRP and Cr levels are usually elevated in patients with AP; however, albumin levels frequently show varying degrees of decline. Previous studies have shown that CRP/Alb is a valuable tool for predicting the probability of death in patients with AP (16). According to Kaplan et al, in patients with AP, the risk of death increases 1.52-fold for every unit rise in CRP/Alb (16). Moreover, a CRP/Alb ratio >16.28, with 92.1% sensitivity and 58.0% specificity, is a significant predictor of mortality (16). Additionally, there is a strong link between Cr levels, prognosis, and the degree of AP (13). According to research by Lankisch et al. (13), blood Cr levels (≥ 2 mg/dl) upon admission, as well as 24 and 48 hours later, were useful in determining if the pancreas was necrotic. The creatinine-to-albumin ratio (CAR), according to Zhao et al. (17), is a practical, consistent, and easy-to-measure biochemical tool used to evaluate the effectiveness of pancreatitis debridement surgery.

However, the relationship between CAR and short- and long-term all-cause mortality in patients with AP remains unclear. Thus, we used the Medical Information Mart for Intensive Care IV version 2.2 [MIMIC-IV (v2.2)] database to collect data on the hospitalization status of patients with AP admitted between 2008 and 2019. The study aimed to examine the association between short- and long-term all-cause mortality and CAR in these patients.




2 Methods



2.1 Data source

The MIMIC-IV (v2.2) database, a large, openly available database created by the Massachusetts Institute of Technology’s Laboratory of Computational Physiology, provided all data used in this investigation (18). The official link is https://mimic.mit.edu/. MIMIC-IV is an invaluable resource for research in clinical decision support, predictive modeling, critical care outcomes, and related fields, owing to its extensive collection of Intensive Care Unit (ICU)-specific data. All patients admitted to the Beth Israel Deaconess Medical Center between 2008 and 2019 were included. All test results, prescription schedules, vital signs, length of hospital stay for each patient, and other specific information were recorded. To protect patient privacy, all personal data were de-identified, and patient identification was substituted with random numbers. Ethical approval and informed consent were waived.




2.2 Criteria for population selection and results

The MIMIC-IV database contains data on 180,733 individuals admitted to the ICU between 2012 and 2019. Hospital admission data for patients with AP were retrieved using the International Classification of Diseases, 9th Revision (ICD-9) code 577.0, and International Classification of Diseases, 10th Revision (ICD-10) codes K85-K85.92. A total of 5,894 patients with AP were included, of whom 1,271 were admitted to the ICU. Data regarding the initial ICU admissions of patients aged 18 years or older were collected for this study. The following patients were also excluded from this study: those who had end-stage renal disease, cirrhosis, malignancy, or recurrent admissions for acute pancreatitis, retaining only the initial admission data for this subgroup; those who spent less than 24 hours in the ICU; and those for whom Cr and Alb data were not recorded within 24 hours of admission. Finally, 520 patients were included in the study (Figure 1).




Figure 1 | Flowchart for participants from the MIMIC-IV (v 2.2).






2.3 Data extraction

CAR was chosen as the main study variable. Serum Cr and Alb levels were examined for the first time after admission to minimize treatment-related interference. All variables were extracted from the MIMIC-IV database using a Structured Query Language (SQL) with PostgreSQL. Demographic information, vital signs, clinical treatments, comorbidities, laboratory data, and treatment outcomes were the six main components of the extraction procedure. Table 1 presents a comprehensive list of the extracted variables.


Table 1 | Covariates extracted in detail from the MIMIC-IV database.






2.4 Endpoint events

The primary endpoint of the study was all-cause mortality within 7-d, 14-d, 21-d, 28-d, 90-d, and 1-y of admission after hospital admission. Additionally, we also assessed the duration of stay in the ICU, the total length of stay, as well as ICU and hospital mortality during this period.




2.5 Statistical analysis

Continuous variables were expressed as mean ± standard deviation (SD) for normally distributed variables, median (IQR) for non-normally distributed continuous variables, and numbers (%) for categorical variables. The T-test or One-Way ANOVA was used to compare continuous variables, while Pearson’s χ2 test and Fisher’s test were used to compare categorical variables when examining baseline characteristics. The X-tile software (Version 3.6.1, Yale University School of Medicine) is commonly used to calculate optimal thresholds in survival analyses and continuous data from medical or epidemiologic studies. After determining the ideal CAR cutoff value based on whether death occurred on day 28 after admission, we divided the study patient population into two groups: low CAR and high CAR. The choice of the optimal cutoff point that maximized the risk ratio is presented in Figure 2, as well as the relationship of CAR≥0.446 and the distribution of CAR. Univariate and multivariate analyses of prognostic indicators were performed using the Cox proportional hazards model to identify independent predictors of death in patients with AP 7-d, 14-d, 21-d, 28-d, 90-d, and 1-y after admission. HRs with 95% confidence intervals (CIs) are provided. Unadjusted survival curves were drawn using the Kaplan-Meier (K-M) method, and a log-rank test was used to compare the two sets of curves. The predictive power of CAR, Cr, Alb, and SOFA scores for mortality at 7-d, 14-d, 21-d, 28-d, 90-d, and 1-y after admission was assessed using Receiver Operating Characteristic (ROC) analysis. The sensitivity and specificity for each indicator were determined, and the area under the curve (AUC) was calculated. Subgroup analyses were conducted to examine the potential impact of CAR on various parameters, such as age, sex, acute kidney injury (AKI), hypertension, and diabetes. The R statistical program (R version 4.2.2, R Foundation for Statistical Computing), SPSS Statistics 26 (IBM, Chicago, IL, USA), and GraphPad Prism 8 (GraphPad Software, San Diego, CA, USA) were the software programs utilized for the studies.




Figure 2 | The choice of the optimal cutoff point maximized the risk ratio (A) and the relationship between CAR≥0.446 and the distribution of CAR (B).







3 Results



3.1 Baseline demographic and clinical characteristics

Ultimately, 520 patients with AP receiving treatment in the ICU were included in this study (Figure 1). Notably, 231 (44.4%) were women, and 289 were men (55.6%). Using X-tile software, the best CAR cutoff was determined based on whether the patient died on day 28 following admission. The results showed that 0.446 was the ideal CAR threshold (Figure 2). The study population was divided into two groups: those with a low CAR (<0.446) and those with a high CAR (≥ 0.446) and those with the high CAR group had lower mean arterial pressure, systolic and diastolic blood pressure, and body temperature, and greater rates of vasopressin and continuous renal replacement therapy. In addition, patients with a combination of AKI, sepsis, and respiratory failure (RF) were more likely to be in the high CAR group. Among the laboratory markers, patients in the high CAR group had elevated levels of lactate, anion gap, serum potassium, international normalized ratio, blood urea nitrogen, prothrombin time, and creatinine. Subsequent research revealed a greater risk of poor prognosis for patients in the high CAR group. They had higher ICU mortality (4.0% vs. 13.1%, P < 0.001), hospitalization mortality (6.2% vs. 19.2%, P < 0.001), 7-d mortality (1.6% vs. 6.1%, P = 0.011), 14-d mortality (3.7% vs. 12.1%, P < 0.001), 21-d mortality (4.7% vs. 16.2%, P < 0.001), 28-d mortality (5.0% vs. 18.2%, P < 0.001), 90-d mortality (10.2% vs. 27.8%, P < 0.001) and 1-y mortality (14.3% vs. 33.3%, P < 0.001). Furthermore, the high CAR group had longer ICU hospitalizations [(3.18 (1.86, 6.66) vs. 5.84 (2.37, 13.16), P < 0.001)] and longer hospital stays overall [11.33 (6.96, 21.34) vs. 16.71 (9.90, 28.76), P < 0.001)]. The detailed results are presented in Table 2.


Table 2 | Baseline patient characteristics in patients with acute pancreatitis.






3.2 Univariate and multivariate Cox regression models of CAR with mortality in patients with AP

Univariate and multivariate Cox regression analyses were conducted to identify the potential relationship between the CAR and mortality in patients with AP. Elevated CAR (≥0.446) was substantially linked to an increased risk of mortality at various periods in the unadjusted initial model: 7-d (HR = 3.98, 95% CI: 1.40-11.28, P for trend = 0.010), 14-d (HR = 3.40, 95% CI: 1.70-6.80, P for trend = 0.001), 21-d (HR = 3.68, 95% CI: 1.99-6.79, P for trend < 0.001), 28-d (HR = 3.91, 95% CI: 2.17-7.05, P for trend < 0.001), 90-d (HR = 3.04, 95% CI: 1.97-4.68, P for trend < 0.001) and 1-y (HR = 2.70, 95% CI: 1.85-3.93, P for trend < 0.001). In the multivariate Model 1, the group of patients with CAR≥0.446 maintained a higher risk of mortality even after adjusting for confounding factors, including age and sex: 7-d (HR = 3.82, 95% CI: 1.33-10.94, P for trend = 0.013), 14-d (HR = 2.99, 95% CI: 1.48-6.04, P for trend = 0.002), 21-d (HR = 3.11, 95% CI: 1.67-5.81, P for trend < 0.001), 28-d (HR = 3.39, 95% CI: 1.86-6.16, P for trend < 0.001), 90-d (HR = 2.67, 95% CI: 1.72-4.15, P for trend < 0.001) and 1-y (HR = 2.33, 95% CI: 1.59-3.43, P for trend < 0.001). A subsequent multivariate model (Model 2) that included additional possible confounders also revealed an independent correlation between a higher CAR and an increased likelihood of mortality during the previously mentioned periods. The detailed results are presented in Table 3.


Table 3 | Univariate and multivariate Cox regression models of CAR with mortality in patients with AP.






3.3 Kaplan-Meier curve and ROC curve analysis

Patients with CAR≥0.446 had higher mortality at 7-d, 14-d, 21-d, 28-d, 90-d, and 1-y intervals compared to those with CAR < 0.446, as demonstrated by the K-M survival curves (1.6% vs. 6.1%, P = 0.011; 3.7% vs. 12.1%, P < 0.001; 4.7% vs. 16.2%, P < 0.001; 5.0% vs. 18.2%, P < 0.001; 10.2% vs. 27.8%, P < 0.001; 14.3% vs. 33.3%, P < 0.001). Patients with CAR levels≥0.446 also had increased ICU and hospital mortality rates (4.0% vs. 13.1%, P < 0.001; 6.2% vs. 19.2%, P < 0.001). The results are presented in Figure 3.




Figure 3 | Kaplan-Meier survival analysis curves for all-cause mortality in patients with AP at 7-d (A), 14-d (B), 21-d (C), 28-d (D), 90-d (E), and 1-y (F) of hospital admission.



ROC curves were generated for predicting all-cause death in patients at 7-d, 14-d, 21-d, 28-d, 90-d, and 1-y following admission using seven measures: Cr, Alb, serum total calcium (TCa), Glasgow Coma Scale (CGS), Systemic Inflammatory Response Syndrome (SIRS) score, and SOFA score (Figure 4). For specific details regarding Figure 4, please refer to Table 4. Our results revealed that, in terms of AUC values, CAR was superior to Cr, Alb, TCa, CGS, SIRS score, and SOFA score at 7-d, 14-d, 21-d, 28-d, 90-d, and 1-y intervals. For example, compared to Cr [67.91% (95% CI: 60.98%-74.84%)], Alb [34.08% (95% CI: 25.34%-42.83%)], TCa [46.59% (95% CI: 37.99-55.19)], CGS [47.43% (95% CI: 41.21-53.65)], SIRS [56.89% (95% CI: 49.74-64.04)], and SOFA [61.06% (95% CI: 52.68%-69.44%)], CAR had a considerably improved AUC on day 28 of admission [70.98% (95% CI: 64.26%-77.69%)]. Similarly, the AUC for CAR was considerably higher on day 90 of admission [67.23% (95% CI: 61.17%-73.30%)] than for Alb [36.33% (95% CI: 29.41%-43.24%), Cr [64.77% (95% CI: 58.53%-71.01%), TCa [46.81% (95% CI: 40.21-53.41)], CGS [44.56% (95% CI: 39.39-49.72)], SIRS [52.78% (95% CI: 46.85-58.70)], and SOFA [62.47% (95% CI: 55.91%-69.03%)]. The detailed results are presented in Table 4. Consequently, our findings highlight the significant predictive benefits of the CAR.




Figure 4 | ROC curves for predicting all-cause mortality in patients with AP at 7-d (A), 14-d (B), 21-d (C), 28-d (D), 90-d (E), and 1-y (F) after admission.




Table 4 | Information of ROC curves in Figure 4.






3.4 Subgroup analyses for the CAR on clinical outcomes in patients with AP

Figure 5 illustrates the presence of the relationship between the 7-d, 14-d, 21-d, 28-d, 90-d, and 1-y CAR and all-cause mortality in different subgroups of patients with AP. When stratified analyses were performed for age, sex, AKI, hypertension, and diabetes, the forest plots showed no significant interaction between CAR and most subgroups (P > 0.05), except at 14-d, 28-d, and 90-d, where a small interaction between CAR and age subgroups was observed (P for interaction=0.028, 0.04, and 0.048). The results are shown in Figure 5.




Figure 5 | Forest plots of subgroup analysis of the relationship between all-cause mortality and CAR in patients with AP admitted 7-d (A), 14-d (B), 21-d (C), 28-d (D), 90-d (E), and 1-y (F).







4 Discussion

Numerous recent studies have examined serum biomarkers, such as the neutrophil/lymphocyte ratio (19, 20), red blood cell distribution width/platelet ratio (21), blood glucose/lymphocyte ratio (22), and CRP/Alb ratio (16), to determine the prognosis of AP. However, no research has been published on the use of CAR to predict the prognosis of patients with AP. Our results suggest that among patients with AP, CAR is an independent factor influencing both short- and long-term all-cause mortality. The short- and long-term all-cause mortality was significantly higher in AP patients with CAR≥0.446 than in patients with CAR < 0.446, according to K-M survival analysis plots. Our findings demonstrated that for both short and long-term intervals, CAR outperformed Cr, Alb, TCa, CGS, SIRS score, and SOFA score in terms of AUC values. Subgroup analyses suggested that CAR did not significantly interact with the most of the subgroups.

Numerous studies have demonstrated that elevated Cr is an adverse prognostic indicator of AP (13, 19, 23, 24). Long-established markers of renal function, such as creatinine and blood urea nitrogen (BUN), have variable accuracy in predicting the severity of pancreatitis. Cr is a reasonably priced, easily accessible, and highly dependable blood marker that strongly correlates with renal function. Furthermore, Cr is less sensitive to minor changes in intravascular blood volume and more indicative of internal organ damage (24). Talamini et al. (23) reported that in 192 patients with new-onset pancreatitis, Cr levels > 2 mg/dl were a significant predictor of mortality. Muddana et al. (24) found that elevated Cr was a significant predictor of necrosis in AP based on a study of 185 patients. AKI is a common complication of AP (25, 26). Devani et al. (27) reported that 7.9% of hospitalized patients with AP experienced AKI. Furthermore, older age, male sex, sepsis, RF, and chronic kidney disease (CKD) are associated with an increased risk of concomitant AKI in patients with AP (27).

Nevertheless, the pathophysiologic mechanism behind AKI in individuals with AP remain incompletely understood (28). However, the key pathophysiological mechanism is the early activation of pancreatic enzymes in acinar cells, which results in autodigestion of the pancreas and surrounding tissues (29). This sets off a series of events that ultimately lead to AKI (29). An increase in abdominal pressure, hypovolemia, hypotension, severe vasoconstriction of the renal vasculature, hypercoagulability, and fibrin deposition in the glomeruli are consequences of activated enzymes and proteases released into the circulatory system and damage to the vascular endothelium (30). Moreover, glomerular damage caused by autodigestion induces the release of cytokines and the production of oxygen-free radicals (31). Animal studies have shown that hypovolemia is essential in the early phases of AP and leads to AKI (32). In comparison with the control group, the glomerular filtration rate (GFR) decreased by 40% and the plasma volume by 26% four hours after the initiation of pancreatitis. Plasma infusion successfully reversed this decline in the GFR (32). Substances released by the necrotic pancreas, such as trypsin, chymotrypsin, bradykinin, histamine, prostaglandin E, endotoxins, and bacteria, have also been shown to be associated with AKI development (32). For example, histamine in pancreatic exudates may cause increased vascular permeability, hypovolemia, and hypotension (33). Peritoneal lavage increases urine output in patients with AP and AKI, suggesting that dialysis removes the substances responsible for causing AKI (33). Cytokines may be responsible for renal impairment. For instance, TNF-α can act directly on tubular and glomerular capillaries, causing tubular necrosis and ischemia. TNF-α can also cause endothelial cells to produce IL-1β, IL-8, and IL-6, which can cause thrombosis, renal ischemia, and the production of oxygen-free radicals (30). The urine N-acetyl-β-glucosidase to Cr ratio and early serum PLA2 activity are positively correlated in patients with AP, indicating that PLA2 may hydrolyze renal tubular epithelial cell membranes and result in AKI (33). Mucosal permeability is increased by inflammatory mediators that cause endotoxins and bacteria to move out of the colon. Endotoxins increase endothelin levels, which can induce tubular necrosis, reduced renal blood flow, and vasoconstriction, all of which can result in AKI (34). Ventricular compartment syndrome is an uncommon AP that can compress and impede renal blood flow in the venous and arterial veins. This compression can lead to increased renal pressure, reduced venous blood flow, decreased perfusion pressure, and increased venous pressure, all of which contribute to AKI (35). Hence, with the onset of AP, several pathophysiological pathways may result in AKI, which may increase blood Cr levels.

The primary protein in plasma, Alb, is produced by the liver and is crucial for preserving the osmolality of plasma colloids (36). Alb, a negative acute-phase reactant, is correlated with the degree of inflammation, prognosis, and mortality of several illnesses (4). Among its many biological activities, albumin may act as an antioxidant, prevent platelet activation and aggregation, and serve as a transporter for a variety of physiologically active substances (37). According to Shannon et al. (38), individuals with low Alb levels often have a poor prognosis. Serum Alb levels are typically low in critically ill patients with a variety of diseases. This decrease may be attributed to the role of Alb in increasing the production of several anti-inflammatory substances (such as lipoxins, hemolysins, and protective proteins) during oxidative stress to facilitate recovery from the disease (39). This process requires a significant amount of albumin. For instance, the Alb level has been shown to be a reliable indicator of death in older individuals with sepsis (40). Additionally, previous studies have shown that serum Alb levels may predict the prognosis of AP to some degree (12, 14). Nevertheless, in terms of forecasting short- and long-term all-cause mortality in AP, Alb performed worse than CAR, according to our results. Chronic inflammation or a patient’s nutritional state also influences Alb levels. Thus, utilizing Alb levels alone to predict the prognosis of AP has limitations. Therefore, we calculated the serum Cr: Alb ratio to predict the prognosis of patients with AP more accurately by decreasing the effect of individual variables on the regulatory systems via inverse changes generated by two separate processes.

The results of our study found that CAR was a stronger predictor of short- and long-term prognosis in AP compared with other control indicators. Alb and TCa are important indicators of a patient’s nutritional status and electrolyte balance. However, in AP, due to the inflammatory response and tissue damage, decreases in Alb and TCa may not be specific indicators because they are influenced by multiple factors, including the release of inflammatory mediators and an increase in endogenous damage molecules (41–43). Therefore, the use of Alb and TCa alone to predict mortality in patients with AP may be influenced by other factors, resulting in inadequate predictive power. The SOFA score, GCS and SIRS score are commonly used to assess the severity of disease and systemic inflammatory response in critically ill patients (8–11). However, these scores may have some limitations in predicting short- and long-term mortality in patients. For example, the SOFA score mainly focuses on the function of multiple organ systems and does not specifically address the pathological and physiological characteristics of pancreatitis itself, thus may lack sensitivity or specificity (4, 10). Similarly, although the GCS score and SIRS score reflect the patient’s level of consciousness and systemic inflammatory response, they may not fully consider the specific conditions of pancreatic tissue damage and inflammation in the prognosis assessment of pancreatitis (44, 45). CAR takes Cr and Alb levels into account and reflects a combination of renal function and nutritional status. In AP, elevated Cr levels may reflect renal dysfunction or systemic metabolic changes, while decreased Alb levels may indicate deterioration in nutritional status. Therefore, CAR, as a comprehensive indicator, can more comprehensively reflect the metabolism and nutritional status of patients, and is more closely related to the pathological and physiological characteristics of AP. Compared with other control indicators, CAR may have higher specificity and sensitivity and more accurately predict short- and long-term mortality in patients with AP.

Lactated Ringer’s solution is important in the management of patients with AP. Hypocalcemia is a common complication of AP and is closely related to impaired renal, pulmonary and cardiovascular functions (5). Lactated Ringer’s solution contains 3 mEq/l of calcium ions, which helps to increase serum calcium concentration and maintain electrolyte stability, thus preventing early organ failure (46). Wu et al. found that lactated Ringer’s solution reduces systemic inflammatory response and serum C-reactive protein in patients with AP better than normal saline (47). The systemic inflammatory response typically depletes large amounts of albumin, and Ringer’s lactate helps maintain albumin levels at normal levels (48). In addition, with the addition of sodium lactate to Ringer’s solution, lactic acid can be metabolized to bicarbonate in the body, enhancing the buffering effect in the body, which is important for metabolic acidosis associated with AP patients (49, 50).

The primary benefit of this study is its extensive real-world dataset, demonstrating that CAR can accurately predict the mortality of patients with AP across a wide range of periods. Nevertheless, this study has some limitations. First, our study was a single-center retrospective; therefore, multicenter prospective investigations will be needed to validate our results. To make our conclusions more reliable, we will conduct a multicenter study in China in the future. Second, the MIMIC-IV provided demographic information for our study, which included patients hospitalized from 2008 to 2019. However, such an extended timeframe does not ensure the consistency of treatment plans for patients with AP, considering the advancements in medical technology and therapeutic approaches. Consequently, it is plausible that the inconsistent treatment plans may have affected the findings of this study. Third, this study did not include participants under the age of 18 years; thus, further research is needed to determine whether the findings apply to people under that age. Additionally, due to the limitations of the database, we were unable to obtain the specific cause of death for each patient. This limitation prevented us from providing information on the impact of CAR on AP-specific mortality. Finally, the study cohort consisted of critically ill patients receiving ICU care; therefore, patients with typical mild pancreatitis may not have benefitted from the results.




5 Conclusion

In patients with AP, CAR may serve as an independent predictor of both short- and long-term all-cause mortality. The findings from our study may equip healthcare providers with additional tools for promptly diagnosing patients with AP, assessing disease severity, and treating individuals with poor prognoses. To support the prognostic utility of CAR in patients with AP, large-sample multicenter prospective studies are required.
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Intestinal inflammatory imbalance and immune dysfunction may lead to a spectrum of intestinal diseases, such as inflammatory bowel disease (IBD) and gastrointestinal tumors. As the king of herbs, ginseng has exerted a wide range of pharmacological effects in various diseases. Especially, it has been shown that ginseng and ginsenosides have strong immunomodulatory and anti-inflammatory abilities in intestinal system. In this review, we summarized how ginseng and various extracts influence intestinal inflammation and immune function, including regulating the immune balance, modulating the expression of inflammatory mediators and cytokines, promoting intestinal mucosal wound healing, preventing colitis-associated colorectal cancer, recovering gut microbiota and metabolism imbalance, alleviating antibiotic-induced diarrhea, and relieving the symptoms of irritable bowel syndrome. In addition, the specific experimental methods and key control mechanisms are also briefly described.
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1 Introduction

The dysregulation of the intestinal inflammations system and adaptive immune imbalance can result in a series of intestinal diseases and diseases in distant body sites, such as inflammatory bowel disease (IBD), irritable bowel syndrome (IBS), intestinal infectious diseases, intestinal system tumor, and neurological disease (1, 2). Among them, IBD is the most prevalent disease, the incidence of which is significantly increasing and continues to rise during the twentieth century (3). Despite multiple anti-inflammation and immunomodulating agents have been used for intestinal system diseases treatment, limited efficacy and serious side effects remain major clinical challenges. With more and more immunomodulatory and anti-inflammatory pharmacological effects having been developed, traditional Chinese medicines have been used for various inflammation and immune disorders treatment. As one of the most well-known traditional Chinese medicines, ginseng has a long history as an herbal medicine for various disease (4), especially, which possessed stronger anti-inflammatory and immunoregulation effects. In the past decades, an increasing number of studies have indicated that ginseng and its major constituent, various ginsenosides, were capable of effectively relieving the severity of gastrointestinal colitis in animal models (5). In this review, we mainly focus on how ginseng and ginsenoside regulate intestinal system inflammation and the immune homeostasis.




2 Intestinal inflammations

Under normal physiological conditions, inflammation response is a self-resolving and self-protective process, through which the body attempts to counteract tissue injury damage or infection and together remove pathogens and cell debris (6). However, continuous inflammation response is harmful to the host. Therefore, once the harmful stimuli has been eliminated, the related proinflammatory response should be curtailed immediately (7). Intestinal system inflammations represent a group of relapsing and multifactorial disorder associated with physical and mental well-being, mainly including intestinal tumor and inflammatory bowel disease (IBD) such as ulcerative colitis (UC), irritable bowel disease (IBS), and Crohn’s disease (CD). According to the latest epidemiological data from the World Health Organization, IBD has become a global burden, and the incidence are rising globally, especially in newly industrialized regions of North America and Europe (8–10).

To date, multiple factors have been verified to be involved in the regulation of IBD, such as gut microbiota, gut mucosal inflammation, cell immune response, oxidative stress, and eating habits (11). The normal intestinal epithelial barrier is composed of the mucosa, the glycocalyx, and tight junctions, all of which are involved in maintaining gut barrier integrity and intestinal homeostasis (12). The intestinal tight junction proteins form a physical barrier and the commensal microbiome can further reinforce intestinal barrier homeostasis through preserving gastrointestinal physiology and intestinal immune system development (13, 14). The dysfunction of IBD is primarily associated with intestinal mucosal inflammation. Inflammation responses are a complex process involving a series of cellular and molecular changes, including altering vascular permeability, promoting aggregation of leukocyte, and regulating expression levels of inflammatory cytokines (15). Cytokines play a crucial role in the pathogenesis of IBD. In terms of UC and CD, it was found that the proinflammatory cytokines such as IL-1, TNF-α, IL-1β, and IL-6 were significantly upregulated in the inflamed intestine, thus further changing the composition of the tight junction microenvironment (16). In addition, gut microbiome composition and mucosal immune responses both play an important role in intestinal barrier homeostasis (17). A recent study by Khan and co-workers suggested that dysregulated gut microbiota was able to specifically activate T-helper cell immune response, which can result in further dysregulation of intestinal barrier function and a sustained inflammatory response (18).




3 Intestinal immune

The immune system plays an important role in the human body against foreign bacteria and virus infections. The human immune system consists of primary and secondary lymphoid systems (19). Mucosal-associated lymphoid tissue is one of the most typical secondary lymphoid systems, which works as a physical and immunological barrier (20). As the largest mucosal-associated lymphoid tissue, gut-associated lymphoid tissue is very essential for the maintenance of intestinal homeostasis, the components of which mainly include Peyer’s patches and mesenteric lymph nodes (21). Intestinal immune dysfunction also has been reckoned as a major pathogenesis of IBD (22). As the primary site of gut microbiota colonization, more than trillions of microorganisms have been discovered on the surfaces of the ileum and colon, mainly including fungi, protozoa, viruses, archaea, and predominantly bacteria (23). It has been reported that gut microbiota was capable of regulating the innate immune system and intestinal immune homeostasis (24). For example, Clostridium difficile is capable of promoting goblet cells and dendritic cells secreting cytokines (TGF-β and IL-10), thus further generating ample signals to upregulate Treg population (25). In addition, some important components such as vitamin K and SCFA are produced by intestinal microbiota, both of which play an important role in preventing intestinal disease (26). An increasing number of clinical studies have proposed that the composition and the metabolites of gut microbiota were altered in IBD patients (27–29). In addition to gut microbiota, intestinal immune cells also contribute to the intestinal immune responses, especially in IBD. The intestinal immune cells include innate immune cells and adaptive immune cells, which supplement each other and eliminate invading pathogens (30). Moreover, inflammation response is closely related with the immune system. More in detail, the initiation of inflammation is frequently accompanied by the activation of the immune response, which can further activate inflammatory cascade via activating pattern recognition receptors and damage-associated molecular patterns (31, 32). For example, the pathological mechanism of ulcerative proctitis involved multiple factors, including genetic, immune function, and inflammatory responses (33, 34). The pathogenesis of IBDs is complex and involves immune-inflammatory mechanisms. Ginseng has been seen as an important immunomodulator. Specifically, it was found that long-term treatment of ginseng soluble dietary fiber could regulate the secretion levels of immunoglobulins and affect B-cell proliferation, thus further restoring intestinal homeostasis (35).




4 Ginseng and ginsenosides

Ginseng, the root of Panax ginseng, is one of the most frequently used traditional herbal medicine (4). To date, multiple active ingredients have been isolated from ginseng, mainly including ginsenoside, ginseng polysaccharide, and ginseng polypeptide. Among them, ginsenoside is the most abundant and the most studied. The three most common ginseng types included American ginseng, Asian ginseng, and Panax notoginseng. We have described their global distribution in Figure 1. The content and composition of ginsenosides are varied in different ginseng species. American ginseng is originally grown in the mountain forests of America and Canada and recently has been cultivated in northern China. The major bioactive ginsenosides of American ginseng are F11, Rb1, Re, Rd, Rc, Rg1, and Rb3. Asian ginseng is mainly distributed in Chinese or Korean. The major ginsenosides of Asian ginseng include Rf, Rb1, Rb2, Rc, Rd, Re, and Rg1. Panax notoginseng, belonging to the Araliaceae family, is a traditional Chinese medicine, which has been widely used for various diseases, especially cardiovascular diseases. The major ginsenosides of P. notoginseng include Rg1, Rb1, Rd, and notoginsenoside R1 (36).




Figure 1 | The global distribution of the three most common ginseng herbs, with their major ginsenosides.



Ginsenosides are the major bio-active component of various ginseng and could be recovered from plant roots, stems, leaves, and flowers. With the recent developments in the extraction and synthetic process, more than 300 ginsenoside monomers have been discovered, such as ginsenoside Rg1, ginsenoside Rb1, ginsenoside Rd, ginsenoside Rf, ginsenoside Re, ginsenoside Rg5, ginsenoside Ra3, and ginsenoside Rd (37). All of them have been confirmed to possess multiple pharmacological effects, including anti-inflammatory (38), anti-aging (39), antioxidant (40), anti-cancer (41), and immuno-modulatory effects (40). On the basis of their chemical structures, ginsenosides can be classed into three types: dammarane, oleanane, and oleanolic acid types. Among them, dammarane can be further divided into protopanaxadiol (PPD), protopanaxatriol (PPT), and ocotillol (OCT) types (42). PPD-type ginsenosides mainly include Rb1, Rb2, Rb3, Rc, Rd, Rg3, and Rh2. PPT-type ginsenosides mainly include Re, Rf, Rg1, Rg2, and Rh1. Previous studies have evaluated that ginsenosides were associated with inflammasome and immune responses (43, 44). For example, it has been demonstrated that ginsenoside Rh1, Rg3, Rg5, Rb1, compound K, and Rg1 were capable of inhabiting inflammatory responses by blocking NLRP3 and NLRP1 (45). Another study further proposed that ginsenosides could enhance the cellular immune function (46). For instance, ginsenoside Rg1 was capable of promoting the proliferation of lymphocytes (47). The functional funding of ginsenosides on inflammasome and immune response provides new insight into the understanding of the molecular mechanisms of ginsenoside-mediated inflammatory and immune actions. More and more pharmacological effects of ginseng and ginsenosides are characterized, especially exhibiting stronger anti-inflammatory and immunomodulatory effects, which have been reckoned as a promising drug for intestinal diseases with great clinical translational potential.




5 Effect of ginseng and ginsenosides on intestinal system inflammations

Inflammatory bowel disease is increasingly prevalent in recent years, which greatly affect the gastrointestinal tract function (48). Clinically, despite that a variety of drugs have been used for IBD administration, such as cyclosporin, mesalamine, mercaptopurine, and azathioprine, however, serious side effect and expensive medication cost have greatly limited their clinical application (49). A large number of experiments have shown that ginseng and ginsenosides were capable of effectively relieving the symptoms of IBD through multiple regulatory mechanisms, including regulating the balance of immune cells (50), mediating cytokine expression (51), restoring pathological damage (52), regulating inflammatory signaling pathway (53), and promoting the proliferation of intestinal mucosal epithelium (52). Moreover, in terms of ulcerative colitis (UC) patients, a recent randomized clinical study shows that the rectal co-administration of P. notoginseng and Colla Corii Asini suppositories could effectively alleviate their clinical symptom scores and inflammatory factors and improve colon immune function (54). Next, we will discuss all aspects of how ginseng and ginsenosides alleviate IBD in greater detail.



5.1 Regulating inflammatory mediators and cytokines

A growing number of studies have demonstrated that ginseng and its major pharmacologically active components ginsenosides possessed stronger anti-inflammatory effects (55, 56). As shown in Figure 2, ginseng and ginsenosides mainly regulate intestinal inflammatory through influencing proinflammatory cytokines expression levels and regulating inflammation-related pathways. Ullah et al. reported that Rg3-enriched Korean Red Ginseng extract could alleviate oxazolone (OXA)-induced UC through suppressing the expression level of NLRP3 and NF-κB (57). Li et al. proposed that ginseng polysaccharides can be used as a promising intervention agent for the prevention of colitis. In a (DSS)-induced rat colitis model, they found that ginseng polysaccharides could effectively alleviate symptoms of colitis and recover the intestinal barrier through downregulating colon inflammatory cytokine levels such as IL-1β, IL-2, IL-6, and IL-17, and blocking the TLR4/MyD88/NF-κB-signaling pathway (58).




Figure 2 | The possible anti-inflammatory mechanisms of various ginsenosides on intestinal system diseases, including inhibiting proinflammatory cytokines expression and blocking inflammation-related pathways.



In addition, to investigate the protective mechanism of ginsenoside Rd on IBD, 2,4,6-trinitrobenzenesulfonic acid (TNBS) induced colitis rat models were orally administered with ginsenoside Rd for 7 days. The results demonstrated that the inflammatory response was significantly attenuated through downregulating expression levels of proinflammatory cytokines (TNF-α, IL-1β, and IL-6) and blocking the activity of p38 and JNK (59). Moreover, another study also proposed that ginsenosides Rd was able to effectively alleviate DSS colitis in mice through inhibiting proinflammatory cytokines expression (TNF-α, IFN-γ, IL-6, IL-12/23p40, and IL-17A) and inhibiting NF-κB and P38MAPK signaling pathways (60). Ginseng root extract (GRE) also exerted stronger anti-inflammatory and anti-oxidative effects in DSS-induced colitis, which could remarkably inhibit expression levels of inflammatory factors (TNF-α, IL-6, and IL-1β), blocking NF-κB and p62-Nrf2-Keap1 pathways activity, and suppressing the phosphorylation of MAPKs (JNK, ERK-1/2, and p38) (61). Panaxadiol could alleviate DSS induced acute mouse model colitis through suppressing IL-1β secretion and blocking non-canonical caspase-8 inflammasome and MAPKs (62). Huang et al. proposed that ginsenoside Rk2 may be an effective agent in the treatment of UC. They found that ginsenoside Rk2 treatment could block the secretion of proinflammatory cytokines (IL-1β, IL-6, IL-10, and TNF-α) and inactivate ERK/MEK signaling through promoting the dephosphorylation of ERK/MEK and upregulating SIRT1 pathway (63).

In an obesity-induced colonic inflammation-stimulated colitis, in was found that ginsenoside Rk3 could effectively repair the injuries of intestinal epithelial barrier through upregulating the secretion of multiple tight junction proteins and suppressing the expression levels of inflammatory cytokine (TNF-α, IL-1β, and IL-6) and oxidative stress cytokine through blocking the TLR4/NF-κB signaling pathway (64).

Ginsenoside Rb1 (GRb1), one major ginsenoside with multiple pharmacological properties, was capable of effectively alleviating colitis symptoms such as endoplasmic reticulum stress response and fas-related apoptosis through inhibiting inflammatory responses and activating Hrd1 signaling pathway (53). Rh2 has been verified to possess stronger anti-inflammatory and anticancer effects. Based on these characteristics, a recent study found that Rh2 could markedly alleviate various symptoms of (DSS)-induced colitis, mainly including body weight loss, disrupted intestinal barrier functions, colon length shortening, and disease activity index (DAI) scores (65). Luo et al. analyzed the anti-inflammatory and protective effects of P. notoginseng saponins (PNS) in IBD both in vitro and in vivo (DSS-induced colitis mouse model) (66). They found that PNS administration was capable of deregulating secretion levels of proinflammatory cytokines (TNF-α, IL-6, and MCP-1) and blocking the activity of MAPK and NF-κB signaling pathway. Similarly, another study also found that P. notoginseng saponins (PNS) could significantly alleviate (DSS)-induced intestinal inflammatory and oxidative stress reactions through upregulating apoptotic cell numbers and blocking PI3K/AKT signaling pathway (67). Moreover, Wang et al. also proposed that P. notoginseng could significantly attenuate (DSS-) or iodoacetamide (IA)-induced rat colitis through downregulating serum concentrations of VEGFA isoforms IL-6, and TNF-α, while together upregulating IL-4 and IL-10 (68). In addition, as one main bioactive constituent of P. notoginseng, Notoginsenoside R1 also been reported to possess stronger protective effect on IBD, which could effectively relieve the severity of DSS-induced colitis in mice models through suppressing the secretion levels of cytokine and related proinflammatory genes expression (69).

Saba et al. proposed that the co-treatment of red ginseng extract enriched with Rg3 (Rg3-RGE) and Persicaria tinctoria could be used for the prevention UC induced by DSS both in vitro and in vivo (70). Specifically, in an in vitro study, it could inhibit inflammation responses of RAW 264.7 cells through promoting protein kinase and NF-κB pathways. In C57BL/6 mice, this mixture could effectively relieve colitis-related symptoms through exhibiting strong anti-inflammatory effects and suppressing expression levels of NLRP3 inflammasome. In addition, they also proposed that the combination of red ginseng extracts and Epimedium koreanum Nakai could alleviate DSS-induced colitis through suppressing protein expression level of proinflammatory cytokines and blocking NF-κB and MAPK pathways (71). Lee et al. found that non-saponin fraction of Korean Red Ginseng possessed stronger intestinal protective effects in a DSS-induced colitis rat model, which could markedly ameliorate gastrointestinal inflammation through suppressing MPO activity, upregulating COX-1 protein expression level, and restoring ZO-1 and occludin secretion to normal levels (72). As one of most commonly used species of ginseng, American ginseng has been discovered to possess multiple protective functions (73). Jin et al. first reported that American ginseng could prevent and treat mouse colitis through suppressing leukocyte activation and subsequent epithelial cell DNA damage (74), promoting inflammatory cell apoptosis, and regulating the activation of P53 (75). Cui et al. found that American ginseng could treat colitis and prevent colon cancer through suppressing the expression levels of ROS and primary proinflammatory markers (76). In addition, their further study proposed that AG and its components also could activate nuclear factor erythroid-2-related factor 2 (Nrf2) pathway, which is involved in colitis progress and closely related with CRC development (77). Consistent with the above results, another study also found that American ginseng could effectively relieve AOM/DSS-induced colon inflammation and suppress tumorigenesis in mouse model through restoring intestinal microbiota function (78).

As an efficient anti-inflammatory agent, Zhu et al. first reported that ginsenoside Rg1 was capable of protecting against DSS-induced mouse colitis through markedly downregulating proinflammatory cytokines secretion (IL-1β and TNF-α) (79). A recent study further discovered that ginsenoside Rg1 could be transformed into 20(S)-protopanaxtriol via ginsenosides Rh1 and F1 through interacting with gut microbiota. Lee et al. found that ginsenosides Rg1, and its major metabolites (Rh1 and 20(S)-protopanaxtriol), all could ameliorate 2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced colitis through suppressing the secretion levels of inflammatory factors (IL-1β, IL-17, and TNF-α), restoring Th17/Treg imbalance, and blocking the binding of LPS to TLR4 on macrophages (80). Another study found that oral administration of probiotic-fermented red ginseng could significantly relieve the symptoms of colitis in (DSS)-induced mouse mode through downregulating the serum levels of inflammatory factors (IL-6 and TNF-α) (81). In addition, one study also found that fermented wild ginseng could relieve the symptoms of colitis in a DSS-induced colitis animal model through inhabiting secretion level of proinflammatory cytokines (IL-1β, IL-6, IL-12, p40, TNF-α, and IFN-γ) and blocking NF-κB signaling pathway (82).




5.2 Promoting intestinal mucosal wound healing

In a trinitrobenzenesulfonic-acid-induced rat colitis model, Toyokawa et al. proposed that Daikenchuto and its constituent, ginsenoside Rb1, could remarkably promote intestinal mucosal damage by regulating extracellular-signal-regulated kinase and Rho signaling pathway (83). In addition, another study also demonstrated that P. notoginseng administration could promote repair of colonic mucosal injury and microvessels in a (DSS-) or iodoacetamide (IA)-induced rat colitis models through blocking VEGFA isoforms and Rap1GAP/TSP1 pathway (68). Consistent with the above results, Wang et al. also proposed that P. notoginseng could repair vascular injury in DSS- and IA-induced colitis animal model through alleviating inflammation responses and oxidative stress (84).




5.3 Regulating gut microbiota and metabolism

Intestinal dysbacteriosis has been reckoned as one of the most fundamental factors leading to intestinal diseases, such as IBD, IBS, and CRC (85, 86). Changes in intestinal flora diversity and composition is capable of resulting in imbalances of immune tolerance and dysregulation of intestinal barrier function and upregulating proinflammatory cytokines expression and increasing the incidence of erosion and ulcer (87). Previous studies have found that probiotics supplementation could restore the structure of gut microbiota, thus enhancing intestinal mucosal barrier function and reducing gastrointestinal infection (88). Recent studies further proposed that restoring unbalanced gut microbiota was able to prevent the progression of IBD and intestinal cancer (89). Ginseng and ginsenosides are closely related to the role of gut microbiota, and various non-widespread initial ginsenosides have to be processed and transformed by gut microbiota before they get good biological activity (90, 91). For example, it was found that ginseng polysaccharides could alleviate (DSS)-induced colitis through restoring unbalanced gut microbiota, including increasing the relative abundance of probiotics and, at the same time, imbibing the abundance of pathogenic bacteria (92).

Li et al. also proposed that ginseng polysaccharides exerted a protective effect against (DSS)-induced rat colitis through restoring the diversity and composition of gut microbiota, such as effectively upregulating the relative abundance of Ruminococcus, which also demonstrated that Ruminococcus might be involved in the progression of colitis occurrence (58). The combination treatment of Zingiber officinale and P. ginseng could ameliorate DSS ulcerative colitis via regulating the abundance of gut microbiome, including upregulating beneficial bacteria such as Muribaculaceae_norank, Lachnospiraceae NK4A136 group, and Akkermansia, and downregulating pathogenic bacteria such as Bacteroides, Parabacteroides, and Desulfovibrio (93). Another study also found that synergistic administration of American ginseng polysaccharide and American ginseng ginsenoside could improve gut microbiota diversity and restore gut microbiota composition, including upregulating the relative abundance of probiotics (Clostridiales, Bifidobacterium, and Lachnospiraceae), while together downregulating harmful bacteria (Escherichia-Shigella and Peptococcaceae) (94).

In a high-fat diet-induced colitis mice model, it was found that Rk3 could reduce chronic-obesity-induced colitis through alleviating metabolic dysbiosis of gut microbiota and significantly suppressing the ratios of Firmicute/Bacteroidete (64). Prior research has shown that red ginseng could improve the functions of gastrointestinal tract (95). A recent study further proposed that red ginseng could be reckoned as a promising agent for the ulcerative colitis treatment. They found that red ginseng administration significantly relieved the symptoms of trinitro-benzene-sulfonic acid induced ulcerative colitis in a rat model through improving the structure of gut microbiota, including increasing the abundance of probiotics (Bifidobacterium and Lactobacillus) while inhibiting the growth of some pathogen strains (96).




5.4 Preventing colitis-associated colorectal cancer

In addition to ameliorating various symptoms of IBD, some researchers also found that ginseng and ginsenosides also can be used for the prevention of the progression of colitis-associated CRC progression. For example, Wang et al. proposed that oral administration of American ginseng could attenuate AOM/DSS-induced colitis and associated CRC carcinogenesis through downregulating inflammatory factors secretion and restoring the metabolomics and intestinal homeostasis (97). Similarly, Yu et al. also proposed that American ginseng administration was capable of preventing azoxymethane/DSS-induced CRC carcinogenesis through downregulating inflammatory cytokine gene expression (IL-1α, IL-1β, IL-6, IFN-γ, G-CSF, and GM-CSF) (98). Consistent with above results, Poudyal et al. reported that American ginseng possessed stronger anti-inflammatory properties and could prevent azoxymethane/DSS-induced CRC carcinogenesis (99).

In addition, Chen et al. proposed that P. notoginseng saponins (PNS) could effectively suppress the progression and development of AOM/DSS-induced colon tumor through regulating the abundance and diversity of gut microbiota, especially obviously increasing the abundance of Akkermansia spp., which was negatively associated with the development of CRC (100). It should be noted that P. notoginseng saponins (PNS) can be bio-transformed to ginsenoside compound K (GCK) by gut microbiota. Another study found that ginsenoside compound K (GCK) also could inhibit the progression of AOM/DSS-induced colitis-associated CRC by upregulating the relative abundance of A. muciniphila (101).




5.5 Alleviate antibiotic-induced diarrhea

Qu et al. proposed that fermented ginseng could alleviate antibiotic-induced diarrhea and colon inflammation through regulating inflammation-related factors such as TNF-α, IL-1β, IL-6, and IL-10 (102). In addition, this study also found that the intestinal flora changes were associated with immune-related factors expression, and the fermented ginseng treatment could recover the alterations of gut microbiota. Similar results were reported by Qu and co-workers. They found that fermented ginseng was able to relieve the symptoms of antibiotic-associated diarrhea through downregulating colon inflammation factors and immune factors (TLR4 and NF-κB) and restoring the gut flora to original intestinal homeostasis (103).




5.6 Improving symptoms of irritable bowel syndrome

Irritable bowel syndrome (IBS) is one of the most common gastrointestinal diseases, which affects approximately 10%–20% of the population worldwide, especially in developed countries (104). The symptoms of IBS are experienced as recurrent abdominal pain or discomfort and psychological and physical stressors such as depression or anxiety disorder (105). To date, the pathophysiology of IBS is still unclear (106), mainly including gut microbial dysbiosis, gut–brain axis homeostasis, gut inflammation, and immune dysfunction (107, 108). Ginseng has been confirmed to ameliorate various inflammation responses and help combat depression through suppressing stress (109). An increasing number of studies also demonstrated that ginseng and its major constituent can be reckoned as a promising candidate to treat IBS. For example, Yu et al. proposed that red ginseng (RG) extract significantly improved various symptoms of IBS through downregulating expression level of IL-1β and c-fos, regulating the plasma levels of corticosterone, and restoring the abundance of gut microbiota, including increasing the growth of probiotics microbes (Lactobacillus johnsonii, Lactobacillus reuteri, and Parabacteroides goldsteinii) (110).





6 Effect of ginseng and ginsenosides on intestinal immune disorders

Intestine immune balance is very essential to human body health. Once the balance is broken, it can result in a series of intestinal diseases, such as most common IBD and intestinal tumor (111). Immune dysregulation has been implicated in the pathogenesis of a group of autoimmune diseases. As one of the most common autoimmune diseases, IBD is believed to exhibit a complex and dysregulated response intestinal immune homeostasis, in which the intestinal immune system becomes hyperactive and causes unnecessary impaired integrity of the epithelial barrier (112). As an important immunomodulator, various ginsengs and ginsenosides have been reported to possess a wide range of immuno-modulatory effects, including enhancing host immunity, protecting against various infections and treating immunity-related disorders (113–115).

Specifically, one latest research suggests that, in an oxazolone (OXA)-induced mice UC model, Rg3-enriched Korean Red Ginseng extract was capable of upregulating the number of immune cell subtypes of CD4+ T-helper cells, CD19+ B-cells, and CD4+ and CD25+ regulatory T-cells (Tregs), thus significantly improving the colon length and body weight and decreasing disease activity index and histological injury (57). American ginseng has always been recommended as an edible and medicinal functional food use for immunological disorder. One study found that American ginseng and its primary extract (such as polysaccharide and ginsenoside) could significantly reverse the lymphocyte subsets ratio in spleen and peripheral blood and at the same time stimulate CD4+T cells and IgA-secreting cells in the small intestine (116). Lu et al. found that P. notoginseng saponin (PNS) could significantly relieve (DSS)-induced intestinal colitis through increasing M1 macrophages while decreasing M2 macrophages both in the spleen and colon tissues (67). Kim et al. first reported that Fermented Red Ginseng could obviously relieve 2,4,6-trinitrobenzenesulfonic acid-induced colitis through suppressing macrophage activity and modulating Th1 and Treg cell differentiation (117). In addition to ginseng roots and its various extract, Zhang et al. first reported that ginseng berry extract also could relieve (DSS)-induced colitis through improving the macroscopic appearance of the colon wall, suppressing the activation and number of immune cell (T cells, neutrophils, and CD103+CD11c+ cDCs), and promoting the migration of CD103+CD11c+ cDCs (118).

During the most recent years under study, it was found that gut microbiota was involved in regulating mucosal immune balance and host immune response (111, 119). Ginseng and ginsenosides were capable of closely interacting with gut microbiota in the human digestive tract. In addition to directly modulating intestine immune responses, a growing number of studies also reported that ginseng and its various extracts could influence intestinal immune functions via controlling intestinal homeostasis. For example, two previous studies proposed that Korean Red Ginseng-derived polysaccharides could enhancing gut-associated immune functions through increasing the activity of macrophage and promoting Peyer’s patches secretion levels both in vitro and in an animal model (120, 121). In addition, Wang et al. reported that oral administration with ginseng polysaccharide was able to relieve lipopolysaccharide induced immunological stress and significantly improve intestinal barrier function (122). Another study found that ginseng-derived small molecule oligopeptides could alleviate irradiation-induced intestinal injury and immune dysfunction through upregulating concentrations of lymphocytes (CD3+, CD4+, and CD8+) and restoring normal baseline intestinal permeability (123). In addition, in another study, Zhu and co-workers found that the intestinal metabolomic effects were significantly different between normal and immunosuppressed rats after ginseng administration (124).




7 Conclusions

In this article, we systematically summarized the anti-inflammation and immune modulatory effects of various ginseng and ginsenosides in intestinal system (Table 1). Intestinal inflammatory imbalance and immune dysfunction may cause a series of intestinal system diseases (125). Ginseng and ginsenosides exert a strong anti-inflammatory and immunomodulatory effect in the intestinal system, and the specific molecular mechanisms were also summarized in this review (Figure 3). We can conclude that ginseng and ginsenosides are becoming promising therapeutic options for various gastrointestinal disorders through regulating the immune balance, regulating inflammatory mediators and cytokines, preventing colitis-associated colorectal cancer, regulating gut microbiota and metabolism, alleviating antibiotic-induced diarrhea, and relieving the symptoms of antibiotic-associated diarrhea.


Table 1 | Anti-inflammation and immune modulatory effects of various ginseng and ginsenosides in intestinal system.






Figure 3 | The pharmacological effects of various ginsenosides on intestinal inflammation and the immune system, including regulating inflammatory cytokines expression, regulating the immune balance and immune homeostasis, regulating gut microbiota and metabolism, promoting intestinal mucosal wound healing, and preventing colitis-associated colorectal cancer.
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Introduction

Inflammatory bowel disease (IBD) is a chronic disease involving multiple genes, and the current available targeted drugs for IBD only deliver moderate efficacy. Whether there is a single gene that systematically regulates IBD is not yet known. MiR-146a plays a pivotal role in repression of innate immunity, but its function in the intestinal inflammation is sort of controversy, and the genetic regulatory networks regulated by miR-146a in IBD has not been revealed.





Methods

RT-qPCR was employed to detect the expression of miR-146a in IBD patients and in a mouse IBD model induced by dextran sulfate sodium (DSS), and then we generated a miR-146a knock-out mouse line with C57/Bl6N background. The disease activity index was scored in DSS-treated miR-146a deficiency mice and their wild type (WT) littermates. Bulk RNA-sequencing, RT-qPCR and immunostaining were done to illustrate the downstream genetic regulatory networks of miR-146a in flamed colon. Finally, the modified miR-146a mimics were used to treat DSS-induced IBD in miR-146a knock-out and WT IBD mice.





Results

We showed that the expression of miR-146a in the colon was elevated in dextran sulfate sodium (DSS)-induced IBD mice and patients with IBD. DSS induced dramatic body weight loss and more significant rectal bleeding, shorter colon length, and colitis in miR-146a knock-out mice than WT mice. The miR-146a mimics alleviated DSS-induced symptoms in both miR-146a-/- and WT mice. Further RNA sequencing illustrated that the deficiency of miR-146a de-repressed majority of DSS-induced IBD-related genes that cover multiple genetic regulatory networks in IBD, and supplementation with miR-146a mimics inhibited the expression of many IBD-related genes. Quantitative RT-PCR or immunostaining confirmed that Ccl3, Saa3, Csf3, Lcn2, Serpine1, Serpine2, MMP3, MMP8, MMP10, IL1A, IL1B, IL6, CXCL2, CXCL3, S100A8, S100A9, TRAF6, P65, p-P65, and IRAK1 were regulated by miR-146a in DSS induced IBD. Among them, MMP3, MMP10, IL6, IL1B, S100A8, S100A9, SERPINE1, CSF3, and IL1A were involved in the active stage of IBD in humans.





Discussion

Our date demonstrated that miR-146a acts as a top regulator in C57/BL6N mice to systematically repress multiple genetic regulatory networks involved in immune response of intestine to environment factors, and combinatory treatment with miR-146a-5p and miR-146a-3p mimics attenuates DSS-induced IBD in mice through down-regulating multiple genetic regulatory networks which were increased in colon tissue from IBD patients. Our findings suggests that miR-146a is a top inhibitor of IBD, and that miR-146a-5p and miR-146a-3p mimics might be potential drug for IBD.





Keywords: miR-146a-5p, miR-146a-3p, inflammatory bowel disease, genetic regulatory networks, MMPs, chemokines, cytokines, therapy





Introduction

Genetic susceptibility and environment are the two main risk factors for inflammatory bowel disease (IBD) that affects approximately 1% of the population (1, 2). IBD mainly includes Crohn’s disease (CD) and ulcerative colitis (UC) (1, 3, 4). During the development of IBD, continuous inflammation progressively causes damage of intestinal epithelial barrier and vascular endothelium, and consequently affects digestion and absorption and leads to rectal bleeding and body weight loss (1, 5). The progression of IBD is known to be promoted by upregulated genetic regulatory networks of chemokines, cytokines, other pro-inflammatory factors (S100A8/A9, CSF3, etc.), extracellular matrix breakdown enzymes, and coagulation (2, 5–13). Because of the involvement of multiple genetic regulatory networks, IBD is a complicated and heterogeneous disease and remains difficult to cure. Although conventional drugs such as 5-aminosalicylates, corticosteroids, and immunomodulators have limited efficacy and unavoidable side effects, they are still used as first-line agents for the treatment of mild to moderate IBD (3, 14). Even recently developed drugs, such as antibodies against TNFα, α4β7 integrins, and interleukins, as well as inhibitors of Janus kinase, confer only 30% to 60% efficacy for remission of IBD in clinical trials (3, 15, 16). The reason for the limited efficacy of IBD drugs is the fact that these drugs can only inhibit one genetic regulatory network of IBD; thus, discovering top regulators of IBD is necessary for developing new drugs to target all genetic regulatory networks involved in IBD to obtain higher efficacy.

MicroRNA (miRNA) can regulate hundreds to even up to thousands of direct target genes; therefore, it could be a top regulator for chronic diseases with multiple genes involved. For example, the miR-183-96-182 cluster regulates approximately 80% of genes in genetic regulatory network of peripheral injury-induced neuropathic pain, including the sodium channel network and the calcium channel network (17–19). It is known that miR-146a regulates innate immune responses through repressing two targets, IL-1 receptor-associated kinase 1 (IRAK1) and TNF receptor-associated factor 6 (TRAF6), in a negative feedback manner (20–24), and that miR-146a-deficient mice with a 129.B6, but not C57BL/6, genetic background have an elevated serum level of IL6 and develop aging-related autoimmune diseases with multiorgan (liver, kidneys, and lungs) inflammation (25). However, the role of miRNA-146a in intestinal inflammation is controversial (26, 27), and all genetic regulatory networks regulated by miR-146a and the function of miR-146a in IBD have not been fully uncovered. Here, we showed that miR-146a-deficient mice developed severe IBD after induction of dextran sulfate sodium (DSS) through de-repression of multiple genetic regulatory networks, and the combination of the modified miR-146a-5p and miR-146a-3p mimics (and not when administered on their own) can attenuate IBD symptoms in both miR-146a-null and WT mice via repressing the genetic regulatory networks.





Materials and methods




Animals

In this study, all animals were housed at 21°C with 50% humidity, on a 12-h light:12-h dark schedule in the standard animal facility, five per cage, in accordance with the guidelines of Tongji University, and all animal work was conducted under ethical permission from the Tongji University ethical review panel.

MiR-146a+/- mice were generated by Cyagen Biosciences Inc. (Guangzhou, China) using CRISPR/Cas9 technology. Briefly, in vitro transcribed Cas9 mRNA and gRNA (gRNA1: TGCACCACCCATGATAGGGCAGG, gRNA2: GCTTCGCTTTTCCCAACCGGAGG) were injected into fertilized eggs of C57BL/6N mice. PCR product sequencing using two pairs of primers (miR-146a F1, 5′ AAGGGAAGGATTGAACATGACACA 3′, miR-146a R1 5′ TTATTGCCTCTCTACAAGGACCTG 3′, and miR-146a R2 5′ ACCATCAATAGCAGAGATGACTGG 3′) was performed to identify F0-generation mice carrying a miR-146a knock-out allele. The positive F0-generation mice were then mated with wild-type C57BL/6N mice to obtain F1-generation mice, and the F1-generation miR-146a+/- mice were identified by PCR, and Sanger sequencing confirmed a deletion of 1,467 bp, which did not affect the gene sequence of the gene Gm12148 which is close to miR-146a. Male and female experimental WT C57BL/6N mice were purchased from Vital River Laboratory Animal Technology Co., Ltd. (Zhejiang, China).





Collection of human samples

During colonoscopy, biopsy samples were collected from 22 adult patients with ongoing gut symptoms by the Department of Gastroenterology, The Third Xiangya Hospital, Central South University according to the ethics permit (R19057) approved by the Ethics Committee of The Third Xiangya Hospital. All fresh samples from patients who requested biopsy examination and agreed to donate biopsy tissue for our research were included in this study, with no exclusion criteria. Among them, six subjects were without IBD (non-IBD), and seven and nine patients were with IBD in the active stage (active IBD) or inactive stage (inactive IBD). The information of patients with IBD is provided in Table S1. Biopsy samples were immediately frozen in dry ice and stored in a −80°C freezer until further analysis.





DSS-induced experimental colitis and treatment

Experiment 1: 2% DSS (molecular weight of 36–50 kDa, MP Biomedicals, Irvine, CA, USA) in water was used to induce C57BL/6N mice and miR-146a+/- mice to become IBD models. WT and miR-146a+/- mice were randomly divided into four groups: WT control group, miR-146a+/- control group, DSS-treated WT group, and DSS-treated miR-146a+/- group. Control group mice had free access to tap water, and DSS group mice and three additional miR-146a-/- mice were given 2% DSS in drinking water for 6 days to induce experimental colitis and fed with water on day 7. Mice were sacrificed on day 7 and samples were collected.

Experiment 2: To investigate the efficacy of miR-146a mimics in DSS-induced miR-146a-/- IBD mice, miR-146a-/- mice were randomly divided into three groups: saline control group, saline + DSS group, and miR-146a mimics + DSS group. Saline control group mice had free access to tap water and treated with vehicle saline. Saline + DSS group and miR-146a mimics + DSS group mice were given 2.5% DSS (a new batch from the same supplier) in drinking water for 7 days to induce experimental colitis; meanwhile, saline and miR-146a mimics [the modified miR-146a-5p mimics (40 pg per gram of body weight) and miR-146a-3p mimics (80 pg per gram of body weight)] were purchased from Suzhou Biosyntech Co. Suzhou, China (Supplementary Table S2) and administrated via gavage and intraperitoneal injection every other day from day 1 for five times, respectively. Mice were sacrificed on day 9 and samples were collected.

Experiment 3: To examine the efficacy of miR-146a mimics in DSS-induced WT mice, C57BL/6N mice were randomly divided into three groups: saline control group, saline + DSS group, and miR-146a mimics + DSS group. Saline control group mice had free access to tap water and treated with vehicle saline. Saline + DSS group and miR-146a mimics + DSS group mice were fed with 2.5% DSS containing water on day 1 and followed with 2% DSS containing water from day 2 to day 6, and treated with vehicle saline and miR-146a mimics [the modified miR-146a-5p mimics (6.5 pg per g body weight) and miR-146a-3p mimics (3.25 pg per g body weight)], respectively, via intraperitoneal injection every other day from day 1 for five times. Mice were sacrificed on day 9 and samples were collected.





Evaluation of the disease activity index

The disease activity index (DAI) was determined by weight loss, stool consistency, and fecal occult blood.

The weight loss score is as follows: 0 points, <1%; 1 point, 1%–5%; 2 points, 5%–10%; 3 points, 10%–20%; and 4 points, >20%. The stool consistency is divided into three conditions: 0 points, normal stool; 2 points, loose stool; and 4 points, water-like stool. The feces was stained with the fecal occult blood test kit (Zhuhai BaSO Biotechnology Co., Zhuhai, China), and the fecal occult blood was scored according to the following scale: 0 points, negative; 2 points, positive; and 4 points, obvious blood on feces. Note that spouted rectal bleeding, which was indicated by bloodstain on mouse tail, was not counted in the score of fecal occult blood.





Collection of mouse colon tissues and measurement

Colons were quickly removed from mice, and their length was measured and photographed. After removing the content, the colon was washed twice with cold saline. Dissected colon tissues were snap-frozen and stored at −80°C for RT-qPCR detection. For immunofluorescence and histochemical staining detection, colons were immersed in 4% PFA overnight and embedded in paraffin after progressive dehydration.





RNA sequencing

Total RNA was isolated from colons using Trizol Reagent (Thermo Fisher Scientific, Massachusetts, USA) and 1 µg of total RNA was used for library preparation according to Illumina standard instruction (VAHTS Universal V6 RNA-seq Library Prep Kit for Illumina®). An Agilent 4200 bioanalyzer was employed to evaluate the concentration and size distribution of cDNA library before sequencing with an Illumina novaseq6000. The protocol of high-throughput sequencing was followed according to the manufacturer’s instructions (Illumina). The raw reads were filtered by Seqtk before mapping to genome using Hisat2 (version: 2.0.4) (28). The gene fragments were counted using stringtie (v1.3.3b) followed by TMM (trimmed mean of M values) normalization (29–31). Significant differentially expressed genes (DEGs) were identified as those with a p value < 0.01 and fold change >2 using the edgeR software (32). The RNA-seq raw data as well as gene read counts for individual samples are accessible at Gene Expression Omnibus (GEO) under accession number GSE247433.





Real-time quantitative RT-PCR

Total RNA was extracted from mouse colons and human samples using Trizol reagent (Thermo Fisher Science, Massachusetts, USA) and 2 μg of total RNA was reverse-transcribed with the Revert Aid First Strand Gene Synthesis Kit (Thermo Fisher Science, Massachusetts, USA). Using SYB-Green and the ABI QuantStudio 3 machine (Thermo Fisher Scientific, Massachusetts, USA), the expression level of Mmp3, Mmp8, Mmp10, Il6, Il1a, Il1b, Cxcl2, Cxcl3, S100a8, S100a9, Lcn2, Serpine1, Serpine2, Ccl3, Saa3, and Csf3 was quantified by real-time PCR with specific primers listed in Supplementary Table S3 and normalized to Gapdh RNA. For miRNA detection, 1 μg of total RNA was polyadenylated and reverse-transcribed using the Catch-All™ miRNA & mRNA RT-PCR Kit (Pengekiphen, Suzhou, China) according to the manufacturer’s instructions. Subsequently, qRT-PCR assays were conducted using the Catch-All™ miRNA & mRNA universal PCR primer as the reverse primer, and the specific miRNA forward primers listed in Supplementary Table S3 or as previously described (18). The amplification conditions were as follows: an initial step at 95°C for 10 min, and 40 cycles of 15 s at 95°C and 1 min at 60°C. All assays were performed in triplicate and negative controls were included by omitting the template. The Ct value was recorded for each reaction, and the expression level of miRNAs was calculated relative to U6, a ubiquitously expressed snRNA.





Hematoxylin and eosin staining

Paraffin sections with a thickness of 4 µm were stained using a hematoxylin and eosin (HE) staining kit (Solarbio Life Sciences, Beijing, China) according to the user manual. The slides were evaluated blindly by experienced pathologists, and histological scores were evaluated according to previous studies (33, 34) based on the following parameters: the area affected by inflammatory infiltration and tissue damage.





Histological analysis and grades

Three random areas of each colon sample were photographed, with the grades of inflammatory cell infiltration and tissue damage scored according to the following criteria: (1) Inflammatory cell infiltration: 0 point, no inflammatory infiltration; 1 point, less inflammatory infiltration in the lamina propria; 2 points, the muscular layer of the mucosa infiltrates, thickening of the mucosa; 3 points, inflammatory cells penetrate the submucosa; (2) tissue damage: 0 point, no epithelial cell changes; 1 point, goblet cell deletion; 2 points, a large area of goblet cells is missing, crypt is missing; 3 points, extensive destruction of the structure of the mucosa and extension to the muscular layer of the intestine. The mean of scores of the three areas represented the grade of colitis in each animal.





Immune fluorescence staining and measurement

Immunostainings on 4-μm paraffin sections were performed as described previously (35). The following primary antibodies were used: MMP3 antibody (Abcam, #AB52915, 1:100), MMP8 antibody (Abcam, #AB53017, 1:1,000), MMP10 antibody (Abcam, #AB261733, 1:100), IL6 antibody (CST, #12912s, 1:200), IL1A antibody (Abcam, #AB300499, 1:50), IL1B antibody (Abcam, #ab234437, 1:50), CXCL2 antibody (Thermo, #MA5-23737, 1:100), CXCL3 antibody (Abcam, #ab220431, 1:1,000), S100A8/S100A9 antibody (Abcam, #ab288715, 1:500), NF-κB p65 antibody (Abcam, #ab16502, 1:1,000), Phospho-NF-κB p65 antibody (CST, #3033, 1:1,000), TRAF6 antibody (Abcam, #ab33915, 1:1,000), and IRAK-1 antibody (Abcam, #ab218130, 1:200). Secondary antibodies were conjugated with AlexaFluor 488 (Thermo Fisher Scientific, Massachusetts, USA, 1:1,000). Nuclei were counterstained with DAPI (Sigma, #MBD0015, 1:10,000). Fluorescent images were captured with a confocal laser microscope (Spin SR10, Olympus, Japan) and processed with Adobe Photoshop software.

The fluorescence signal intensities of MMP3, MMP8, MMP10, IL6, IL1A, IL1B, CXCL2, CXCL3, S100A8+S100A9, NF-κB (p65), Phospho-NF-κB (p65), TRAF6 and IRAK1 were measured using ImageJ on three sections, which came from every ninth serial sections from distal colon of three WT mice and three miR-146a+/- mice; three DSS-treated WT mice and three DSS-treated miR-146a+/- mice in experiment 1, and every ninth serial sections from distal colon of three saline treated miR-146a-/- mice, three saline + DSS treated miR-146a-/- mice and four mimics + DSS miR-146a-/- mice in experiment 2, and three every ninth serial sections from distal colon of three saline treated WT mice, three saline + DSS treated WT mice and four mimics + DSS WT mice.





Cy3-conjugated mimics treatment

Sixteen 8-week-old C57BL/6N mice were randomly divided into four groups and fasted for 6 h, and then mice were intraperitoneally injected or administrated via gavage with miR-146a-5p mimics (6.5 pg per gram of body weight) and miR-146a-3p mimics (3.25 pg per gram of body weight), or treated in combination with miR-146a-5p mimics (6.5 pg per gram of body weight) and miR-146a-3p mimics (3.25 pg per gram of body weight), or served as untreated controls. Colon tissues were collected 4 h after treatment of miR-146a mimics and fixed in 4% PFA overnight. Colon tissues were embedded in OCT after immersion in 15% sucrose and 30% sucrose overnight, and sectioned in a cryostar (NX50, Thermo Fisher Scientific) at a thickness of 14 μm. The colon cryosections were stained with DAPI and photographed using a confocal microscope (Zeiss 710, Germany).






Results




Haploinsufficiency of miR-146a augmented DSS-induced IBD

To investigate whether miR-146a is involved in IBD, we employed RT-qPCR to quantify the expression level of miR-146a in the colon of patients, and the results demonstrated that miR-146a-3p was significantly expressed higher in the colon of patients with IBD in both the active stage and the inactive stage than that in non-IBD patients who had other types of bowel disease, and that there was an increasing trend in expression level of miR-146a-5p in the colon of patients with IBD compared to patients without IBD (Figure 1A). Since the expression of miR-146a could be increased in patients with other types of bowel diseases (36) and it is difficult to obtain colon tissues from healthy people, we generated an IBD mouse model by induction with 2.5% DSS and found that both miR-146a-5p and miR-146a-3p were upregulated by more than two fold in the colon of DSS-treated wild type (WT) mice when compared to untreated control WT mice (Figure 1B). These findings suggest that miR-146a-5p and miR-146a-3p were involved in the development of IBD.




Figure 1 | Haploinsufficiency of miR-146a led to severe inflammatory bowel disease (IBD). (A) The expression levels of miR-146a-5p and miR-146a-3p in the colon of patients without IBD (n = 6) or with IBD in the active stage (n = 7) or the inactive stage (n = 8) was quantified by RT-qPCR; the results represent two independent experiments with triplicates of each sample. (B) The expression level of miR-146a-5p and miR-146a-3p in the colon of WT mice treated with (n = 4) or without DSS (n = 7); the results represent two independent experiments with triplicates of each sample. (C) The schematic view of the experiment procedure of the DSS-induced IBD mouse model. (D–I) Body weight change (D, E), stool score (F, G), and disease activity index (H, I) of female [(D, F, H), n = 5, 5, 6, and 8] and male [(E, G, I), n = 5, 5, 6, and 8] WT and miR-146a+/- mice with or without 2% DSS treatment for 6 days. The results represent three independent animal experiments. (J, K) All 2% DSS-treated female [(J), image on the right] and male [(K), image on the right] miR-146a+/- mice had massive rectal bleeding (arrows point to the end of bloodstain on tails), but none of the 2% DSS-treated WT female [(G), left] and male [(H), left] mice did. (L, M) Colon length of female [(L), n = 5, 5, 6, and 6], and male [(M), n = 5, 5, 6, and 5] WT and miR-146a+/- mice treated with or without 2% DSS. Mean ± SD: female groups: WT Control = 8.56 ± 0.56 cm, miR-146a+/- Control = 8.46 ± 0.62 cm, WT+DSS = 6.967± 0.70 cm, miR-146a+/-+DSS = 5.2 ± 0.38 cm; male groups: WT Control = 8.64 ± 0.52 cm, miR-146a+/- Control = 8.42 ± 0.58 cm, WT+DSS = 8.7 ± 1.64 cm, miR-146a+/- DSS = 5.22 ± 0.38 cm. (N, O) Hematoxylin and eosin (HE) staining of the sagittal section of the colon derived from WT and miR-146a+/- mice treated with or without 2% DSS (N) and histological score of HE-stained sections (O), n = 6. All data were shown as mean ± SD *p < 0.05, **p < 0.01, ***p < 0.001, Student’s t-test was used in (A, B), two-way ANOVA analysis was performed in (D–I), and one-way ANOVA was applied in (L–O). n.s., no significance.



To further decipher the function of miR-146a in IBD, we generated a global miR-146a knock-out (KO) mouse line using CRISPR/Cas9 technology (Supplementary Figures S1A–C) and used DSS to induce mice for the development of colitis symptoms (Figure 1C). During the treatment of 2% DSS in drinking water from day 1 to day 6, the body weight of DSS-treated female (Figure 1D) and male (Figure 1E) miR-146a+/- mice dropped significantly from day 5 to day 7 compared with DSS-treated WT mice, untreated control miR-146a+/-, and WT mice, while DSS-treated female and male WT mice did not show significant body weight loss when compared to untreated WT control mice (Figures 1D, E). The stool scores of both DSS-treated WT and miR-146a+/- mice were dramatically increased from day 3 when compared to untreated controls, but there was no significant difference in stool score between DSS-treated WT and miR-146a+/- mice (Figures 1F, G). The DAI was significantly higher in DSS-treated female and male miR-146a+/- mice than in DSS-treated female and male WT mice (Figures 1H, I) from day 5 to day 7. Moreover, all 2% DSS-treated female and male miR-146a+/- mice had bloodstain on their tails, which indicated massive rectal bleeding, while 2% DSS-treated WT female and male mice did not (Figures 1J, K). Colon length and histological score are two key parameters that indicate the severity of colitis. The results showed that there was no difference in colon length between untreated WT and miR-146a+/- mice, and that 2% DSS treatment significantly shortened colon length (19%) in WT female, but not male, mice and the colon lengths of DSS-treated female and male miR-146a+/- mice were shortened by 39% and 38% when compared to untreated female and male miR-146a+/- control mice, and were also significantly shorter than DSS-treated female and male WT mice, respectively (Figures 1L, M). Colon sections of different groups were histologically stained and examined. We found that DSS treatment caused significant destruction of epithelial layer and induced inflammation in the colon of WT mice when compared to untreated WT control, and the colon derived from DSS-treated miR-146a+/- mice showed a higher histological score, with more inflammatory cell infiltration and tissue damage, than untreated miR-146a+/- and DSS-treated WT mice. Interestingly, untreated miR-146a+/- mice exhibited a slightly higher histological score, which can be attributed to inflammation when compared to untreated WT mice, indicating that miR-146a represses inflammation responses under physiological conditions (Figures 1N, O). These findings indicate that the insufficiency of miR-146a promotes the development of IBD from three aspects: colitis, bleeding, and body weight loss, and suggest that miR-146a plays a vital role in preventing the development of IBD.





MiR-146a repressed multiple genetic regulatory networks in IBD

We next investigated the genetic regulatory network regulated by miR-146a in IBD. Total RNA was extracted from colons of three untreated WT mice, three 2% DSS-treated WT mice, and three DSS-treated miR-146a-/- mice. RNA sequencing data demonstrated that 479 and 512 genes that met the criteria of p < 0.01 and |log2(Fold change)| > 1 were up- and downregulated in WT mice after DSS treatment, respectively (Figure 2A; Supplementary Table S4). However, much more genes (1,465 versus 479) were upregulated and 791 genes were downregulated in DSS-treated miR-146a-/- mice with the same criteria compared to untreated WT mice (Figure 2B; Supplementary Table S4). Maintaining p < 0.01 but lowering fold-change criteria from sixfold to fourfold or to twofold led to a disproportionate increase in upregulated genes shared between DSS-treated WT and miR-146a-/- mice and maintaining close to 67% shared gene regardless of fold-change threshold (Figures 2C, D). A disproportionate increase in IBD-related genes was also observed to be shared between DSS-treated WT and miR-146a-/- mice when lowering the fold-change criteria and maintaining more than 77% shared IBD-related gene from change thresholds of twofold (77%) to sixfold (98%) (Figures 2E, F). When increasing fold-change threshold to 10, 28 out of 71 upregulated genes in DSS-treated WT mice were IBD-related genes, while 128 out of 381 upregulated genes in DSS-treated miR-146a-/- mice were IBD-related genes, and 29 (such as Il1a, Il11, Il5ra, Il1r2, Cxcl13, Cxcl5, Osm, Arg1, Igfbp5, and Vsig4) out of 128 genes were predicted to be direct target genes of miR-146a by TargetScan8.0 (Supplementary Figures S2A, B; Supplementary Table S5). When further elevating fold-change threshold to 45, the number of upregulated IBD-related genes in DSS-treated miR-146a-/- mice was 10 times more (55 versus 5) than that in DSS-treated WT mice (Supplementary Figures S2C, D). However, the number of genes downregulated more than 10-fold in DSS-treated miR-146a-/- mice was not remarkably increased when compared to DSS-treated WT mice (64 versus 45, Supplementary Figures S2E, F; Supplementary Table S5). These findings suggest that miR-146a mainly inhibits expression of DSS-induced genes, especially IBD-related genes.




Figure 2 | MiR-146a repressed DSS-induced IBD-related genes. (A, B) Volcano map of gene expressions (p < 0.01, |log2(Fold change)| > 1) in colons of DSS-treated WT (A) or miR-146a-/- mice (B) when compared to untreated WT mice. (C) Shared regulated genes in colons increased between DSS-treated WT and miR-146a-/- mice with different inclusion criteria. (D) Similar percentage of shared regulated genes in the colon between DSS-treated WT and miR-146a-/- mice with different inclusion criteria. (E) Number of shared regulated IBD-related genes in colons increased between DSS-treated WT and miR-146a-/- mice with different inclusion criteria. (F) Comparable percentage of shared regulated IBD-related genes in colons between DSS-treated WT and miR-146a-/- mice with different inclusion criteria. (G) Volcano plot of differentially expressed genes in colons of DSS-treated miR-146a-/- mice when compared to DSS-treated WT mice. (H) The number of upregulated IBD-related genes in colons of miR-146a-/- mice when compared to DSS-treated WT mice. (I) The fold change and the interaction network of selected representative upregulated IBD-related genes, Il1a, Il1b, Il6, Ccl3, Cxcl2, Cxcl3, Saa3, Csf3, Lcn2, Mmp3, Mmp8, Mmp10, Serpine1, Serpine2, S100a8, and S100a9. String APP in Cytoscape was used to analyze the protein functional network (37, 38). (J) The expression levels of Mmp3, Mmp8, Mmp10, Il6, Il1a, Il1b, Cxcl2, Cxcl3, S100a8, S100a9, Lcn2, Serpine1, Serpine2, Ccl3, Saa3, and Csf3 in colons of WT control, DSS-treated WT, miR-146a-/,- and DSS-treated miR-146a-/- mice measured by RT-qPCR; the results represent two independent experiments with triplicates of each sample. Data were shown as mean ± SD *p < 0.05, **p < 0.01, ***p < 0.001, Student’s t-test, n = 4, 4, and 3. n.s., no significance.



Further analyses found that 963 and 529 genes that met the criteria of p < 0.01 and |log2(fold change)| > 1 were up- and downregulated in DSS-treated miR-146a-/- when compared to DSS-treated WT mice, respectively (Figure 2G; Supplementary Figure S3A). Principal component analysis also showed that the mRNA expression profile in the colon of DSS-treated miR-146a-/- mice was separated from DSS-treated WT mice and naïve mice (Supplementary Figure S3B).When increasing fold-change threshold to 10, 225 and 41 genes were up- and downregulated in DSS-treated miR-146a-/- mice when compared to DSS-treated WT mice, respectively, and 64 out of 225 were IBD-related genes (Supplementary Figures S3C, D). Hundreds of IBD-related genes were further induced by DSS in miR-146a-/- mice more than twofold and 141 IBD-related genes were upregulated by more than fourfold when compared to DSS-treated WT mice (Figure 2H; Supplementary Figure S3E). These upregulated IBD-related genes belong to genetic regulatory networks of innate immune responses, intestinal epithelial and vascular endothelial barriers, and coagulation, corresponding to all symptoms of IBD (colitis, bleeding, bowel problems, and body weight loss) (Supplementary Figures S3C, E). It is known that cytokines, chemokines, and other pro-inflammatory factors are upregulated in patients with IBD (39–41). Matrix metalloproteinases (MMPs) destroy the extracellular matrix, damage the intestinal epithelial barrier and vascular endothelial barrier, and subsequently affect digestion and absorption, leading to bleeding (6). Another reason for massive bleeding is dysfunction in coagulation (13). Thus, 16 out of 141 further upregulated more than fourfold genes, which shows that multiple genetic regulatory networks involved in IBD were selected for validation: Il1a, Il1b, and Il6 from the cytokine family; Ccl3, Cxcl2, and Cxcl3 from the chemokine family; Serum Amyloid A3 (Saa3), colony stimulating factor 3 (Csf3), Lipocalin-2 (Lcn2), S100a8, and S100a9 from pro-inflammatory factors; Mmp3, Mmp8, and Mmp10 from the MMP family; and Serpine1 and Serpine2 from the Serpin family, which inhibits serine proteases including thrombin, urokinase, and plasmin and is related to coagulation (Figure 2I; Table 1).


Table 1 | Expression of 16 genes in WT, DSS-treated WT, and miR-146a-/- mice.



Quantitative RT-PCR confirmed the dramatic upregulation of these 16 genes in the colon of DSS-treated miR-146a-/- mice compared to DSS-treated WT mice, and the expression levels of Mmp3, Mmp8, Mmp10, Il1a, Il1b, Cxcl2, Cxcl3, S100a8, S100a9, Lcn2, Ccl3, and Saa3 increased in the colon of DSS-treated WT mice compared to WT control mice (Figure 2J). It is also interesting to find that the expression levels of Mmp8, Mmp10, Cxcl2, Cxcl3, S100a8, S100a9, Ccl3, and Csf3 increased in the colon of DSS-treated WT mice comparing to WT control mice (Figure 2J). Further immunostaining demonstrated that the protein expression levels of MMP3, MMP8, MMP10, IL1A, IL1B, IL6, CXCL2, CXCL3, S100A8, and S100A9 significantly increased in the colon of WT mice after DSS treatment, and further increased in the colon of DSS-treated miR-146a+/- mice. Since it was reported that miR-146a negatively regulated TRAF6 and IRAK1, and that p65 (RelA) is a predicted target of miR-146a-3p, we examined and found that the expression of TRAF6, IRAK1, p65, and p-p65 (phosphorylated p65) was also further upregulated in the colon of DSS-treated miR-146a+/- mice when compared to DSS-treated WT mice (Figures 3A, B). Note that the expression levels of MMP3, MMP8, MMP10, IL1A, IL1B, IL6, CXCL2, CXCL3, S100A8, S100A9, TRAF6, P65, pP65, and IRAK1 increased in the colon of untreated miR-146a+/- mice when compared to untreated WT mice, indicating that miR-146a prevents the allergic response of the intestine to a normal environment (Figures 3A, B). These findings suggest that de-repression of genetic regulatory networks of immunity, intestinal epithelial and vascular endothelial barriers, and coagulation is the molecular mechanism for massive bleeding and body weight loss in DSS-treated miR-146a KO mice.




Figure 3 | Haploinsufficiency of miR-146a led to further upregulation of DSS-induced IBD-related genes. (A) Double staining with DAPI (blue) and antibody (green) against MMP3, MMP8, MMP10, IL1A, IL1B, IL6, CXCL2, CXCL3, S100A8/A9, TRAF6, P65, pP65, or IRAK1 on colon sections derived from control WT, DSS-treated WT, and DSS-untreated and -treated miR-146a+/- mice. The inset images are the high-magnification view of the boxed area on the bottom of the corresponding images. (B) Quantification of immune fluorescence intensity. Data were shown as mean ± SD *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.001, one-way ANOVA, n = 3. The results represent three independent staining experiments.







Supplementation with miR-146a mimics attenuated DSS-induced IBD in miR-146a-/- mice

Next, we examined whether supplementation with miR-146a mimics could relieve DSS-induced IBD in miR-146a-/- mice. MiR-146a-/- mice were divided into three groups, treatment with saline, treatment with 2% DSS and saline, treatment with 2% DSS and miR-146a mimics (Figure 4A). The results showed that 2% DSS induced severe IBD in miR-146a-/- mice with obvious body weight loss and an increase in stool score and DAI, and that the combination of gavage administration and intraperitoneal injection of the modified miR-146a-5p and miR-146a-3p mimics for four times every other day significantly reduced body weight loss, stool score, and DAI in DSS-treated miR-146a-/- mice when compared to DSS + saline-treated miR-146a-/- mice (Figures 4B–D). DSS-induced spouted bleeding of miR-146a-/- mice was eliminated by supplementation with miR-146a mimics (Figure 4E). MiR-146a mimics prevented 32% DSS-induced reduction in the colon length and attenuated the destruction of the intestine as well as inflammatory cell filtration (Figures 4F–H). These results demonstrated that supplementation with miR-146a mimics can relieve DSS-induced IBD in miR-146a-/- mice.




Figure 4 | MiR-146a mimics alleviated DSS-induced IBD in miR-146a-/- mice. (A) The scheme of the rescue experiment. (B–D) Body weight change (B), stool score (C), and disease activity index (D) of saline-treated (n = 11), DSS + saline-treated (n = 12), and DSS + miR-146a mimics-treated (n = 12) miR-146a-/- mice. The results represent three independent animal experiments. (E) All 2% DSS + saline-treated miR-146a-/- mice (middle) had severe rectal bleeding (arrows point to the end of bloodstain on tails), but neither of the saline-treated nor DSS + miR-146a mimics-treated miR-146a-/- mice did. (F) Colon length of saline-treated (n = 11), DSS + saline-treated (n = 12), and DSS + miR-146a mimics-treated (n = 12) miR-146a-/- mice. Mean ± SD: Water + saline = 9.455 ± 0.81 cm, DSS + saline = 6.475 ± 1.2 cm, and DSS + mimics = 7.442 ± 0.79 cm. (G, H) HE staining of the sagittal section of colons derived from saline-treated, DSS + saline-treated, and DSS + miR-146a mimics-treated miR-146a-/- mice (G) and histological score of HE-stained sections (H), n = 4. All data were shown as mean ± SD *p < 0.05, **p < 0.01, ***p < 0.001, two-way ANOVA was used in (B–D) and one-way ANOVA was used in (F–H).







MiR-146a mimics represses expression of multiple genetic regulatory networks

To identify the downregulated IBD-related genes by miR-146a mimics, RNA sequencing was performed and the results illustrated that 135 and 69 genes that met the criteria of p < 0.01 and |log2(Fold change)| > 1 were down- and upregulated in the colon of miR-146a mimics + DSS-treated miR-146a-/- mice, when compared to DSS + saline-treated miR-146a-/- mice, respectively, and 50 out of the 135 genes were downregulated IBD-related genes (Figures 5A, B; Supplementary Table S6). Principal component analysis showed that the mimics treatment pulled the expression profile back towards health status (Supplementary Figure S4). Quantitative RT-PCR showed that the expression levels of Mmp3, Mmp8, Mmp10, Il1a, Il6, Il1b, Cxcl2, Cxcl3, S100a8, S100a9, Lcn2, Serpine1, Serpine2, Ccl3, Saa3, and Csf3 were induced in the colon of DSS + saline-treated miR-146a-/- mice, but reversed by miR-146a mimics (Figure 5C). Further immunostaining demonstrated that the expression levels of MMP3, MMP8, MMP10, IL1A, IL1B, IL6, CXCL2, CXCL3, S100A8, S100A9, TRAF6, p65, p-p65, and IRAK1 were induced by DSS in the colon of miR-146a-/- mice, but repressed by miR-146a mimics (Figures 6A, B).




Figure 5 | The regulatory effects of miR-146a mimics on DSS-induced gene regulatory network in colons of miR-146a-/- mice. (A) The functional interaction network of downregulated genes by miR-146a mimics in the colon of DSS-treated miR-146a-/- mice was analyzed using String database APP in Cytoscape. Out of the 135 downregulated genes, 108 with or without predicted connections (gray lines, inclusion criteria: downregulated fold ≥ 2 and p value <0.01) were shown. Red marked IBD-related genes. Data were derived from five miR-146a mimics + DSS-treated miR-146a-/- mice and six saline + DSS-treated miR-146a-/- mice. (B) The functional interaction network of upregulated genes by miR-146a mimics in colons of DSS-treated miR-146a-/- mice was analyzed using String database APP in Cytoscape. Out of the 69 upregulated genes, 54 with or without predicted connections (gray lines, inclusion criteria: upregulated fold ≥ 2 and p value <0.01) were shown. (C) The expression levels of Mmp3, Mmp8, Mmp10, Il6, Il1a, Il1b, Cxcl2, Cxcl3, S100a8, S100a9, Lcn2, Serpine1, Serpine2, Ccl3, Saa3, and Csf3 in colons of saline-treated, DSS + saline-treated, and DSS + miR-146a mimics-treated miR-146a-/- mice measured by RT-qPCR; the results represent two independent experiments with triplicates of each sample. Data were shown as mean ± SD ***p < 0.001, one-way ANOVA, n = 4, 4, and 4.






Figure 6 | MiR-146a mimics repressed DSS-induced IBD-related genes in colons of miR-146a-/- mice. (A) Double staining with DAPI (blue) and antibody (green) against MMP3, MMP8, MMP10, IL1A, IL1B, IL6, CXCL2, CXCL3, S100A8/A9, TRAF6, P65, pP65, or IRAK1 on colon sections derived from saline-treated, DSS + saline-treated, and DSS + miR-146a mimics-treated miR-146a-/- mice. The inset images are the high-magnification view of the boxed area on the bottom of the corresponding images. (B) Quantification of immune fluorescence intensity. Data were shown as mean ± SD ****p < 0.001, one-way ANOVA, (n = 3, 3, and 4). The results represent three independent staining experiments.







MiR-146a mimics relieved DSS-induced colitis in WT mice

We next examined whether miR-146a mimics could attenuate DSS-induced IBD in WT mice. WT mice were divided into three groups. Two groups of mice were fed with 2.5% DSS in water on day 1, followed by 2% DSS from day 2 to day 6, and water on day 7; the other group of mice were fed with water (Figure 7A). The results showed that DSS induced severe IBD in WT mice with obvious body weight loss and an increase in stool score and DAI, and that intraperitoneal injection of miR-146a-5p and miR-146a-3p mimics for four times every other day did not reduce body weight loss, but decreased stool score and DAI in DSS-treated WT mice when compared to DSS + saline-treated WT mice (Figures 7B–D). Moreover, miR-146a mimics prevented DSS-induced reduction in colon length of WT mice (Figure 7E), and decreased damage to the intestine as well as inflammatory cell filtration (Figure 7F). Quantitative RT-PCR showed that the expression levels of Mmp3, Mmp8, Mmp10, Il6, Il1a, Cxcl2, Cxcl3, S100a8, S100a9, and Lcn2 were induced in the colon of DSS + saline-treated WT mice, but significantly downregulated by miR-146a mimics (Figure 7G). The upregulation of Saa3 was not significantly repressed by miR-146a mimics, and downregulation of Serpine1, Serpine2, and Csf3 was detected in DSS + saline-treated WT mice when compared to saline-treated WT mice. MiR-146a mimics restored the expression levels of Serpine1 and Csf3 (Figure 7G). Surprisingly, the expression of Il1b and Ccl3 was further increased in the colon of miR-146a mimics + DSS-treated WT mice compared to DSS + saline-treated WT mice. Further immunostaining illustrated that the expression levels of MMP3, MMP8, MMP10, IL1A, IL1B, IL6, CXCL2, CXCL3, S100A8, S100A9, TRAF6, p65, p-p65, and IRAK1 were induced by DSS in the colon of WT mice, but reversed by miR-146a mimics (Figure 8). To investigate whether the modified miR-146a mimics were uptaken by intestinal cells, Cy3-conjugated miR-146a-5p mimics and Cy3-conjugated miR-146a-3p mimics were administrated into WT mice via gavage or intraperitoneal injection or combinatory injection, and the fluorescence images captured by confocal microscopy showed that miR-146a mimics were uptaken by intestinal cells 4 h after administration, and more absorption of miR-146a mimics was found in the gavage and intraperitoneal injection combination group (Supplementary Figure S5).




Figure 7 | MiR-146a mimics relieved IBD symptoms through regulating DSS-induced IBD-related genes in WT mice. (A) The scheme of the experiment procedure. (B–D) Body weight change (B), stool score (C), and disease activity index (D) of saline-treated, DSS + saline-treated, and DSS + miR-146a mimics-treated WT mice, n = 5, 8, and 9. (E) Colon length of saline-treated, DSS + saline-treated, and DSS+miR-146a mimics-treated WT mice, n = 5, 8, and 9. Mean ± SD: Water + saline = 8.18 ± 0.44 cm, DSS + saline = 6.75 ± 0.54 cm, and DSS + mimics = 7.467 ± 0.644 cm. The results represent three independent animal experiments. (F) HE staining of sagittal sections of colon derived from saline-treated, DSS + saline-treated, and DSS + miR-146a mimics-treated WT mice and histological score of HE-stained sections, n = 4. (G) The expression levels of Mmp3, Mmp8, Mmp10, Il6, Il1a, Il1b, Cxcl2, Cxcl3, S100a8, S100a9, Lcn2, Serpine1, Serpine2, Ccl3, Saa3, and Csf3 in colons of saline-treated, DSS + saline-treated, and DSS + miR-146a mimics-treated WT mice measured by RT-qPCR. n = 4, 4, and 4. All data were shown as mean ± SD *p < 0.05, **p < 0.01, ***p < 0.001, two-way ANOVA was used in (B–D) and one-way ANOVA was used in (E–G). n.s., no significance.






Figure 8 | MiR-146a mimics repressed DSS-induced IBD-related genes in colons of WT mice. (A) Double staining with DAPI (blue) and antibody (green) against MMP3, MMP8, MMP10, IL1A, IL1B, IL6, CXCL2, CXCL3, S100A8/A9, TRAF6, P65, pP65, or IRAK1 on colon sections derived from saline-treated, DSS + saline-treated, and DSS + miR-146a mimics-treated WT mice. The inset images are the high-magnification view of the boxed area on the bottom of the corresponding images. (B) Quantification of immune fluorescence intensity. Data were shown as mean ± SD, ****p < 0.0001, one-way ANOVA, n = 3, 3, and 4. The results represent three independent staining experiments.







The expression level of IBD-related genes in colon samples from patients with IBD

We next determined whether targets regulated by miR-146a increased in the colon of patients with IBD. Quantitative RT-PCR showed that the expression levels of MMP3, MMP10, IL6, IL1B, S100A8, S100A9, SERPINE1, and CSF3 were higher in the colon of patients with active IBD than non-IBD subjects and patients with IBD in the inactive stage, and the expression level of IL1A was downregulated in patients with IBD in the inactive stage when compared to patients with active IBD (Figure 9). However, MMP8, CXCL2, CXCL3, LCN2, SERPINE2, and CCL3 were not upregulated in the colon of patients with active IBD when compared to non-IBD subjects and patients with IBD in the inactive stage (Figure 9), but we should bear in mind that non-IBD subjects and patients with IBD in the inactive stage do not have health conditions, and these genes could be upregulated in these two groups of patients. Nevertheless, these findings suggest that MMP3, MMP10, IL6, IL1B, S100A8, S100A9, SERPINE1, CSF3, and IL1A are involved in active IBD.




Figure 9 | The expression level of IBD-related genes in human colon samples. The expression levels of MMP3, MMP8, MMP10, IL6, IL1a, IL1b, CXCL2, CXCL3, S100A8, S100A9, LCN2, SERPINE1, SERPINE2, CCL3, and CSF3 in colon specimens of patients without IBD, or with IBD in the active stage or the inactive stage was measured by RT-qPCR; the results represent two independent experiments with triplicates of each sample. n = 6, 7, and 9. Data were shown as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA, n.s., no significance.








Discussion

Here, we showed that the deficiency of miR-146a in mice with a C57BL/6N genetic background facilitates an immune response in the intestine to a normal environment and accelerates the severity of DSS-induced IBD, and that MiR-146a-5p and miR-146a-3P mimics are able to attenuate symptoms of DSS-induced IBD in mice (Figure 10). The underlying molecular mechanism is that miR-146a represses genetic regulatory networks of immune response, extracellular matrix breakdown enzymes, and coagulation in the intestine.




Figure 10 | MiR-146a is a top regulator and potential drug of IBD. Deficiency of MiR-146a augments IBD due to de-repression of multiple genetic regulatory networks involved in IBD, and miR-146a-5p and miR-146a-3p mimics are potential drugs for IBD.



DSS induction in the miR-146a-deficient mice led to dramatic body weight loss, massive rectal bleeding, severe colitis, and damage to the intestine, mimicking the UC in humans, the main type of chronic IBD, which is characterized by recurrent and diffuse colorectal mucosa rupture, inflammation, and bleeding (3, 4). Moreover, miR-146a systematically represses close to 80% IBD genes, which cover multiple genetic regulatory networks of the cytokine family, chemokine family, pro-inflammatory factors, extracellular matrix breakdown enzymes, and coagulation. These findings suggest that miR-146a deficiency might represent major genetic susceptibilities for IBD, and that the miR-146a knock-out mouse is an ideal animal model for the induction of experimental IBD for drug screening and validation. Consistent with our data, Anzola et al. reported that the expression of miR-146a was increased in the colon of TNBS- or DSS-induced mouse models of colitis (42), and Runtsch et al. also demonstrated that the expression of miR-146a was higher in colonic biopsies from patients with UC than in those from healthy controls (27). However, conflicting data reported that the miR-146a knock-out mice with a C57BL/6 genetic background were resistant to DSS-induced colitis due to an enhanced intestinal barrier (27). The inconsistent response to DSS between our miR-146a knock-out mice with a C57BL/6N genetic background and the miR-146a knock-out mice with C57BL/6 is possible due to SNP variants on the direct targets of miR-146a, because it was reported that SNPs between C57BL/6J and C57BL/6N cause phenotypic variances (43), and that two miR-146a knock-out mouse lines were generated by using the same targeting vector, and only the miR-146a knock-out mice with a mixed C57BL/6 × 129/sv (but not C57BL/6) genetic background developed auto-immune diseases (25), which suggests that some pro-inflammatory targets are less repressed by miR-146a in the context of C57BL/6 genetic background. It seems that miR-146a represses inflammatory genes more than intestinal barrier-related genes in C57BL/6N mice, and it is the opposite in C57BL/6 mice. Thus, further investigation of the SNP variants in C57BL/6, 129/sv, and C57BL/6N mice would help develop a precise miR-146a mimic drug for subtypes of patients with IBD.

The RNA profile of the intestine derived from naïve miR-146a knock-out C57BL/6 mice unbiasedly demonstrated that miR-146a regulates many intestinal barrier-related genes, such as the Reg3 family (Reg3α, Reg3β, and Reg3γ), the Muc family (Muc3, Muc4, and Muc13), the Ceacam family (Ceacam1, Ceacam20, and Ceacam18), Epcam, claudins, occludin, and e-Cadherin, as well as a few inflammatory genes, such as Saa1, IL-18, and IL18bp (27). However, keep in mind that many pro-inflammatory genes are not expressed under physiological conditions. Thus, whether miR-146a would regulate more pro-inflammatory genes in the inflamed intestine of C57BL/6 mice is not known. Our RNA profiling data revealed the entire genetic regulatory network regulated by miR-146a in the inflammatory colon of C57BL/6N mice. Previous studies mostly focused on two direct targets of miR-146a, IRAK1 and TRAF6, to address the role of miR-146a in immune response (20, 44, 45). We found that, besides downregulating IRAK1 and TRAF6, miR-146a represses many other potential direct targets, such as Il1a, Il11, Il5ra, Il1r2, Cxcl13, Cxcl5, Osm, Arg1, Igfbp5, and Vsig4. Thus, miR-146a directly targets a number of critical immune response genes to systematically repress the majority of IBD genes induced by the toxic environment factor DSS. Because miRNA is a post-transcriptional regulator that may inhibit the protein translation of direct targets, instead of inducing degradation of target mRNAs under certain circumstances, the percentage of IBD-related genes repressed by miR-146a is likely higher than the corresponding gene number illustrated by RNA sequencing data. An example to support this speculation is that the mRNA levels of Irak1, Traf6, and p65 (RelA) were not significantly increased (Supplementary Table S3), but their protein expression was induced in DSS-treated miR-146a knock-out mice. Our data from DSS-treated miR-146a knock-out mice and RNA expression profile support that miR-146a is a top regulator of IBD and acts as a powerful brake and even a terminator of immune response.

MiRNAs are promising targets for IBD treatment (46–48). Our data demonstrated that the modified miR-146a-5p and miR-146a-3p mimics could attenuate DSS-induced IBD in both miR-146a-deficient and WT mice. We also found that the administration of miR-146a-5p mimics or miR-146a-3p mimics alone was insufficient to substantially relieve IBD in miR-146a-deficient mice (data not shown), indicating that miR-146a-3p also plays an important role in the regulation of IBD. Indeed, many predicted direct targets of miR-146a-3p were upregulated in DSS-treated miR-146a-deficient mice, e.g., p65 (RelA), which is predicted to be targeted by miR-146a-3p, not miR-146a-5p, increased in DSS-treated and untreated miR-146a-deficient mice. In line with our findings that show a significant increase in miR-146a-3p and an increasing trend of miR-146a-5p in patients with IBD compared to non-IBD patients, other laboratories reported that the SNP of miR-146a is associated with IBD (49, 50). For the purpose of late potential translational research, we used a human miR-146a-3p sequence instead of a mouse miR-146a-3p sequence (one nucleotide differs in seed sequence between them, see Supplementary Table S2) in the treatment experiments of mouse models; thus, it is believed that a better efficacy would be achieved if the sequence of the miR-146a-3p mimic matches the applied species. The lower efficacy of the miR-146a-3p mimics relative to endogenous miR-146a-3p explains why miR-146a-deficient mice, which had no endogenous miR-146a-3p, required more miR-146a-3p mimics than WT mice, which had endogenous miR-146a-3p. Given the sequences of mature miR-146a-5p and miR-146a-3p and that the binding sites on their target genes are highly conserved among mouse, rat, and human (51, 52), our findings suggest that miR-146a-5p and miR-146a-3p mimics confer great promise for IBD treatment. Note that the effect of 80 pg/g of miR-146a-5p mimics and 80 pg/g of miR-146a-3p mimics was not as good as the dosage of 40 pg/g of miR-146a-5p mimics and 80 pg/g of miR-146a-3p mimics (data not shown). This suggests that the higher dose of miR-146a-5p mimics could bring side effects, since miR-146a also represses the intestinal barrier function (27). Another possible risk from miR-146a mimics treatment could be an increase in infection as innate immunity was repressed. Thus, the dose of miR-146a mimics is critical for the treatment of IBD.

We also found that the administration of miR-146a mimics only via gavage did not significantly relieve DSS-induced IBD in mice (data not shown), and that only the combination of gavage and intraperitoneal injection did. Intraperitoneal injection enables high concentration of miR-146a mimics in blood to regulate the function of immune cells, which is consistent with the previous reports that show that miR-146a deficiency affects the function of T cells through STAT1, NF-κB, TNF, IRAK1, and TRAF6 (53–55) and B cells via regulating the germinal center response and the secretion of IL1 and IL6 (56–59). Thus, our data suggest that the inhibition of both intestinal inflammation and activation of immune cells is necessary for miR-146a mimics to efficiently treat IBD.

In conclusion, miR-146a acts as a top regulator to systematically repress multiple genetic regulatory networks involved in the immune response of the intestine to environment factors, and the combinatory treatment using miR-146a-5p and miR-146a-3p mimics attenuates DSS-induced IBD in mice through downregulating multiple genetic regulatory networks that were increased in colon tissue from patients with IBD. Our data suggest that the miR-146a knock-out mice with a C57/BL6N genetic background treated with DSS can be a useful model for colitis studies, and that miR-146a-5p and miR-146a-3p mimics may be potential therapeutic drugs for IBD.
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Background

Circadian rhythm disruption (CRD) is thought to increase the risk of inflammatory bowel disease. The deletion of Bmal1, a core transcription factor, leads to a complete loss of the circadian rhythm and exacerbates the severity of dextran sodium sulfate (DSS)-induced colitis in mice. However, the underlying mechanisms by which CRD and Bmal1 mediate IBD are still unclear.





Methods

We used a CRD mouse model, a mouse colitis model, and an in vitro model of colonic epithelial cell monolayers. We also knocked down and overexpressed Bmal1 in Caco-2 cells by transfecting lentivirus in vitro. The collected colon tissue and treated cells were assessed and analyzed using immunohistochemistry, immunofluorescence staining, quantitative reverse transcription-polymerase chain reaction, western blot, flow cytometry, transmission electron microscopy, and terminal deoxynucleotidyl transferase-mediated dUTP nick-end labelling staining.





Results

We found that CRD mice with downregulated Bmal1 expression were more sensitive to DSS-induced colitis and had more severely impaired intestinal barrier function than wild-type mice. Bmal1-/- mice exhibited more severe colitis, accompanied by decreased tight junction protein levels and increased apoptosis of intestinal epithelial cells compared with wild-type mice, which were alleviated by using the autophagy agonist rapamycin. Bmal1 overexpression attenuated Lipopolysaccharide-induced apoptosis of intestinal epithelial cells and impaired intestinal epithelial cells barrier function in vitro, while inhibition of autophagy reversed this protective effect.





Conclusion

This study suggests that CRD leads to the downregulation of Bmal1 expression in the colon, which may exacerbate DSS-induced colitis in mice, and that Bmal1 may serve as a novel target for treating inflammatory bowel disease.
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1 Introduction

Inflammatory bowel disease (IBD), which includes Crohn’s disease and ulcerative colitis (UC), is a chronic non-specific inflammatory disease of the gastrointestinal tract (1). IBD’s worldwide prevalence has become a global public health problem, but its pathogenesis is still unclear (2). Studies have suggested that the main etiology of IBD is an abnormal immune response to complex environmental factors in genetically susceptible individuals (3). This situation ultimately manifests as an abnormal immune system response, abnormal cytokine production, intestinal flora dysbiosis, and impaired intestinal mucosal barrier function. One of the key factors that clinicians find difficult in treating UC is disruption of the intestinal epithelial barrier (3–6). Current treatments for IBD include medical management (rest and nutritional support), pharmacological therapy (anti-inflammatory drugs and immunomodulators), and surgical treatment (total colectomy) (3, 7). An in-depth understanding of the molecular mechanisms underlying the pathogenesis of UC is necessary to enable the development of new strategies and approaches for its treatment.

The circadian clock is a highly conserved endogenous molecular system that controls circadian rhythms on a 24-hour cycle to ensure that internal physiology is synchronized with external environmental changes (8). The main circadian pacemaker in mammals is located in the suprachiasmatic nucleus (SCN) of the hypothalamus. This pacemaker transmits signals from the external environment, such as light and dark cycles, feeding behavior, and locomotion, to the periphery via endocrine and neural connectivity pathways. This process in turn translates from changes in the expression of biological clock genes to changes in the expression of clock control genes, thereby directly or indirectly regulating many physiological functions (9). Biological clocks are present in most tissues and organs, and are closely related to growth, body temperature, hormone secretion, metabolism, and the immune response. In particular, biological clocks are related to many physiological functions of the colon, such as barrier function represented by intestinal permeability, and also exhibit day-night rhythms (10–12). However, because of shift work, jet lag, and nighttime eating, circadian rhythm disruption (CRD) is occurring in an increasing number of people in the current society,. which is associated with many diseases, such as cancer, metabolic syndrome, and cardiovascular disease (13–15). And the relationship between CRD and IBD has been confirmed by several studies:circadian rhythm gene expression patterns are disturbed in patients with IBD (16); disruption of the circadian clock by sleep disorders increases the risk of IBD and the severity of disease in patients with IBD (17, 18); mice with disrupted central circadian rhythms are more susceptible to dextran sodium sulfate (DSS) or 2,4,6-trinitro-benzenesulfonic acid injury and exhibit more severe colitis (19–21), accompanied by a decline in the richness and diversity of the gut microbiota (22); similarly, mice with disturbed peripheral rhythms also exhibit more severe colitis, which may be related to disruption of intestinal barrier function, reduced relative abundance of short-chain fatty acid (SCFA)-producing bacteria and elevated phosphorylated STAT3 (23). The aryl hydrocarbon receptor nuclear translocation-like protein 1 (Bmal1) is a central transcriptional activator of the mammalian biological clock that plays a crucial role in the life activities of the organism (24). A heterodimer composed of BMAL1 and CLOCK mediates the transcription of tissue-specific genes and other negative feedback loops by binding to the E-box element in the promoter. This process forms the molecular basis of circadian rhythms (25), and disruption or deletion of Bmal1 can cause a complete loss of circadian rhythms in the organism and consequently result in a series of physiological abnormalities (24). A loss of rhythmic oscillations in Breg cells in intestinal epithelial lymphocytes, a reduction in the number of Breg+ PDL1+ cells, and dysfunction of CD4+ T cells in mice lacking the core biological clock gene Bmal1 promote DSS-induced colitis and IBD-related colorectal cancer in mice (26). Furthermore, the circadian rhythm of regeneration in Bmal1-/- mutant mice is disrupted and reduced during recovery from DSS-induced colitis, with a concomitant reduction in cell proliferation (27). The above-mentioned evidence suggests that Bmal1 is closely associated with normal physiological functions of the gut. Specifically, the circadian protein Bmal1 is a negative regulator of IBD; however, the intrinsic mechanism of how Bmal1 mediates IBD is unknown.

Intestinal barrier dysfunction is an important pathogenic mechanism of UC (3). The physical barrier established by tight junctions (TJs) between intestinal epithelial cells (IECs) protects the body’s intestinal mucosa from external factors, such as pathogenic microorganisms (28). Autophagy is a highly conserved process in eukaryotic evolution by which damaged organelles or malfunctioning cytoplasmic proteins are transported to lysosomes for degradation. As a protective mechanism, autophagy plays a crucial role in maintaining the stability of the intestinal lining, regulating intestinal microbes and the immune response. A relationship between autophagy and intestinal barrier function has been demonstrated. Autophagy maintains intestinal barrier function by attenuating intestinal cell death and regulating TJ proteins (29, 30). However, a lack of autophagy is associated with a variety of human diseases including IBD (31). Bmal1 interacts with autophagy to play a major role in the development of disease. HSA-let-7f-1–3p, which is a micro RNA targeting the circadian gene Bmal1, can mediate the process of intervertebral disc degeneration by regulating autophagy (32). Additionally, Bmal1 overexpression is effective against angiotensin II-induced cardiac hypertrophy by regulating autophagy (33). However, to date, no studies have associated Bmal1 with autophagy in colitis and intestinal barrier function.

Therefore, in this study, we first investigated the effects of CRD on UC and found that CRD significantly exacerbated colitis in mice by impairing intestinal barrier function and increasing apoptosis of IECs. Mechanistically, CRD resulted in the downregulation of Bmal1 expression, while Bmal1 regulated intestinal barrier function by regulating autophagy. Taken together, our study suggests a protective role of Bmal1 in IBD. These findings expand new perspectives for studying the molecular mechanisms of circadian rhythms in colitis.




2 Materials and methods



2.1 Ethical considerations

All mouse experiments were approved by the Laboratory Animal Ethics Committee of Tongji Hospital and conducted in accordance with relevant guidelines and regulations.




2.2 Chemicals and reagents

Fluorescein isothiocyanate (FITC)-dextran 4000 (FD-4), lipopolysaccharide (LPS), 3-methyladenine (3-MA), wortmannin, and rapamycin were purchased from Sigma-Aldrich (St. Louis, MO). Tumor necrosis factor (TNF)-α and interferon (IFN)-γ were obtained from PeproTech (Rocky Hill, NJ). Dulbecco’s modified Eagle’s medium and fetal bovine serum were procured from GIBCO (Carlsbad, CA). Negative control lentivirus (LV-Vector), Bmal1-expressing lentivirus (LV-Bmal1), negative control-shRNA lentivirus (LV-shNC), and Bmal1-shRNA lentivirus (LV-shBmal1) were purchased from GeneChem (Shanghai, China). Primary antibodies against Bmal1 (1:1000), Bax (1:1000), and cleaved caspase-3 (1:500) were purchased from Abcam (Cambridge, UK). Bcl-2 (1:1000) was purchased from Abclonal (Wuhan, China). ZO-1 (1:5000), Occludin (1:5000), Claudin-1 (1:1000), and β-actin (1:5000) were purchased from Proteintech (Wuhan, China). Antibodies against LC3B (1:1000), Beclin-1 (1:1000), and P62 (1:1000) were purchased from Cell Signaling Technology (Danvers, MA).




2.3 Cell culture

The Caco-2 cell line was purchased from the China Center for Type Culture Collection (Wuhan, China). These cells were routinely cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin solution in a humidified atmosphere (95% air/5% CO2) at 37°C. The cultured medium was replaced every 2 days.




2.4 Cell transfection

Caco-2 cells were infected with lentivirus to overexpress Bmal1 (LV-Bmal1) or knockdown Bmal1 (LV-shBmal1). After 72 hours of infection, the cells were then screened for 2 weeks using 5 μg/ml puromycin. Selected cells were identified as stable cell lines and used for the next experiments. The shBmal1 sequence was GCAGAATGTCATAGGCAAGT.

To visualize autolysosomes/autophagosomes, mRFP-GFP-LC3 lentivirus was transfected into Caco-2 cells. After appropriate interventions, the cells were fixed with 4% paraformaldehyde and observed with a Nikon Eclipse Ti laser confocal microscope (Nikon, Tokyo, Japan) after being sealed. Autophagosomes were characterized by co-localized green fluorescent protein (GFP) and red fluorescent protein (RFP) fluorescence, whereas autolysosomes showed RFP dots without GFP.




2.5 Detection of Caco-2 monolayer integrity and permeability

The integrity and permeability of the Caco-2 monolayer were determined by estimating transepithelial electrical resistance (TEER) and FD-4 permeability as described previously (34, 35). Briefly, Caco-2 cells were seeded at a density of 1 × 105/cm2 cells on 0.4-μm 12-well hanging cell culture inserts (Corning, NY) and cultured for 21 days, with fluid changes every 2 days for the first 7 days and daily for the last 14 days. When cells were raised to day 21, Transwell plates were slowly washed 3 times with Hank’s balanced salt solution (HBSS) pre-warmed to 37°C. TEER values were measured using an EMD Millipore Millicell-ERS2 Volt-Ohm Meter (Millipore). The entire process was carried out at a 37°C constant temperature to guarantee the stability and accuracy of the value. Three different areas were selected for measuring the TEER value of each well. The final TEER value for each well was the average of the measurements for each well minus the blank control value multiplied by the area of each well of the Transwell plate. To measure the permeability of Caco-2 monolayers, monolayers pretreated with or without 10 ng/ml TNF-α/IFN-γ for 6 hours were washed twice with HBSS, and then 200 μL of FD-4 solution (1 mg/mL in HBSS) was added. After 2 hours of incubation, the concentration of FD-4 in samples extracted from the substrate chamber was evaluated using a fluorescent 96-well plate reader (Biotek, Vermont) at an excitation wavelength of 480 nm and an emission wavelength of 525 nm.




2.6 Mouse models

To investigate the effect of CRD on colitis, 120 male C57BL/6 mice were randomly divided into 4 groups: (a) wild type (WT) group; (b) DSS: WT group; (c) CRD group; and (d) DSS: CRD group. WT group mice were kept in a normal light-dark cycle environment (12 hours light, 12 hours dark) and CRD group mice were kept under constant light for 4 weeks (36). A concentration of 3% DSS (MP Biomedicals, Solon, OH) was added to the drinking water of mice for 7 days to construct the colitis model according to previous studies (37). In the DSS: CRD group, mice were kept under constant light for four weeks and 3% DSS was added to the drinking water at the beginning of the fourth week for seven days. Finally, all mice were sacrificed at the end of the fourth week.

To investigate the association between Bmal1 and autophagy and their role in colitis in vivo, we used Bmal1 knockout male C57BL/6 mice provided by Shulaibao Biotechnology (Wuhan, China). The strain information for Bmal1-/- mice is provided at https://www.jax.org/strain/009100. We divided the mice into 4 groups: (a) WT group; (b) DSS: WT group; (c) DSS: Bmal1-/- group, and (d) DSS: Bmal1-/- + rapamycin group (2 mg/kg/d, intragastric administration for 7 days), each group consisted of six mice.

The mice colitis model was modeled as described above. All mice were sacrificed at the end of the seventh day. Mice were weighed daily and checked for blood in the feces.




2.7 Disease activity index score

The daily observation indices during mouse colitis modeling mainly included changes in body weight, fecal properties, and blood in the feces. The disease activity index (DAI) was calculated as follows: DAI = (weight loss score + fecal trait score + blood in the feces)/3. The scale of the DAI is as follows: 0 points indicates no weight loss, normal fecal traits, and no blood in the feces; 1 point indicates weight loss of 1% to 5%, loose stools, and stool occult blood; 2 points indicate weight loss of 5% to 10%, loose stools, and stool occult blood; 3 points indicate weight loss of 10% to 15%, loose stools, and bloody stools; and 4 points indicate weight loss of ≥ 15%, loose stools, and bloody stools.




2.8 Histological analysis

A histological evaluation and scoring of mouse colon tissue samples were performed according to criteria that have been previously determined (38).




2.9 Intestinal permeability assay

The intestinal permeability of mice was measured according to a published protocol (34).




2.10 RNA isolation and quantitative reverse transcription-polymerase chain reaction

RNA from cells or colon tissues was isolated using the FastPure Cell/Tissue Total RNA Isolation Kit and converted to cDNA using the HiScript II First Strand cDNA Synthesis Kit according to standard protocols. ChamQ Universal SYBR qPCR Master Mix was used for quantitative reverse transcription-polymerase chain reaction (qRT-PCR) amplification. The above-mentioned reagents were supplied by Vazyme (Nanjing, China). The qRT-PCR primers used in this study were synthesized and provided by Tsingke Biotechnology (Beijing, China), and the sequences are shown in Table 1.


Table 1 | Primer sequences used in the study.






2.11 Protein extraction and western blot

To extract cellular or mouse colon proteins after different treatment steps, samples were lysed in RIPA lysis buffer (Servicebio Technology, Wuhan, China) with a protease inhibitor cocktail (MedChemExpress, NJ). Protein concentrations were quantified using the BCA Protein Kit (Servicebio Technology). The supernatant of the lysate was mixed with the upwelling buffer (Servicebio Technology) and boiled at 100°C for 10 minutes. A total of 30 μg of total cellular protein or 50 μg of total tissue protein was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then transferred to a polyvinylidene difluoride membrane (Millipore). The membrane was incubated overnight at 4°C in a configured specific primary antibody after being blocked with 5% skim milk for 1.5 hours. On the following day, the membrane was washed 3 times with tris-buffered saline Tween-20 for 10 minutes each time, followed by incubation with horseradish peroxidase-conjugated secondary antibody for 1.5 hour at room temperature. The membrane was then washed 3 times with tris-buffered saline Tween-20 for 10 minutes each time, and finally, protein bands were visualized using an ECL kit (NCM Biotech, Suzhou, China).




2.12 Immunohistochemistry

Mouse or human colon tissue was fixed in 4% paraformaldehyde, followed by paraffin embedding and sectioning. The prepared sections were used for subsequent immunohistochemical or immunofluorescence staining. To perform immunohistochemical staining, the sections were deparaffinized, hydrated, performed antigen retrieval, quenched by endogenous peroxidase, and blocked before dropwise addition of specific primary antibodies to the sections.

After overnight incubation of the specific primary antibody at 4°, IgG-HRP secondary antibody was added to the slide, and DAB was performed to observe the visible brown staining.




2.13 Immunofluorescence assays

Colon sections were processed in the same way as for immunohistochemistry. The secondary antibody used was CoraLite594-conjugated goat anti-rabbit IgG (H + L) antibody (Proteintech), and the nuclei were stained with 4’,6-diamidino-2-phenylindole (Servicebio Technology).

To perform cell immunofluorescence staining, the cells were fixed with 4% paraformaldehyde for 20 minutes at room temperature for Caco-2 cells or with methanol for 10 minutes at −20°C for Caco-2 monolayers. After permeabilization and blocking, the cells were incubated with specific primary antibodies overnight at 4°. The following day, the cells were incubated with CoraLite594-conjugated goat anti-rabbit IgG (H + L) secondary antibody for 1 hour in the dark. Subsequently, the nuclei were stained with 4’,6-diamidino-2-phenylindole, and the cells were observed by fluorescence microscopy.




2.14 Flow cytometry

The apoptosis rate of treated cells was assessed using flow cytometry. The Apoptosis Detection Kit (Yeasen, Shanghai, China) was used in this experiment. The cells were washed twice with phosphate-buffered saline before resuspension with a binding solution. This was followed by the addition of 5 μl of annexin V-FITC and 10 μl of propidium iodide (PI) to the cell mixture and incubation for 15 minutes at room temperature. Finally, the stained cells were evaluated by a FACScan flow cytometer (Becton Dickinson, San Diego, CA).




2.15 Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labelling staining

Treated cells were stained to assess their apoptosis rate using the One-Step TUNEL Apoptosis Detection Kit (Yeasen) according to the manufacturer’s instructions.




2.16 Transmission electron microscopy

Transmission electron microscopy was used to visualize subcellular structures. Collected cells or colon tissue were fixed with 2.5% glutaraldehyde for 1 hour at room temperature, followed by fixation with osmium tetroxide and embedding in Spurr’s Epon. Ultra-thin sections (60 nm) were then cut and stained with uranyl acetate for 3 minutes. The sections were observed with a Hitachi 7500 electron microscope and photographed with a digital camera. The numbers of autophagosomes and autolysosomes were counted and plotted as histograms.




2.17 Statistical analysis

GraphPad Prism Software Version 8.0 (La Jolla, CA) was used to analyze the data. The data are shown as the mean ± standard deviation (SD). Significant differences between groups were analyzed by Student’s t-test, one-way analysis of variance (ANOVA) or two-way ANOVA, as appropriate. A value of p < 0.05 was considered statistically significant.





3 Results



3.1 CRD exacerbates DSS-induced acute colitis in mice

To study the effects of CRD on UC, we modeled CRD and CRD combined with acute colitis (DSS: CRD) by subjecting mice to constant light environment for 4 weeks and administering %3 DSS or no DSS for 7 days at the beginning of the fourth week. We found that mRNA expression levels of the core biological clock genes Bmal1, Clock, Per1, Per2, Cry1, and Cry2 in mouse colon tissue oscillated in a 24-hour cycle in the WT group, indicating clock rhythmicity. However, rhythmicity was disrupted in the colon tissue of mice raised in a constant light environment, which indicated successful construction of the CRD model (Figure 1A). Among the six biological clock genes in the CRD group compared with the WT group, Bmal1 mRNA expression was the only one that was significantly decreased at all time points. Western blot showed that Bmal1 protein levels in the CRD group were significantly lower than those in the WT group at zeitgeber time (ZT) 0 and ZT12 (Figure 1B, Supplementary Figure 1A), which is consistent with the findings of a previous study (39). We then examined the effect of CRD on acute colitis. We found that CRD significantly exacerbated DSS-induced acute colitis, as shown by a more pronounced weight loss (Figure 1C), a higher disease activity index (Figure 1D), shortened colon length (Figures 1E, F), marked disruption of epithelial crypt structure, and more immune cell infiltration (Figures 1G, H). However, CRD alone in the absence of colitis did not significantly affect the appearance or histological structure of the mouse colon (Figures 1E–H).




Figure 1 | Circadian rhythm disruption aggravates DSS-induced colitis in mice. (A) qRT-PCR analysis of core clock genes in colon tissue of mice in the CRD group and in the WT group at different time points (6 mice/group). (B) Western blot analysis of the core clock gene Bmal1 in whole colon tissue samples from mice in the CRD and in the WT group at ZT0 and ZT12. (C) Body weight curve and (D) DAI of mice in each group (6 mice/group). (E, F) Colon length in each group. (G, H), Representative hematoxylin and eosin–stained sections of distal colon tissue of mice and their corresponding histological score (6 mice/group). Scale bars: 100 μm. Data are presented as the mean ± SD. ns, means no significance, *p < 0.05, **p < 0.01, ***p < 0.001.






3.2 CRD exacerbates IEC apoptosis and impairs intestinal barrier function in the DSS-induced acute colitis model

Previous studies have shown that the genes encoding the TJ proteins Claudin-1 and Occludin are expressed in a daily rhythm in WT mice (12). Additionally, excessive IECs apoptosis and intestinal barrier dysfunction are key factors in the pathogenesis of UC (40). We found that CRD did not significantly affect IEC apoptosis and intestinal barrier integrity in mice that were not subjected to DSS treatment. This finding was confirmed by the similar intestinal permeability (Figure 2A), apoptosis-related proteins (cleaved caspase-3, Bax and Bcl-2), TJ protein levels (Figures 2B, C, Supplementary Figures 2A, B), Periodic Acid-Schiff (PAS) staining (Figure 2D) and Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labelling (TUNEL) staining in WT group and CRD group mice (Figure 2E and Supplementary Figure 2C). However, DSS: CRD group mice showed significantly higher intestinal permeability (Figure 2A), decreased TJ protein levels (Figures 2B, C, Supplementary Figure 2A, B), and more apoptotic IECs (Figures 2B, E and Supplementary Figure 2C) compared with DSS: WT group mice. DSS: CRD group mice also had fewer Goblet cells (Figure 2D), which protect the intestinal epithelial barrier function by secreting mucus (41). These results suggested that CRD aggravated impairment of intestinal barrier function and the apoptosis rate of IECs in the DSS-induced colitis model.




Figure 2 | Circadian rhythm disruption impairs intestinal barrier function and promotes intestinal epithelial cell apoptosis in mice with DSS-induced colitis. (A) Intestinal permeability was measured by detecting blood serum FITC-dextran concentrations in different groups of mice (5 mice/group). (B) Western blot analysis of apoptosis-related proteins (cleaved caspase-3, Bax, and Bcl-2) and TJ proteins (Claudin-1, Occludin, and ZO-1) in whole colon tissue samples from each group of mice. (C) Immunohistochemical staining of Claudin-1, Occludin, and ZO-1 in colon sections from each group of mice. Scale bars: 100 μm. (D) Representative images of PAS staining of colon sections from each group of mice. Scale bars: 100 μm. (E) Representative images of TUNEL staining of colon sections from each group of mice. Scale bars: 100 μm. Data are presented as the mean ± SD. ns means no significance, *p < 0.05.






3.3 Bmal1 expression is decreased in DSS-induced mice model of colitis

As mentioned above, Bmal1 mRNA expression was reduced in the CRD group at all 5 time points, and Bmal1 protein levels were reduced at ZT0 and ZT12 compared with the WT group (Figures 1A, B and Supplementary Figure 1A). Furthermore, previous studies have shown that Bmal1 is the central transcriptional activator of the mammalian biological clock, and its disruption or absence leads to complete loss of circadian rhythms in organisms (24). Therefore, we hypothesized that decreased Bmal1 expression plays a major role in CRD affecting the pathogenesis of UC. Our qRT-PCR, Western blot and immunofluorescence staining results showed that Bmal1 mRNA and protein levels of colon tissue in the DSS group were significantly lower than those in the WT group (Figures 3A–D and Supplementary Figure 3A). All colon tissues used for intercomparison were collected at the same time. Furthermore, our in vitro experiments showed that Bmal1 expression in Caco-2 cells was decreased after 12 hours of incubation with 10 ng/ml TNF-α/IFN-γ (Figures 3E–G). These results suggested that reduced Bmal1 expression may be involved in the pathogenesis of UC.




Figure 3 | Bmal1 is decreased in mice with DSS-induced colitis and an in vitro model of inflammation. (A–D) qRT-PCR, western blot and its quantitative analysis, and immunofluorescent staining analysis of Bmal1 in whole colon tissue samples or colon sections from each group of mice (5 mice/group). Scale bars: 100 μm. (E–G), Western blot and immunofluorescent staining analysis of Bmal1 in Caco-2 cells incubated with or without 10 ng/ml TNF-α and IFN-γ (T/I) for 12 hours. Scale bars: 50 μm. Data are presented as the mean ± SD. **p < 0.01, ***p < 0.001.






3.4 Bmal1 regulates IEC barrier function by modulating TJ protein levels and IEC apoptosis

As shown above, mice in the CRD group had decreased Bmal1 expression, and aggravated impairment of intestinal epithelial barrier function and increased apoptosis were observed in DSS: CRD group compared with DSS: WT group. To further investigate the potential regulatory effects of Bmal1 on intestinal epithelial barrier function, we transfected Caco-2 cells using LV-Bmal1 and LV-Vector, and verified Bmal1 mRNA expression by qRT-PCR (Figure 4A) and western blot (Figure 4C). In addition, mRNA and protein levels of Claudin-1, Occludin and ZO-1 were higher in the LV-Bmal1 group than in the LV-Vector group (Figures 4B, C and Supplementary Figure 4A). Measurements of TEER values in Caco-2 monolayers showed that Bmal1 overexpression enhanced the barrier function of Caco-2 monolayers (Figure 4D). Additionally, TEER values of Caco-2 monolayers expressing high Bmal1 levels declined to a lesser extent after the administration of TNF-α/IFN-γ (Figure 4E). This finding suggested that Bmal1 overexpression attenuated TNF-α/IFN-γ-induced impairment of the monolayer membrane barrier function in Caco-2 cells. FITC-dextran flux experiments also showed that FITC-dextran was less likely to pass through monolayers in the LV-Bmal1 group than in the LV-Vector group, regardless of the presence of TNF-α/IFN-γ (Figure 4F). Immunofluorescence staining showed that overexpression of Bmal1 in Caco-2 monolayers prevented the decrease in expression and disruption of localization of TJ proteins induced by TNF-α/IFN-γ (Figure 4G). Western blot showed that Bmal1 overexpression alleviated LPS-induced decreased TJ protein expression in Caco-2 cells (Figure 4H and Supplementary Figure 4C). Previous studies have reported that excessive epithelial cell death can lead to disruption of the intestinal barrier (42). Therefore, we evaluated the effect of Bmal1 on epithelial cell apoptosis. We knocked down Bmal1 in Caco-2 cells by transfecting lentivirus. Western blot, flow cytometry, and TUNEL staining suggested that Bmal1 knockdown induced apoptosis in Caco-2 cells and elevated cleaved caspase-3 Bax protein levels but decreased Bcl-2 protein level. (Figures 4I–L and Supplementary Figures 2B, D). However, Bmal1 overexpression alleviated the LPS-induced apoptosis in Caco-2 cells (Figures 4M–O and Supplementary Figures 4E, F), which is an in vitro model for mimicking IEC epithelial barrier damage and apoptosis in vivo (43).




Figure 4 | Bmal1 overexpression strengthens the epithelial barrier function of Caco-2 cell monolayers by promoting TJ protein expression and ameliorating apoptosis. Caco-2 cells were transfected with lentiviral vectors expressing Bmal1 or control lentiviral vectors, and then (A) qRT-PCR was used to assess Bmal1 gene expression. (B, C) qRT-PCR and western blot were used to assess Bmal1, Claudin-1, Occludin and ZO-1 gene and protein levels in Caco-2 cell monolayers. (D) TEER values of Caco-2 monolayers transfected with Bmal1 expressing lentiviral vectors or control lentiviral vectors. (E) TEER curves of Caco-2 monolayers transfected with Bmal1-expressing lentiviral vectors or control lentiviral vectors in the presence of 10 ng/mL TNF-α/IFN-γ(T/I). (F) After incubating Caco-2 monolayers with or without 10 ng/mL TNF-α/IFN-γ for 6 hours, FITC-dextran fluxes were measured in each group. (G) Representative images of immunofluorescent staining of ZO-1 and Occludin in Caco-2 monolayers incubated with or without 10 ng/mL TNF-α/IFN-γ for 12 hours. Scale bars: 50 μm. (H) Western blot analysis of Claudin-1, Occludin, and ZO-1 protein levels in Caco-2 cells incubated with or without 100 µg/ml LPS for 12h. (I) Caco-2 cells were transfected with shRNA lentivirus for Bmal1 (LV-shBmal1). Protein levels of Bmal1, cleaved caspase-3, Bax, and Bcl-2 were determined by western blot. (J, K) LV-shBmal1 and LV-shNC cells dual-stained with annexin V-FITC/PI were examined by flow cytometry and representative dot plots are shown. (L) Apoptosis of LV-shBmal1 and LV-shNC cells was assessed using the TUNEL assay. (M) The CON, LV-Bmal1, and LV-Vector groups were treated with or without 100 µg/ml LPS for 12h. Protein levels of cleaved caspase-3, Bax, and Bcl-2 in each group were analyzed by western blot. (N, O) Representative dot plots of each group of cells dual-stained with annexin V-FITC/PI with detection by flow cytometry. Data are presented as the mean ± SD. ns means no significance, *p < 0.05, **p < 0.01, ***p < 0.001.



The above-mentioned results suggest that Bmal1 can regulate the barrier function of IECs by modulating the expression of TJ proteins and apoptosis of IECs.




3.5 Bmal1 regulates IEC barrier function by activating autophagy in vitro

Specific deletion of Bmal1 in astrocytes affects autophagy and protein degradation kinetics (44), and Bmal1 can mediate the process of intervertebral disc degeneration by regulating autophagy (32). In addition, autophagy maintains intestinal barrier function by reducing IEC death and regulating TJ proteins (29, 30). To determine whether Bmal1 regulates IEC barrier function by modulating autophagy, we used transmission electron microscopy to visualize subcellular structures. The number of autophagosomes was significantly higher in the LV-Bmal1 group than in the LV-Vector group (Supplementary Figure 5A and Figure 5A). Western blot showed that the LC3II:I ratio and Beclin-1 levels were higher in the LV-Bmal1 group than in the LV-Vector group. However, P62 protein levels were significantly lower in the LV-Bmal1 group than in the LV-Vector group (Figures 5B, C). The western blot findings were confirmed by immunofluorescence staining of LC3B and P62 in the LV-Bmal1 and LV-Vector groups (Supplementary Figure 5B). These results suggested that Bmal1 overexpression in Caco-2 cells activated autophagy. To investigate the effect of Bmal1 on autophagic flux in Caco-2 cells in the presence of LPS, we transfected the cells with the mRFP-GFP-LC3 lentiviral reporter gene. Yellow spots fused by red (mRFP) and green spots (GFP) indicated autophagic vesicles, while autophagic lysosomes were shown as red spots because the acidic environment quenched the fluorescence of GFP. We found that the numbers of autophagosomes and autolysosomes were significantly higher in the LPS + LV-Bmal1 group than in the LPS group. However, when the autophagy inhibitors 3-MA and wortmannin were added, autophagic vesicles and autophagic lysosomes were reduced (Figures 5D, E). These findings suggested that the activation of autophagy by Bmal1 was abolished, which was also confirmed by transmission electron microscopy (Supplementary Figure 5C and Figure 5F). Western blot showed that the LC3II:I ratio and Beclin-1 levels were decreased and P62 levels were increased by the administration of autophagy inhibitors, and lower levels of TJ proteins (Claudin-1, Occludin, and ZO-1) and higher levels of apoptosis-related proteins (cleaved caspase-3 and Bax) can also be observed in the wortmannin- or 3-MA-treated group than in the LPS + LV-Bmal1 group (Figure 5G and Supplementary Figure 5D). Flow cytometry showed that the inhibition of apoptosis by Bmal1 overexpression was partly abolished by autophagy inhibitors (Supplementary Figure 5E). Furthermore, we also observed that the protective effect of overexpression of Bmal1 on Caco-2 monolayers was partly deprived when TNF-α/IFN-γ stimulation was applied to Caco-2 monolayers pretreated with autophagy inhibitors wortmannin or 3-MA (Figures 5H–J and Supplementary Figure 5D). The above-mentioned results indicated that the protective effect of Bmal1 on the barrier function of Caco-2 cells was weakened by the administration of autophagy inhibitors exogenously. In summary, Bmal1 regulated the barrier function of IECs by activating autophagy.




Figure 5 | Bmal1 increases TJ protein levels and ameliorates apoptosis by regulating autophagy. (A) Quantitative analysis of the number of autophagosomes in each group. (B) Western blot analysis of LC3, Beclin-1, and P62 protein levels in the LV-Bmal1 and LV-Vector groups. (C) Quantitative analysis of the protein levels of LC3, Beclin-1, and P62 in the LV-Bmal1 and LV-Vector groups. (D) Representative fluorescent images representing autophagosomes (yellow puncta) and autolysosomes (red puncta), and (E) corresponding quantification of the number of intracellular autophagosomes and autolysosomes in Caco-2 cells transfected with Bmal1-expressing lentiviral vectors or control lentiviral vectors. The cells were treated with or without LPS (100 µg/ml) for 12h, pretreated with wortmannin (100 nM) for 12h or 3-MA (5 mM) for 12h or not. Scale bars: 10 µm. (F) Quantitative analysis of the number of autophagosomes in each group. (G) Western blot analysis shows protein levels of LC3, Beclin-1, P62, cleaved caspase-3, Bax, Bcl-2, ZO-1, Occludin, and Claudin-1 in each groups cells as described above. (H) TEER curves of Caco-2 monolayers transfected with Bmal1-expressing lentiviral vectors or control lentiviral vectors in the presence of 10 ng/mL TNF-α/IFN-γ, pretreated with wortmannin (100 nM) for 12h or 3-MA (5 mM) for 12h or not. (I) After incubating Caco-2 monolayers pretreated with wortmannin (100 nM) for 12h or 3-MA (5 mM) for 12h or not with or without 10 ng/mL TNF-α/IFN-γ for 6 hours, FITC-dextran fluxes were measured in each group. (J) Representative images of immunofluorescent staining of ZO-1 and Occludin in Caco-2 monolayers in the presence of 10 ng/mL TNF-α/IFN-γ, pretreated with wortmannin (100 nM) for 12h or 3-MA (5 mM) for 12h or not. Scale bars: 50 µm. Data are presented as the mean ± SD. **p < 0.01, ***p < 0.001.






3.6 Bmal1 knockout does not significantly affect the colonic function of mice under baseline conditions

We investigated the role of Bmal1 in UC using the Bmal1-/- mouse strain. Western blot analysis of proteins extracted from whole colon tissue showed that Bmal1 was ablated in colon tissue (Supplementary Figure 6A).Our results showed that Bmal1-/- and WT groups had similar colon lengths (Supplementary Figures 6B, C), and there was no significant difference in the histological structure or distribution of Goblet cells between the groups of mice. Additionally, the proliferative activities of the two groups were approximately the same (Supplementary Figure 6D). These results suggested that knockout of Bmal1 did not significantly affect mouse colonic function under baseline conditions.




3.7 Bmal1 deficiency impairs intestinal barrier function by impairing autophagy, leading to exacerbation of DSS-induced colitis in vivo

We assessed the severity of colitis and found that the DSS: Bmal1-/- group showed significantly greater weight loss (Figure 6A) and a higher DAI score (Figure 6B) than the DSS: WT group. The length of the colon was significantly shorter in the DSS: Bmal1-/- group than in the DSS: WT group (Figures 6C, D). Histopathological staining showed significant morphological differences in the colonic epithelium of DSS: Bmal1-/- group mice, as shown by more extensive epithelial detachment, ulceration, disruption of crypt structures, and thickening of muscular tissue than in the DSS: WT group. These findings resulted in significantly higher histological scores in DSS: Bmal1-/- group than in the DSS: WT group (Figures 6E, F). We also found that the use of the autophagy agonist rapamycin (DSS: Bmal1-/- + rapamycin group) alleviated colitis exacerbated by Bmal1 knockout (Figures 6A–F). We then further confirmed the role of the Bmal1–autophagy–gut barrier function axis in the pathogenesis of colitis. The DSS: Bmal1-/- group showed more severe impaired autophagy than the DSS: WT group, as shown by the results of transmission electron microscopy (Supplementary Figure 7A and Figure 6G), a decreased LC3II:I ratio and Beclin-1 protein levels, increased P62 protein levels (Figure 6H and Supplementary Figure 7C) and LC3B immunofluorescence staining of colon tissue sections (Supplementary Figure 7B). DSS: Bmal1-/- group mice had significantly higher intestinal permeability (Supplementary Figure 7D), lower TJ protein (Claudin-1, Occludin, and ZO-1) levels (Figures 6I, J and Supplementary Figures 7E, F), fewer Goblet cells (Figure 6K), higher protein levels of cleaved-caspase-3, Bax (Figures 6I and Supplementary Figure 7E) and more apoptotic IECs compared with DSS: WT group (Figure 6L and Supplementary Figure 7G). Furthermore, we also observed that all of the above-mentioned conditions were relieved with the use of rapamycin (DSS: Bmal1-/- + rapamycin group) (Figures 6G–L and Supplementary Figures 7A–G). In conclusion, we demonstrated that Bmal1 deficiency exacerbated DSS-induced colitis by impairing intestinal barrier function through impaired autophagy.




Figure 6 | Bmal1 deficiency exacerbates DSS-induced colitis by inhibiting autophagy. (A) Body weight curve and (B) DAI of mice in each group (5 mice/group). (C, D) Length of the colon in each group of mice and its quantitative analysis (6 mice/group). (E, F) Representative hematoxylin and eosin staining images of distal colon tissue sections of each group of mice and their corresponding histological scores (6 mice/group). Scale bars: 100 μm. (G) Quantitative analysis of representative electron microscopy images of colon tissues from each group of mice (5 mice/group). (H) Western blot analysis of LC3, Beclin-1 and P62. (I) Western blot analysis of cleaved caspase-3, Bax, Bcl-2, Claudin-1, Occludin, and ZO-1 in whole colon tissue samples from each group of mice. (J) Immunohistochemical staining of Claudin-1, Occludin, and ZO-1 in colon sections from each group of mice. Scale bars: 100 μm. (K) Representative images of PAS staining of colon sections from each group of mice. Scale bars: 100 μm. (L) Representative images of TUNEL staining of colon sections from each group of mice. Scale bars: 100um. Data are presented as the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.







4 Discussion

UC is a circadian rhythms dysfunction-associated, most common chronic inflammatory bowel disease affecting the colon and rectum, and there is no effective cure for UC, so it is crucial to elucidate its pathogenesis and therapeutic targets (13, 17, 18, 45). Circadian rhythms play a crucial role in maintaining normal physiological functions of the body, and circadian disorders are thought to increase the risk of neurological, psychiatric, cardiometabolic, and immune disorder (46). The relationship between CRD and intestinal inflammation has been confirmed by numerous studies (19, 26, 27, 47). Altered expression of biological clock genes may exist as an early event in the pathogenesis of IBD (16). Our study found that Bmal1 expression was decreased in the colon of CRD mice, and downregulation of Bmal1 expression due to CRD or Bmal1 knockout lead to more severe colitis, as evidenced by more severe impairment of intestinal barrier function and more apoptosis IECs. In vitro, high expression of Bmal1 may protect Caco-2 cell monolayer membrane barrier function by increasing TJ proteins expression as well as inhibiting IECs apoptosis. Mechanistically, Bmal1 inhibits IECs apoptosis and increases TJ proteins expression by regulating autophagy, thus exerts a protective effect on the intestinal barrier function. This study reveals the mechanism by which CRD affects UC through downregulation of Bmal1 expression, providing a new target for UC treatment and drug exploitation.

Circadian rhythms present in mammals have the ability to regulate cellular and organ processes to adapt to the surrounding 24-hour light/dark cycle. The molecular basis of the biological clock consists of a series of clock genes, including Bmal1, the circadian motor output cycle kaput (Clock), cyclic genes (Per1, Per2, and Per3), and cryptochrome genes (Cry1 and Cry2) (48).Our study found that Bmal1 mRNA expression was the only one that was significantly decreased at all time points in the CRD mice model, given its centrality in the biological clock system, we chose it as the main object of our study. Furthermore, we observed decreased expression of Bmal1 in the colon of mice with DSS-induced colitis, which is consistent with previous studies (16, 39, 49), suggesting that Bmal1 may be a key factor in the process of CRD affecting UC pathogenesis.

Intestinal barrier dysfunction is a key factor influencing the pathogenesis of UC. The intestinal barrier restricts the free exchange of water, ions and macromolecules between the intestinal lumen and the intestinal epithelium as well as protects the body from intestinal microbial damage. TJ proteins including Claudins, Occludin and ZO-1 play an important role in regulating intestinal permeability (50). A previous study confirmed that Claudin-1 and Occludin show a circadian rhythm of expression in the mouse colon under the control of Bmal1-Clock (12). In addition, a recent study indicated that CRD alters intestinal barrier permeability, which is associated with dysregulated ß-catenin expression and altered TJ protein expression (39). According to our data, both CRD mice and Bmal1-/- mice exhibited more severe intestinal barrier dysfunction in the presence of DSS-induced colitis, which may be mediated by decreased TJ proteins (Claudin-1, Occludin and ZO-1) expression and increased apoptosis of IECs, thus aggravated the severity of colitis. Previous studies have found that Bmal1 regulated the expression of the TJ protein claudin-5, which was abundantly expressed at the blood-retinal barrier (iBRB) (51); Bmal1 deficiency lead to an increase in blood-brain barrier permeability (52). However, the role of Bmal1 in regulating intestinal epithelial cell function has not been well elucidated. Our gain-of-function studies results showed that overexpression of Bmal1 increased TJ proteins expression, inhibited the apoptosis of IECs under inflammation, decreased the permeability of the intestinal barrier, and protected the intestinal barrier function. Furthermore our loss-of-function studies showed that knockdown of Bmal1 induces apoptosis in intestinal epithelial cells, which is one of the key factors for the impaired intestinal barrier function. Thus, Bmal1 may serve as a potential target for repairing intestinal barrier function in UC patients.

Autophagy, a physiological process in which damaged organelles or malfunctioning cytoplasmic proteins can be translocated to lysosomes for degradation (29). A number of recent studies have reported that circadian rhythms and Bmal1 can modulate autophagy to influence physiological processes or disease progression: an intermittent time-restricted feeding (iTRF) dietary regimen may extend the healthy lifespan of flies by activating autophagy driven by circadian rhythms (53); autophagy in photoreceptors and retinal pigment epithelium is partly regulated by circadian rhythms (54); one of the important genes involved in the initiation of autophagy, autophagy-related 14 (Atg14), is regulated by circadian rhythms in mouse liver (55). Also, as a central component of the molecular basis of the biological clock, Bmal1 attenuates apoptosis and modulates extracellular matrix metabolism by activating autophagy in intervertebral disc degeneration (32). The role of autophagy in protecting intestinal barrier function by reducing intestinal cell death and regulating TJ proteins has been well established (29, 30). Our study found that Bmal1 inhibits IECs apoptosis and protects intestinal epithelial barrier function through activation of autophagy. Meanwhile, the use of the autophagy agonist rapamycin in vivo attenuates the more severe colitis caused by Bmal1 deficiency through inhibiting IECs apoptosis and enhancing intestinal epithelial barrier function. Based on our findings, we can make the inference that limited autophagy regulated by normal circadian rhythms protects intestinal barrier function, but dysregulation of autophagy caused by downregulation of Bmal1 expression due to CRD exacerbates the severity of UC (Figure 7).




Figure 7 | Schematic diagram of the possible mechanisms of CRD in the pathogenesis of UC.



However, the present study has some limitations. Firstly, no additional interventions such as increasing colonic Bmal1 expression or using drugs that modulate autophagy were performed in CRD mice to better confirm the CRD-Bmal1-autophagy axis in UC. Secondly, limited by experimental conditions, we used Bmal1 knockout mice rather than IECs -specific Bmal1 knockout mice in our in vivo study of the role of Bmal1 in epithelial cells in the pathogenesis of UC. In addition, more experiments are needed to further elucidate the specific mechanisms by which Bmal1 regulates autophagy.
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Background: Platycodin D (PD) has been reported to treat metabolic diseases, including non-alcoholic fatty liver disease. In addition, platycodin D has been reported to activate intestinal 5'AMP-activated protein kinase (AMPK) phosphorylation levels, thereby reducing lipid absorption. Therefore, the aim of this study is to explore whether PD activation of intestinal AMPK and reduced lipid absorption can improve non-alcoholic fatty liver disease.Methods: Clean-grade male C57/BL mice were fed a high-fat diet (HFD) (containing 60% calories) for 16 weeks, and oral PD (10 mg/kg/day) was administered at the same time. The liver and intestines were the collected, and the intestines were tested. The expressions of lipid absorption genes (CD36, NPC1L1, and ApoB), the serum total triglyceride (TG) and total cholesterol (TC) levels in the intestines and livers, the fecal free fatty acid (FFA) levels, and the expression of AMPK phosphorylated proteins in the intestines were examined using Western blot analyses. The lipid distribution in the livers, intestines, and fat was detected using Oil Red O and hematoxylin and eosin (H&E) staining. A colon cancer cell line (Caco2) was used to confirm the effect of PD on the cellular lipid uptake in vitro. In addition, serum inflammatory factors and liver enzymes were measured to clarify the impact of PD on the circulation of metabolic syndrome. Leptin-deficient mice (OB) were then used to further explore the improvement of PD on body weight and blood lipids.Results: PD had a very significant therapeutic or preventive effect on metabolic syndrome and fatty liver induced by a high-fat diet. PD improved body weight, insulin sensitivity, and glucose tolerance in mice fed a high-fat diet and also prevented non-alcoholic fatty liver disease, reduced blood lipid levels, and increased fecal lipid excretion. In addition, PD reduced lipid absorption by activating the intestinal AMPK protein, which may have involved the inhibition of the gene expression levels of intestinal lipid absorption genes (CD36, NPC1L1, and ApoB). The combined effect of these factors improved hepatic lipid accumulation and lipid accumulation in adipose tissue. It was further found that PD also improved the body weights and blood lipid levels of leptin-deficient mice (OB) mice.Conclusion: PD had a very strong therapeutic effect on mice under a high-fat diet. PD reduced high-fat diet-induced obesity and non-alcoholic fatty liver disease by inhibiting intestinal fat absorption.Keywords: intestine, lipid absorption, non-alcoholic fatty liver disease, platycodin D, obesity
1 INTRODUCTION
Platycodon is a perennial herb of the Campanulaceae family, and its root (Platycodi radix) is used as a medicinal herb in Northeast Asia and has therapeutic effects on respiratory diseases such as bronchitis, tonsillitis, sore throat, asthma, and tuberculosis (Lee et al., 2012; Zhang et al., 2015; Su et al., 2022). Modern research has shown that PG primarily contains triterpene saponins, flavonoids, phenolic acids, and other substances. Among these, platycodon D (PD) is an oleanane-type triterpenoid saponin and one of the primary active substances of PD (Jeon et al., 2017; Xie et al., 2023).
Many studies have shown that PD can activate the AMPK protein, thereby stimulating systemic metabolic switches and improving the body’s metabolic capacity (Shen et al., 2023). In addition, there are some reports that PD can improve the intestinal inflammatory response by activating AMPK (Wang et al., 2022). It has been reported that the activation of the AMPK protein in the intestine will cause the weakening of lipid absorption, which has the effect of improving body metabolism and reducing weight (Li et al., 2016; Kim et al., 2019). Therefore, we believe that the activation of the intestinal AMPK protein by PD may improve metabolic syndrome, including non-alcoholic fatty liver disease, insulin resistance, and white fat accumulation.
The annual incidence of non-alcoholic fatty liver disease (NAFLD) is increasing on a global scale, and it is a disease that endangers public safety (Wang et al., 2023; Xu et al., 2024a). In the past few years, many researchers have paid extensive attention to the treatment and prevention of NAFLD. Although NAFLD is increasingly common, treatment guidelines have not yet been developed. To develop new drugs to treat NAFLD, many mechanism studies and drug trials have been conducted, but no specific drug has yet emerged (Dai et al., 2023). In this study, we found that PD alleviated high-fat diet-induced obesity and non-alcoholic fatty liver disease by inhibiting intestinal fat absorption. This study also provides new insights into subsequent fat recycling along the gut-liver axis.
2 MATERIALS AND METHODS
2.1 Animal experiments
This study used C57/BL mice (19.2 ± 1.4 g) and leptin-deficient mice (OB) obtained from the Experimental Animal Center of Jinan University (Guangzhou, China). The animal living environment was maintained under controlled temperature (22°C ± 1°C), humidity (50%), and light (12 h light/12 h dark). All animal experiments were approved by the Animal Ethics Committee of Jinan University. A high-fat diet (HFD) was fed, consisting of 20% carbohydrates, 35% protein, and 45% fat (60% of total calories according to D12492; Research Diets Inc.). The PD drugs were obtained from the MCE Company (HY-N1411), and the feeding standard was 10 mg/kg/day.
2.2 Serological testing and fecal lipid testing
The mice were kept in a fasting and water-free state for 16 h. We then collected the fresh orbital blood, centrifuged the blood at 6,000 ×g for 20 min, and placed it in a −80°C refrigerator for long-term storage. The mouse total triglyceride (TG) (F001-1-1) and total cholesterol (TC) (F002-1-1) were purchased from the Nanjing Jiancheng Bioengineering Institute and tested according to the instructions. The insulin enzyme-linked immunosorbent assay (ELISA) detection kit was purchased from the Abcam Company (ab277390), and the IL-1βelisa detection kit was purchased from the Beyotime Company (PI301). The IL-6 (ab222503) ELISA detection kits were purchased from Abcam. All operations were performed according to the instructions. The insulin resistance model (HOMA-IR) was performed with reference to previous studies (Brown et al., 2019). The method of collecting feces was to collect feces from the colorectum of the mice at the end of the experiment. The free fatty acids (FFA) (A042-2-1) were purchased from the Nanjing Jiancheng Bioengineering Institute and tested according to the instructions.
2.3 Glucose tolerance test and insulin resistance test
After the mice were fasted for 16 h, a glucose tolerance test (GTT) was performed, and a 2 g glucose/kg of body weight solution was injected into each mouse. The blood glucose levels were then measured immediately at the 0, 15, 30, 60, and 120 min time points. After 1 week, the mice were fasted for 6 h for insulin resistance testing. A bolus of 0.55 U insulin/kg of body weight was injected into each mouse, and the blood glucose levels were immediately detected at the 0, 15, 30, 60, and 120 min time points. The blood glucose testing used equipment and blood glucose test strips were provided by Sinocare.
2.4 Real-time fluorescence quantitative PCR
The fresh mouse organs or tissues were cut into pieces and then ground into powders using liquid nitrogen. The total tissue RNA was then extracted using TRIzol reagent (Ambion). A reverse transcription kit (VAZYME Company, R211-01) was further used to prepare a cDNA template. Amplification products were labeled using SYBR (YEASEN, 10222ES60). RT-PCR was performed using the PCR system of Bio-rad. The relative mRNA levels were calculated using the comparative threshold cycle method. The primer sequences are shown in Table 1.
TABLE 1 | Primer information table.
[image: Table 1]2.5 Tissue staining
The fresh livers, intestines, and adipose tissues were fixed using 4% paraformaldehyde for 24 h and then embedded using OCT, followed by being sliced into 8-um thick slices using a Thermo Fisher Scientific microtome and stored at −20°C for later use.
H&E staining: The cut tissue sections were then washed three times using phosphate buffer solution (PBS), placed in the hematoxylin solution for 1 min for staining, washed with PBS three more times, placed in the eosin solution for 1 min, washed with PBS three times again, and then xylene was used to make them clear. The sections were then sealed using neutral gum. Photos were then taken with a Leica microscope. Oil Red O staining: The cut tissue sections were washed three times with PBS, placed in the Oil Red O solution for staining for 1 min, washed again with PBS three times, placed in the hematoxylin solution for 1 min, washed again with PBS three times, sealed with glycerol gelatin, and a Leica microscope was used to take the photos. ImageJ software was used to obtain the statistics on the oil red area.
2.6 Western blot analysis
A radioimmunoprecipitation assay buffer (RIPA lysis buffer) was used to extract the intestinal epithelial tissue proteins, and a bicinchoninic (BCA) protein assay kit was used to determine the protein concentration (Beyotime, Shanghai, China). The membrane was then blocked using 5% BSA for 2 h. The membrane was then incubated with p-AMPKα (Thr172) antibody (cell signal technology, 2535S, United States) and AMPK (cell signal technology, 2532S, United States) (1:1000) at 4°C for 24 h. The beta-actin antibody (Gene Tex Corporation, GTX109639, United States) (1:5000) level was then assessed as a loading control, and the secondary antibody Anti-Rabbit-lgG (H + L) antibody (Jackson Corporation, 711-035-152, United States) (1: 5000) was bound to the primary antibody for 2 h at room temperature. The signals were then captured using a chemiluminescence imaging analysis system (Sinsitech, China, Minichemi 610). The intensity of each band was quantitatively analyzed using ImageJ software.
2.7 Cell culture
The cryopreserved colon cancer cell line (Caco2 cells) was revived and passaged for 2 passages. It was then transferred to a six-well plate with approximately 1,000 cells per well and then removed after 24 h of growth. PD was added to the well plate to a final concentration of 4 μM, and then the dissolving reagent PBS solution was added to the control group. The cells were then cultured again for 12 h and removed for the Oil Red O staining. The specific operation was as follows. The cells were washed three times with PBS, then 1 mL of the Oil Red O solution was added for staining for 1 min. The cells were washed three times again with PBS, and pictures were obtained using a Leica microscope. ImageJ software was to obtain the statistics of the Oil Red O area. The Caco2 cell culture conditions were 10% fetal bovine serum + Dulbecco’s Modified Eagle Medium (DMEM) high glucose (25.5 mM) medium. The ambient temperature was set to 37°C, and the carbon dioxide concentration was 5%. All cell operations were completed in a sterile clean bench.
2.8 Statistical analysis
Data are expressed as the mean ± standard error of the mean (SEM). Furthermore, significant differences were determined by performing a t-test with least significant difference (LSD) post hoc tests, and statistical significance was set at p < 0.05.
3 RESULTS
3.1 Platycodon D improved glucose metabolism in mice fed a high-fat diet
To verify the effect of platycodin D on glucose metabolism in mice. We used platycodin D to feed mice on a high-fat diet and conducted a 16-week experimental observation. The control group used the solvent control (Figure 1A). The results showed that the body weights of the high-fat diet mice in the platycodin D group were significantly lower than that of the control group at week 10. This phenotype was maintained until the end of the experiment. At 16 weeks, the high-fat diet mice in the platycodin D group had significantly lower body weights than those of the control group. Compared with the control group, the body weights were significantly reduced by approximately 20% (p < 0.05) (Figure 1B, C). Changes in body weight may change the body’s glucose and lipid metabolism phenotype. Therefore, we performed a glucose tolerance test (GTT) and an insulin tolerance test (ITT). The results showed that compared with the control group, platycodin D significantly improved the glucose tolerance of mice on a high-fat diet, especially 30 min after the glucose injection when the blood glucose levels of the mice in the platycodin D group were significantly lower than that of the control group (p < 0.05) (Figure 1D). In terms of insulin tolerance, the insulin sensitivities of the mice in the platycodin D group were significantly higher than that of the control group (p < 0.05) (Figure 1E). These results indicated that platycodin D improved glucose metabolism in mice fed a high-fat diet, and this may have been related to weight loss.
[image: Figure 1]FIGURE 1 | (A) Experimental model diagram of the high-fat diet mice. (B) Mouse body weights. (C) Body weight statistics of mice fed a high-fat diet for 16 weeks. (D) GTT in mice. (E) ITT in mice. n = 5, *p < 0.05, **p < 0.01,***p < 0.001.
3.2 Platycodin D improved lipid metabolism in mice fed a high-fat diet
To further observe the effect of platycodin D on lipid metabolism in mice, we further examined the serum lipid (total triglyceride (TG) and total cholesterol (TC)) levels of the mice as well as the free fatty acids (FFA) in the feces. The results showed that compared with the control group, the high-fat diet mice fed platycodin D had significantly lower serum TG and TC levels and also excreted more FFA in their feces (p < 0.05) (Figures 2A–C). These results suggested that platycodin D may modulate intestinal lipid excretion in response to a high-fat diet, thereby causing the serum lipid levels in mice to lower. To further verify our conjecture; we also tested the portal vein TG contents and liver damage markers (alanine transaminase (ALT) and aspartate aminotransferase (AST)) of the mice and found that platycodin D reduced the portal vein TG levels and treated liver damage caused by high-fat diet feeding (p < 0.05) (Figure 2D–F). In other words, platycodin D improved the body’s metabolic phenotype by reducing intestinal lipid absorption. Since lipid accumulation in the body first occurs in the liver, we tested the TG contents of the livers, the liver lipid absorption genes (CD36, Srebp1c, and Chrebp), and the TG levels. The results showed that compared with the control group, platycodin D reduced high-fat liver TG in mice fed a high-fat diet, and this change may have been mediated by reducing the expression levels of the liver lipid absorption genes (CD36, Srebp1c, and Chrebp) (p < 0.05) (Figure 2G, H). These results indicated that platycodin D improved lipid metabolism in the mice fed a high-fat diet.
[image: Figure 2]FIGURE 2 | (A) Mouse serum TG. (B) Mouse serum TC. (C) Mouse fecal FFA. (D) Mouse serum ALT. (E) Mouse serum AST. (F) Mouse portal vein TG. (G) Mouse liver TG. (H) Expression of lipid absorption genes in the mouse livers. n = 3–4, *p < 0.05,**p < 0.01,***p < 0.001.
3.3 Platycodin D reduced lipid absorption in the intestine and liver
To further explore how platycodin D reduced the lipid levels in mice, we speculated that platycodin D may reduce intestinal and liver lipid absorption, thereby causing a decrease in blood lipid levels in mice. To verify our conjecture, we performed H&E staining and Oil Red O staining on the livers, intestines, and visceral fat (epididymal fat (epWAT)) of the mice. The results showed that the livers of mice in the control group showed obvious vacuolar degeneration, hepatocyte swelling, and liver fat accumulation. In addition, the Oil Red O staining and fat H&E staining results of the jejunum of the control group showed that the intestinal lipid absorption of the mice in the control group increased and the epididymal adipocytes increased significantly. However, mice fed a high-fat diet in the platycodin D group significantly reversed this phenomenon. Specifically, platycodin D reduced the intestinal lipid absorption, thereby improving liver lipid accumulation and vacuolar degeneration, while fat accumulation in epididymal fat was reduced (p < 0.05) (Figure 3A, B). These results indicated that platycodin D reduced lipid accumulation in the liver and adipose tissues by reducing intestinal lipid absorption, thereby reducing the body weights and metabolic phenotypes. To explore the changes in inflammation levels and insulin resistance caused by platycodin D by reducing intestinal lipid absorption, we detected the expression of inflammatory factors and insulin in the serum of mice fed a high-fat diet. The results showed that compared with the control group, the serum inflammatory factors (IL-1β and IL-6) and insulin levels of mice in the platycodin D group were significantly reduced (p < 0.05) (Figure 4A–C). In addition, the insulin resistance model (HOMA-IR) was significantly lower (p < 0.05) (Figure 4D). This demonstrated that the platycodon D group had improved serum inflammation and insulin resistance in mice. To further verify that the phenotypic improvement was caused by reducing intestinal lipid absorption, we detected the expression levels of lipid absorption genes in the mouse intestinal epithelial cells. The results showed that the platycodin D group had reduced expressions of the lipid absorption genes (CD36, NPC1L1, Apob, Mttp, and Abca1) (p < 0.05) (Figure 4E). The above results indicated that platycodin D reduced lipid absorption in the intestines and livers, thereby reducing inflammation and lipid accumulation in mice.
[image: Figure 3]FIGURE 3 | (A) H&E staining of the mouse livers, Oil Red O staining of the livers, Oil Red O staining of the intestines, and H&E staining of fat, and (B) the related statistical diagram. n = 3–4, *p < 0.05,**p < 0.01,***p < 0.001.
[image: Figure 4]FIGURE 4 | (A) Mouse serum IL-1β. (B) Mouse serum IL-6. (C) Mouse serum insulin levels. (D) Insulin resistance model HOMA-IR. (E) Expression levels of intestinal lipid absorption genes. (F) Oil Red O staining of the Caco2 cells, and (G) the lipid proportion statistics. n = 3, *p < 0.05,**p < 0.01,***p < 0.001.
3.4 Platycodin D may have reduced intestinal lipid uptake by activating the AMPK pathway
To further confirm that platycodin D could reduce intestinal lipid absorption, we added platycodin D into the Caco2 cells for co-culture and then performed Oil Red O staining. The results showed that platycodin D reduced lipid accumulation in the Caco2 cells (p < 0.05) (Figure 4F, G). Previous studies have reported that intestinal lipid absorption is related to AMPK phosphorylation levels. Therefore, we detected the intestinal AMPK phosphorylation levels of the mice. The results showed that compared with the control group, platycodin D significantly increased the intestinal AMPK phosphorylation levels (p < 0.05) (Figure 5A, B). This indicated that platycodin D may reduce lipid absorption by activating intestinal AMPK phosphorylation.
[image: Figure 5]FIGURE 5 | (A) Expression of the AMPK phosphorylated protein and (B) statistical graph. (C) Weight gain of the OB mice. (D) Body weight comparison of the OB mice at 8 weeks. (E) Serum TG in the OB mice. (F) Serum TC in the OB mice. (G) Fecal FFA of the OB mice. n = 3, *p < 0.05,**p < 0.01,***p < 0.001.
3.5 Platycodin D improved lipid metabolism in the leptin-deficient mice
To further verify the ability of platycodin D to regulate lipids in mice, we used platycodin D to feed leptin-deficient mice (OB). The results showed that compared with the control group, platycodin D significantly reduced body weights after feeding the OB mice (p < 0.05) (Figure 5C, D). Consistent with the high-fat diet mice, platycodin D reduced serum lipid (TG and TC) levels while increasing the fecal lipid (FFA) excretion levels (p < 0.05) (Figure 5E–G). We further examined the portal vein glycerol levels and intestinal lipid absorption gene expression levels in the OB mice. The results showed that compared with the control group, platycodin D reduced the absorption of TG in the portal veins of the OB mice (p < 0.05) (Figure 6B). In addition, platycodin D also reduced the expression of intestinal lipid absorption genes (CD36, NPC1L1, and Mttp) in the OB mice (p < 0.05) (Figure 6A). These results further confirmed that platycodin D reduced lipid accumulation in the body by reducing intestinal lipid absorption (Figure 6C).
[image: Figure 6]FIGURE 6 | (A) Expression levels of the intestinal lipid absorption genes in the OB mice. (B) Portal TG levels in the OB mice. (C) Schematic diagram of the effects of PD on the mouse intestines. n = 3, *p < 0.05,**p < 0.01,***p < 0.001.
4 DISCUSSION
As a natural plant extract, PD is widely used in the treatment of various diseases, including intestinal diseases, vascular diseases, diabetes, obesity, endocrine diseases, and inflammation control (Arai et al., 1997; Han et al., 2002; Xu et al., 2005; Chen et al., 2016; Guo et al., 2021; Wang et al., 2022). It has been reported that PD can alleviate lipid accumulation in fatty acid-treated HepG2 cells (Xu et al., 2024b). We hypothesized that this ability to reduce lipid accumulation results from the reduced uptake of external fatty acids. Therefore, we have reason to believe that for the body, reducing intestinal fatty acid absorption can reduce the occurrence and development of various metabolic syndromes.
In our study, we found that PD improved glucose metabolism, including body weight, glucose tolerance, and insulin resistance, in mice fed a high-fat diet. Our findings are consistent with previous research (Han et al., 2002). In addition, this beneficial effect, we believe, was due to weight loss. Therefore, we further found that PD improved lipid metabolism in mice fed a high-fat diet. Specifically, PD reduced blood lipid levels (TG, TC, and FFA) in mice fed a high-fat diet. In addition, we found that the expressions of lipid absorption genes (CD36) in the intestine and liver of the PD-treated high-fat diet mice were significantly reduced. Additionally, it was found that the portal vein TG levels of high-fat diet mice treated with PD were significantly reduced, which indicated that PD may reduce the impact of high-fat diet by regulating intestinal lipid absorption. Furthermore, we observed the lipid accumulation in the livers, intestines, and epididymal fat of the high-fat mice and found that PD reduced the lipid accumulation in the livers, intestines, and epididymal fat of the high-fat mice. We hypothesized that PD may reduce blood lipid levels by reducing intestinal lipid absorption, thereby affecting lipid accumulation in the liver and adipose tissue. Therefore, we used a colon cancer cell line (Caco2) to test our hypothesis. Surprisingly, PD reduced lipid accumulation in Caco2 cells, which verified our hypothesis that PD inhibits intestinal lipid absorption. Many studies have shown that the intestinal lipid absorption capacity may be related to AMPK protein activation (Li et al., 2016; Ran et al., 2021). We subsequently found that the intestinal AMPK phosphorylation levels of high-fat diet mice treated with PD increased, which suggested that PD may reduce intestinal lipid absorption by activating intestinal AMPK phosphorylation levels, thereby reducing liver lipid accumulations. Subsequently, to verify our findings in the high-fat diet mice, we used leptin-deficient mice (OB) for further studies. The results were consistent with those in the mice fed a high-fat diet. PD reduced blood lipid levels and portal vein TG levels in OB mice. Additionally, PD still reduced the expression level of the intestinal lipid absorption gene (CD36).
The intestine plays a very important and irreplaceable role in the body. As an important part of intestinal function, intestinal absorption provides nutritional support and an energy source for the body. Previous researchers have focused on the effect of PD on colon inflammation (Guo et al., 2021), while ignoring the regulatory effect of PD on the small intestine. This study found that PD had an anti-metabolic syndrome effect on the regulation of lipid absorption in the small intestine. Fat digestion and absorption play a crucial role in maintaining energy homeostasis and supporting basic physiological functions (Omer and Chiodi, 2024). Proper use of the role of PD in the intestine can benefit people with metabolic diseases. Currently, the primary treatment for many overweight people and people with metabolic syndrome is bariatric surgery, and this surgery has long-lasting complications and side effects on the body. As an alternative, we can provide PD to reduce intestinal lipids. We have provided new insights into the absorption and thus reduction of lipid accumulation in the liver and adipose tissue. This will expand the application scope of PD disease treatment.
5 CONCLUSION
In summary, in this study, we found that PD improved glucose and lipid metabolism in high-fat diet mice, which involved PD activating intestinal AMPK phosphorylation and thereby reducing lipid absorption, which will reduce lipid accumulation in the liver and adipose tissue. Systemic lipid accumulation was also reduced accordingly, thereby improving metabolic syndrome.
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Ulcerative colitis (UC) is a recurring inflammatory bowel disease, in which oxidative stress plays a role in its progression, and regulation of the oxidative/antioxidative balance has been suggested as a potential target for the treatment of UC. The aim of this study was to evaluate the protective effect of andrographolide against UC and its potential antioxidant properties by modulating the nuclear factor erythroid 2-related factor 2 (Nrf2)/heme oxygenase-1 (HO-1) pathway. Dextran sulfate sodium (DSS) -induced UC mice and the LPS-induced HT29 inflammatory cell model were established to uncover the potential mechanisms of andrographolide. ML385, a Nrf2 inhibitor, was used in both models to assess whether andrographolide exerts a protective effect against UC through the Nrf2/HO-1 pathway. The in vivo experiment showed that andrographolide ameliorated the symptoms and histopathology of DSS-induced mice and restored the expressions of ZO-1, Occludin-1 and Claudin-1. Meanwhile, DSS-induced oxidative stress and inflammation were suppressed by andrographolide treatment, along with the upregulation of key proteins in the Nrf2/HO-1 pathway. In vitro experiments showed that andrographolide attenuated LPS-induced excessive generation of ROS in HT29 cells, reduced inflammatory factors, and upregulated the expression of proteins related to tight junctions and Nrf2/HO-1 pathway. In addition, ML385 abolished the beneficial effect of andrographolide. In conclusion, the protective effect of andrographolide against UC may involve the suppression of oxidative stress and inflammation via the Nrf2/HO-1 pathway.
Keywords: ulcerative colitis, andrographolide, oxidative stress, inflammation, Nrf2/HO-1 pathway
1 INTRODUCTION
Ulcerative colitis (UC) is a recurrent inflammatory condition in the gastrointestinal tract defined by symptoms like abdominal pain, diarrhea, inflammation of the mucosa, and bloody stools (Kaenkumchorn and Wahbeh, 2020). There has been an increase in the prevalence of UC in recent years, leading to a significant impact on quality of life for individuals due to its prolonged course and recurrent episodes (Le et al., 2023). Current pharmacological strategies for the treatment of UC focus on induction of remission and management of complications, including anti-inflammatory medications (such as mesalazine, sulfonamides), corticosteroids (like prednisolone, budesonide), immunosuppressants (such as azathioprine), and biologics (such as monoclonal antibodies) (Segal et al., 2021). Nevertheless, the extended utilization of these treatments is connected with diverse adverse reactions, such as nausea, vomiting, headache, diarrhoea, haematuria, nephrotoxicity, hypokalemia, increased susceptibility to infection and poor tolerability, (Seyedian et al., 2019; Kucharzik et al., 2020), limiting their clinical utility. Hence, it is imperative to investigate alternative therapeutic options that are both reliable and efficacious. Natural products with a long history of safe use in traditional medicine or diet can offer promising avenues of investigation (Ekiert and Szopa, 2020). Accordingly, the search for novel natural compounds and understanding their mechanisms of action in combating inflammation hold significant promise for the treatment of UC.
There is a common belief that the pathogenesis of UC is the result of a combination of factors such as genetic susceptibility, immune system dysfunction and intestinal flora dysbiosis (Du and Ha, 2020). The role of oxidative stress on the development of UC has received increasing attention (Jeon et al., 2020; Peng et al., 2023). Oxidative stress, characterized by an imbalance between oxidative and antioxidative, has been implicated in promoting inflammation by attracting neutrophils, increasing protease secretion, and generating high levels of oxidative byproducts (Forman and Zhang, 2021). Reactive oxygen species (ROS) are major reactive substances in the process of oxidative stress. It is a vital signaling molecule involved in mitogenic reactions or protection against infectious pathogens at low concentrations under normal conditions, but excessive ROS production can trigger oxidative stress, which in turn causes or exacerbates inflammation, DNA damage and even disease progression (Iantomasi et al., 2023; Jomova et al., 2023). During the pathogenesis of UC, inflammatory stimuli may lead to the overexpression of ROS, which can directly damage colonic tissue and exacerbate the symptoms of UC. Regulation of oxidative/antioxidative balance is expected to be one of the targets for effective treatment of UC (Pu et al., 2014; Liu et al., 2023).
Nuclear factor erythroid 2-related factor 2 (Nrf2), a member of the CNC family of transcription factors with a leucine zipper structure, is a key player in the antioxidant stress response (Wang et al., 2022). Translocating Nrf2 to the nuclear triggers the activation of antioxidant enzymes, improves ROS scavenging capacity and reduces oxidative stress damage (Keleku-Lukwete et al., 2018). HO-1 is a target gene of Nrf2 that induces ROS reduction. NF-KB has the ability to stimulate the production of inflammatory cytokines such as IL-10, IL-6, TNF-α, IL-8, etc., thus mediating the inflammatory reaction (Poma, 2020). HO-1 can block NF- κB activation, leading to an indirect suppression of the inflammatory response (Zeng et al., 2023). Activated Nrf2 is the main mediator of cellular resistance to oxidative stress damage and can regulate antioxidant proteins, anti-degeneration proteins, drug transporter proteins, biotransformation enzymes, proteasomes and other cellular protective genes to protect cells from oxidative damage (Ma, 2013). The Nrf2 signaling pathway not only promotes the release of various antioxidant enzymes, but also inhibits the activation of pathways connected to inflammation and reduces the release of several inflammatory factors, which are crucial in managing UC (Bourgonje et al., 2023; Peng et al., 2023).
Andrographis paniculata (Burm. f.) Nees is a widely used medicinal herb in China and Southeast Asia (Jiang et al., 2021). It is a plant of the Acanthaceae family known for its ability to remove heat and toxins, cool the blood and reduce swelling (Kumar et al., 2021). Andrographolide, the primary diterpene lactone found in Andrographis paniculate (Patil and Jain, 2021), exhibits various biological effects, including anti-inflammatory (Burgos et al., 2020; Li et al., 2022), antiviral (Dhawan, 2012; Khanal et al., 2021), anti-apoptotic (Wanandi et al., 2020) and anti-tumor (Tundis et al., 2023). The anti-inflammatory properties of andrographolide against UC have been validated in both in vitro and in vivo experimental models. In our preliminary animal studies, andrographolide was found to inhibit the IL-23/IL-17 axis, reduce the disease activity index score of TNBS-induced colitis and promote intestinal mucosal repair (Zhu et al., 2018). However, the mechanism of andrographolide in UC has not been fully elucidated. This research aimed to investigate whether andrographolide can protect intestinal barrier integrity by attenuating oxidative stress and regulating the Nrf2 pathway.
2 MATERIALS AND METHODS
2.1 Animals and experimental design
C57BL/6J female mice (6 weeks old, 20 ± 2 g) were sourced from Shanghai Slac Laboratory Animal Co. Ltd. (Shanghai, China). The mice were kept under standard ambient conditions (temperature: 25°C ± 3°C, humidity: 53% ± 3%, and a 12 -hour of light/dark cycle) with unrestricted access to food and water for a week prior to the experiment to acclimate to the laboratory condition. The experimental protocols fully complied with the Guidelines for the Care and Use of Laboratory Animals (Chinese Council on Animal Research and the Guidelines of Animal Care) and approved by the Animal Welfare Committee of Zhejiang Chinese Medical University (certificate number IACUC-20220321-25).
Andrographolide (purity ≥98%, Sigma-Aldrich, United States) and ML385(Selleck Chemicals, United States) were dissolved in 0.5% CMC-Na. Dextran sulphate sodium (DSS, MV40000, Aladdin, Shanghai, China) was dissolved in distilled water.
The current study includes two different mouse experiments. To evaluate the effect of andrographolide on colitis, mice were divided into five groups (n = 10): normal control group (Control), DSS model group (DSS), and three groups receiving different doses of andrographolide treatment (DSS + Andro L, DSS + Andro M, and DSS + Andro H). Except for the control group, mice in the other groups drank water containing 3% (w/v) DSS consecutively for 14 days. The mice in the andrographolide treatment groups were orally administered with different doses of andrographolide (10, 20, and 40 mg/kg) respectively once daily from day 8 to day 14. To assess the role of Nrf2 in the effect of andrographolide on colitis, mice were divided into four groups (n = 10): normal control group (Control), DSS model group (DSS), andrographolide treatment group (DSS + Andro), and andrographolide and ML385 treatment group (DSS + Andro + ML385). Mice in the DSS, DSS + Andro and DSS + Andro + ML385 group were given water containing 3% (w/v) DSS for 14 days. From day 8 to day 14, mice in the DSS + Andro group were orally administered with 40 mg/kg andrographolide once daily. On day 8, 11, and 14, mice in the DSS + Andro + ML385 group were administered ML385 (30 mg/kg) by oral gavage. At the end of the experiment, colon tissues were collected from the mice and the colon length was measured.
2.2 Cell culture and treatment
HT29 cell lines were obtained from American Type Culture Collection (ATCC, Mannssas, VA) and cultured in RPMI-1640 supplemented with 10% fetal bovine serum (FBS) at 37°C in a cell incubator containing 5% (v/v) CO2. LPS was dissolved in the media and cells were primed for 2 h at a concentration of 8 μg/mL. After removing the priming media, cells were treated with different doses of andrographolide (10, 20, 40 μM) or ML385 (10 μM) for 8 h and collected for further experiments.
2.3 Histological analysis
The colon samples were extracted, fixed in 4% paraformaldehyde, dehydrated with gradient ethanol, and embedded in paraffin. Slices with a thickness of 5 μm were cut from the specimen and stained with hematoxylin and eosin (HE). The histology of the colon was observed under a microscope (ECLIPSE C1; Nikon Corporation, Tokyo, Japan).
2.4 Immunohistochemical staining
The above embedded samples were cut into 5 μm slices, deparaffinised, dehydrated and subjected to antigen recovery by immersion in citrate buffer at 98°C for 15 min to block endogenous peroxidase activity. Thereafter, the samples were treated with H2O2 and blocked with 3% bovine serum albumin (BSA) solution for 30 min. The samples were then hybridised with anti-myeloperoxidase (MPO; 1:200, ab208670, Abcam). After 12 h, the sections were incubated with the corresponding secondary antibody and then stained using a 3,3′-diaminobenzidine (DAB) staining kit (Vector Laboratories, United States).
2.5 Detection of serum LPS concentration
Levels of serum LPS was detected with an enzyme-linked immunosorbent assay kit (Cloud-Clone Corp., Wuhan, China) following the manufacturer’s directions.
2.6 Real-time PCR
RNA was extracted from colonic tissues or cells using TRIzol reagent (Invitrogen, CA) and RNA concentration was measured using Nanodrop (Thermo Scientific, MA). RNA was then converted to cDNA by a reverse transcription kit. Genes were amplified using the StepOnePlus real-time PCR system (Applied Biosystems, Foster City, CA, United States). Relative gene expressions were calculated using 2− (△△CT) method. The primer sequences used in this study are shown in Table 1.
TABLE 1 | Primer sequences for qPCR.
[image: Table 1]2.7 Western blot
Proteins from colon samples or cells were extracted using lysis buffer containing protease and phosphatase inhibitors. Protein concentrations were measured with the BCA assay kit (Beyotime, China). The proteins were then separated by SDS-PAGE, transferred to the PVDF membrane, and blocked with 5%BSA. Subsequently, primary antibodies were incubated. The antibodies were used as follows: anti-IL-17, anti-IL23, anti-ZO-1, anti-Occludin-1, and anti-Claudin-1 (Abcam, Cambridge, United Kingdom); anti-Nrf2, anti-HO-1, anti-IL-1β, anti-P-p65, anti-p65 (Cell Signaling Technology, Danvers, MA, United States); anti-β-actin (Boster Biological Technology, Pleasanton, CA, United States).β-actin was used as loading controls. Blots were developed using the appropriate HRP-conjugated secondary antibody and ECL kit (Nanjing Vazyme Biotech Co. Ltd., Nanjing, China) to detect.
2.8 Measurement of oxidative stress
To measure the antioxidant stress effect of andrographolide on colitis, colon tissues were homogenized in cold physiological saline and the levels of malonaldehyde (MDA), superoxide dismutase (SOD) and glutathione (GSH) in colon tissues were determined using commercial reagent kit (Nanjing Jiancheng Biotechnology Co., Ltd., Nanjing, China) according to the manufacturer’s instructions.
2.9 Detection of ROS
After treatment as described in 2.2, cells were collected and incubated in 5 μM DCFH-DA (Beyotime, Shanghai, China) at 37°C for 20 min, then washed by 3 times with serum-free cell culture medium to remove DCFH-DA that had not entered the cells. Finally, flow cytometry (BD Accuri C6, United States) and FlowJo software (version 10.0.7r2) were employed to evaluate the ROS levels.
2.10 Statistical analysis
Mean values ± SEM were used to express the data. GraphPad Prism 8 software (San Diego, CA, United States) was employed for statistical analysis. Normality test was performed using Shapiro-Wilk test. If data passed this test, we used unpaired Student t test followed by Welch’s corrections. For more than two groups, one-way analysis of variance (ANOVA) with a post hoc Turkey’s test for multiple comparisons was performed. Statistical significance was considered at p < 0.05.
3 RESULTS
3.1 Andrographolide protected mice from colitis induced by DSS
To investigate the therapeutic effect of andrographolide on DSS-induced colitis, colon length was measured. As shown in Figures 1A,B, the colon length in the DSS group was shorter than that in the control group (P < 0.001). After treatment with different doses of andrographolide, the colon length was significantly increased (P < 0.01, P < 0.001). The pathological result showed that the colon tissue of the control group presented a clear and intact structure. However, the DSS-induced colitis group showed a disordered structure with infiltration of inflammatory cells or crypt damage, loss of goblet cells. Andrographolide could effectively alleviate these pathological changes and high dose andrographolide administration showed minimal histological damage (Figure 1C).
[image: Figure 1]FIGURE 1 | Andrographolide ameliorated DSS-induced colitis in mice. (A) Representative images of the colon. (B) Colon length. (C) Pictures of H&E staining (amplification 200, bar = 100 μM). The data are presented as mean ± SD (n = 6). ***p < 0.001, compared with control group; ##P < 0.01, ###P < 0.001, compared with the DSS group.
3.2 Andrographolide increased tight junction proteins in vivo and in vitro
Tight junction proteins are essential for intestinal barrier integrity in colitis. As shown in Figures 2A,B, DSS induction damaged the intestinal barrier and decreased the protein expressions of Occludin-1, Claudin-1 and ZO-1 (P < 0.01). After treatment with andrographolide at different doses (10, 20, and 40 mg/kg), the expressions of Occludin-1 and ZO-1 increased significantly in a concentration-dependent manner compared with the DSS group (P < 0.05, P < 0.01).Treatment with andrographolide at the concentration of 20 mg/kg and 40 mg/kg showed a significant increase in the levels of Claudin-1 compared with the DSS group (P < 0.05, P < 0.01). However, no effect was documented when andrographolide was tested at doses of 10 mg/kg. In addition, the in vitro experiment also showed that andrographolide treatment at concentrations of 10, 20, and 40 μM counteracted the barrier impairment induced by LPS in HT-29 cells, showing an increased protein expressions of Occludin-1 and Claudin-1 (p < 0.01, Figures 2C,D).
[image: Figure 2]FIGURE 2 | Andrographolide exerted protective effect on intestinal barrier of UC. (A) The protein expressions of Occludin-1, Claudin-1, and ZO-1 in mice colon tissues. (B) Quantitation of the expression of Occludin-1, Claudin-1, and ZO-1 protein. The results are presented as mean ± SD (n = 3). *P < 0.05, **P < 0.01, compared with control group; #P < 0.05, ##P < 0.01, compared with the DSS group. (C) The protein expressions of Occludin-1 and Claudin-1 in HT29 cells. (D) Quantitation of the expression of Occludin-1 and Claudin-1 protein. The results are presented as mean ± SD (n = 3). **P < 0.01, compared with control group; #P< 0.05, ##P < 0.01, compared with the LPS group.
3.3 Andrographolide suppressed inflammatory factors both in vivo and in vitro
MPO, the main component of neutrophils, is a heme protein synthesized during the differentiation process of granulocytes. To detect neutrophil infiltration into the intestine, we detected the expression of MPO in colon tissue. The result of Figure 3A showed that there were more yellow stained particles in the intestinal mucosa of DSS group mice compared to the normal group, indicating an increase in neutrophil infiltration after DSS treatment. As the treatment with different doses of andrographolide, the number of yellow stained particles gradually decreased, suggesting that andrographolide can reduce neutrophil infiltration.
[image: Figure 3]FIGURE 3 | Andrographolide modulated the levels of inflammatory cytokines. (A) The expression of MPO in mice colon tissues (amplification 100, bar = 100 μM). (B) The levels of serum LPS. (C) The protein expressions of IL-17 and IL-23 in mice colon tissues. (D) Relative levels of IL-17 and IL-23 expressions. (E) The mRNA expressions of IL-17 and IL-23 in mice colon tissues. (F) The mRNA expressions of IL-1β, IL-6 and TNFα. The results are presented as mean ± SD (n = 3–5). *P < 0.05, **P < 0.01, ***p < 0.001, compared with control group; #P < 0.05, ##P < 0.01, compared with the DSS group. (G) The protein expressions of IL-17, IL-23, IL-1β and p-p65 in LPS primed HT-29 cells. (H) Relative levels of IL-17, IL-23, IL-1β and p-p65. The results are presented as mean ± SD (n = 3). **P < 0.01, compared with control group; #P < 0.05, ##P < 0.01, compared with the LPS group.
LPS is a large molecular bacterial endotoxin that can serve as an indicator of intestinal permeability. Due to the destruction of the intestinal mucosa in colitis mice, the large molecule bacterial product LPS can enter the bloodstream, leading to long-term stimulation of the immune system and intestinal inflammation. In this study, after DSS treatment, the levels of serum LPS significantly increased (P < 0.01). While andrographolide at the dose of 20 mg/kg and 40 mg/kg significantly reduced serum LPS levels (P < 0.01) (Figure 3B).
We also determined the effect of andrographolide on the IL-23/IL-17 axis. As shown in Figures 3C–E, the protein and mRNA expressions of IL-23 and IL-17 were higher in mice of the DSS group than those of the control group (P < 0.001, P < 0.01, P < 0.05). Nevertheless, the expression of IL-17 was notably reduced by andrographolide (20 and 40 mg/kg) (P < 0.05, P < 0.01) and the expression of IL-23 was decreased in mice treated with high dose of andrographolide (P < 0.01, P < 0.05). The mRNA levels of the pro-inflammatory cytokines IL-1β, IL-6 and TNF-α were significantly higher in the DSS group than in the control group (P < 0.01). Compared with the DSS group, andrographolide treatment at different doses conspicuously attenuated the levels of IL-1β, IL-6, and TNF-α (P < 0.05, P < 0.01) (Figure 3F). In addition, as shown in Figures 3G,H, the in vitro experiment showed that the increased protein expressions of IL-17, IL-23, IL-1β, and p-p65 in LPS-primed HT-29 cells were sharply reduced by andrographolide at different doses (P < 0.05, P < 0.01). These data suggest that andrographolide plays a vital anti-inflammatory role in colitis.
3.4 Andrographolide inhibited oxidative stress in vivo and in vitro
Oxidative stress is a crucial factor in the progression of colitis. In order to examine the impact of andrographolide on oxidative stress, we analyzed the levels of MDA, as well as antioxidant enzymes such as SOD and GSH. As shown in Figures 4A–C, the level of MDA was elevated in colonic tissues of DSS-induced mice, whereas the levels of SOD and GSH were strikingly reduced compared to the control group (P < 0.001). Administration of andrographolide increased MDA level at doses of 20 and 40 mg/kg and decreased SOD and GSH levels at doses of 10, 20, and 40 mg/kg. In addition, DCFH-DA prob indicated that LPS elevated the level of ROS in HT-29 cells. However, treatment with andrographolide remarkably reversed these effects (Figure 4D).
[image: Figure 4]FIGURE 4 | Andrographolide inhibited oxidative stress. Effect of andrographolide on the content of MDA (A), the activity of GSH (B) and SOD (C) level in the colonic tissues. The data are presented as mean ± SD (n = 5). ***P < 0.001, compared with control group; #P < 0.05, ##P < 0.01, ###P < 0.001, compared with the DSS group. (D) Representative images of ROS level in HT29 cells.
3.5 Andrographolide activated the Nrf2/HO-1 signaling pathway in vivo and in vitro
To investigate the regulation of andrographolide on the Nrf2/HO-1 signaling pathway, the Western blot experiment was performed. The result showed that DSS exposure decreased the protein expressions of Nrf2 and HO-1 (P < 0.01). In contrast, treatment with different doses of andrographolide observably increased the expressions of Nrf2 and HO-1 compared with the DSS group in vivo (P < 0.01, Figures 5A,B). The in vitro experiment also demonstrated that HT-29 cells treated with LPS exhibited significantly reduced levels of Nrf2 and HO-1 (P < 0.01), while different concentrations of andrographolide (10, 20, 40 μM) treatment upregulated the expressions of Nrf2 and HO-1 (P < 0.05, P < 0.01, Figures 5C,D).
[image: Figure 5]FIGURE 5 | Andrographolide activated the Nrf2/HO-1 signaling pathway. (A) The protein expressions of Nrf2 and HO-1 in mice colon tissues. (B) Relative levels of Nrf2 and HO-1 expressions. The results are presented as mean ± SD (n = 3). **P < 0.01, compared with control group; ##P < 0.01, compared with the DSS group. (C) The protein expressions of Nrf2 and HO-1 in LPS primed HT-29 cells. (D) Relative levels of Nrf2 and HO-1 expressions. The results are presented as mean ± SD (n = 3). **P < 0.01, compared with control group; #P < 0.05, ##P < 0.01, compared with the LPS group.
3.6 Inhibition of Nrf2 abolished andrographolide-mediated improvement in vivo and in vitro
To further confirm whether andrographolide protects against colitis through the Nrf2/HO-1 pathway, ML385, an inhibitor of Nrf2, was applied to co-treat in vivo and in vitro. As demonstrated in Figures 6A–I, compared with the andrographolide group, ML385 co-treatment could antagonize the effect of andrographolide on DSS-induced colitis including body weight, colon length, pathological changes and tight junction proteins of the colon. Meanwhile, co-treatment with ML385 attenuated the protective effects of andrographolide on inflammatory factors IL-17 and IL-23 and oxidative stress (Figures 7A–F). The results confirmed that Nrf2 levels in DSS-induced colitis were reduced after co-treatment with ML385, and subsequently the upregulated effect of andrographolide on HO-1 was also abolished by ML385 (Figures 7E,F). In vitro experiments also showed that ML385 eliminated inflammatory factors and NF-κB reduced by andrographolide treatment in HT29 cells treated with LPS (Figures 8A,B). Overall, these results indicated that andrographolide suppressed inflammatory factors and attenuated oxidative stress through the Nrf2/HO-1 signaling pathway.
[image: Figure 6]FIGURE 6 | Inhibition of Nrf2 abolished the protective effects of andrographolide in DSS-induced colitis mice. (A) body weight. (B) Representative images of the colon. (C) Colon length. (D) Pictures of H&E staining (amplification 100, bar = 100 μM). (E–G) The mRNA levels of Occludin-1, Claudin-1, and ZO-1 in mice colon tissues. (H) The protein expressions of Occludin-1, Claudin-1, and ZO-1 in mice colon tissues. (I) Quantitation of the expression of Occludin-1, Claudin-1, and ZO-1 protein. The data are presented as mean ± SD (n = 3–10). *P < 0.05, **P < 0.01.
[image: Figure 7]FIGURE 7 | Inhibition of Nrf2 attenuated the protective effects of andrographolide on inflammatory factors and oxidative stress through Nrf2/HO-1 pathway in DSS-induced colitis mice. (A, B) The level of MDA and SOD. (C, D) The mRNA levels of IL-17 and IL-23 in mice colon tissues. (E) The protein expressions of IL-17, IL-23, Nrf2 and HO-1 in mice colon tissues. (F) Quantitation of the expression of IL-17, IL-23, Nrf2, and HO-1 protein. The data are presented as mean ± SD (n = 3–5). *P < 0.05, **P < 0.01.
[image: Figure 8]FIGURE 8 | Inhibition of Nrf2 attenuated the protective effects of andrographolide on inflammatory factors. (A) The protein expressions of IL-1β, IL-17, IL-23, and P-p65 in HT29 cells. (B) Quantitation of the expression of IL-1β, IL-17, IL-23, and P-p65 protein. The data are presented as mean ± SD (n = 3). *P < 0.05, **P < 0.01.
4 DISCUSSION
As an intractable disease in modern clinics, UC represents a grievous threat to human health (Gros and Kaplan, 2023). Inflammatory response of intestinal mucosa is a significant pathologic feature of UC. Researches show that IL-23/IL-17 axis may play a crucial role in the pathogenesis of UC (Dragasevic et al., 2018). During intestinal inflammation, intestinal bacterial antigens stimulate the antigen-presenting cells to secrete pro-inflammatory cytokines such as IL-23. Under its influence, CD4+ T cells are activated through the STAT3 pathway to control the differentiation of helper T cells into Th17 cells, and induce the expression of IL-17 gene and secretion of IL-17. IL-17 has a powerful ability to recruit and activate neutrophils, and stimulate fibroblasts, endothelial cells and macrophages to secrete various pro-inflammatory cytokines such as TNF-α, IL-1β and IL-6. In a normal intestinal environment, the primary role of Th17 cells may be protective, but in the pathogenesis of UC, highly expressed IL-23 activates the pathogenicity of IL-17, causing severe tissue damage in the intestine (Bunte and Beikler, 2019). Oxidative stress is also an important factor associated with the UC progression (Roessner et al., 2008). Oxidative stress refers to the process by which excessive free radicals or other reactive oxygen species present in the intracellular and extracellular environments leading to damage to cell structure and function (Schieber and Chandel, 2014). Free radicals are highly reactive ions or molecules with unpaired electrons that can engage in electron transfer reactions with other ions or molecules, leading to negative effects like lipid peroxidation in cell membranes and breakage of DNA (Gebicki, 2016). There is a close relationship between oxidative stress and inflammatory response. On the one hand, oxidative stress can induce inflammatory response, such as free radicals that activate macrophages and T lymphocytes, promoting the onset of inflammatory response. On the other hand, inflammatory reactions can also cause oxidative stress, since signaling molecules such as interleukin and tumor necrosis factor can stimulate NADPH oxidase, generating large number of free radicals (Srivastava et al., 2011; Lauridsen, 2019). In the inflamed region of the colon, elevated levels of inflammatory mediators and decreased anti-inflammatory factors result in the production and release of excessive ROS. This process also diminishes the effectiveness of free radical scavenging enzymes like SOD, ultimately leading to a continuous accumulation of ROS. Oxidative stress causes damage to the colonic mucosal barrier, which is a potential pathogenic factor in UC (Pereira et al., 2015). This study found that andrographolide reduced the levels of IL-23 and IL-17, further suppressing the neutrophil infiltration and secretion of inflammatory factors TNF-α, IL-1β, and IL-6. Meanwhile, andrographolide can significantly lower MDA, increase SOD and GSH activity, reduce intestinal mucosal oxidative stress, further inhibit inflammatory response, alleviate the symptoms of model mice, improve intestinal mucosal pathology, upregulate the levels of Claudin-1, ZO-1, and Occludin-1, and restore intestinal barrier function. This result indicates that andrographolide has a protective effect on intestinal mucosal barrier, which may be related to the inhibition of inflammatory response and oxidative stress.
The signaling pathway known as Nrf2/HO-1 is the major defense against oxidative damage (Loboda et al., 2016). Nrf2 serves as a vital regulator of cellular redox balance and is a pivotal player in responding to oxidative stress (Kensler et al., 2007). It can respond to exogenous damage and pathogenic molecules. During the physiological state, Nrf2 is primarily located in the cytoplasm and interacts with Keap1, which is in a suppressed condition. Upon activation by signals of oxidative stress, it quickly dissociates from Keap1 and translocates to the nucleus in a stable form to initiate antioxidant response elements (ARE) (Kang et al., 2004; Kobayashi and Yamamoto, 2006). Upon binding to ARE, transcription and translation of numerous genes downstream are initiated, upregulating the expression of antioxidants and alleviating oxidative stress responses caused by variety of damage agents (Baird and Dinkova-Kostova, 2011). HO-1, an enzyme that limits rates for heme breakdown, is found in various tissues and provides cell protection. More importantly, it is essential in responding to stress conditions (Cheng et al., 2015). As an inducible protein, it can increase exponentially when the body is in a stressful environment of ischemia and hypoxia. HO-1 and its metabolites have been reported to have significant antioxidant effects (Mahmoud et al., 2018). The main antioxidant effect of HO-1 is attributed to two key factors: firstly, HO-1 inhibits the involvement of free heme from in oxidative processes, and secondly, it collaborates with its breakdown byproducts, CO and bilirubin, to enhance its antioxidant and anti-inflammatory properties (Kongpetch et al., 2012). HO-1 is predominantly found in epithelial cells of the intestinal mucosa, where it serves to safeguard the intestinal mucosa by decreasing the infiltration of inflammatory cell (Paul et al., 2005). The pathway Nrf2/HO-1 is a vital antioxidant stress response pathway that plays a significant role in different areas, including the response to inflammation and the restoration of mucosal tissue (Zheng et al., 2023). Knockout of Nrf2 has been shown to exacerbate colon injury in mice. Nrf2−/− mice were highly susceptible to DSS-induced UC because it could reduce antioxidant enzymes such as HO-1 and increase inflammatory factors like IL-6, TNF-α, and activation of Nrf2 could exert a protective effect on the colon (Khor et al., 2006; Osburn et al., 2007). The study demonstrated a significant decrease in the levels of Nrf2 and HO-1 proteins and mRNA in the colon tissue of colitis mice. After intervention with andrographolide, there was a noticeable increase in the expression of Nrf2 and HO-1. Following the administration of ML385, the impact of andrographolide was diminished, suggesting a close correlation between the Nrf2 signaling pathway and the pathogenesis of UC. To conclude, the suppressive effect of andrographolide on oxidative stress and inflammatory response in UC may be linked to the stimulation of the Nrf2/HO-1 signaling pathway and the restoration of the balance of the oxidative stress system.
5 CONCLUSION
In summary, andrographolide can alleviate symptoms such as diarrhea and bloody stools in DSS induced colitis, repair damaged intestinal mucosal barriers, inhibit inflammatory factors and counteract oxidative stress responses. Moreover, andrographolide treats UC by activating the Nrf2/HO-1 signaling pathway. It was also discovered that the Nrf2 inhibitor ML385 eliminated the improvement effect of andrographolide on UC, indicating that the efficacy of andrographolide on reducing oxidative stress and improving UC symptoms is mainly through the Nrf2/HO-1 pathway (Figure 9).
[image: Figure 9]FIGURE 9 | The protective effect of Andrographolide against ulcerative colitis by suppressing oxidative stress and inflammation through activation of the Nrf2/HO-1 pathway.
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Like TNFα, IL-6 is upregulated in Crohn’s disease (CD) especially in patients associated with Mycobacterium avium paratuberculosis (MAP) infection, and both cytokines have been targeted as a therapeutic option for the treatment of the disease despite the accepted partial response in some patients. Limited response to anti-IL-6 receptor-neutralizing antibodies therapy may be related to the homeostatic dual role of IL-6. In this study, we investigated the effects and the signaling mechanism of IL-6 involved in intestinal epithelial integrity and function during MAP infection using an in vitro model that consists of THP-1, HT-29 and Caco-2 cell lines. Clinically, we determined that plasma samples from MAP-infected CD patients have higher IL-6 levels compared to controls (P-value < 0.001). In CD-like macrophages, MAP infection has significantly upregulated the secretion of IL-6 and the shedding of (IL-6R) from THP-1 macrophages, P-value < 0.05. Intestinal cell lines (Caco-2 and HT-29) were treated with the supernatant of MAP-infected THP-1 macrophages with or without a neutralizing anti-IL-6R antibody. Treating intestinal Caco-2 cells with supernatant of MAP-infected macrophages resulted in significant upregulation of intestinal damage markers including claudin-2 and SERPINE1/PAI-1. Interestingly, blocking IL-6 signaling exacerbated that damage and further increased the levels of the damage markers. In HT-29 cells, MAP infection upregulated MUC2 expression, a protective response that was reversed when IL-6R was neutralized. More importantly, blocking IL-6 signaling during MAP infection rescued damaged Caco-2 cells from MAP-induced apoptosis. The data clearly supports a protective role of IL-6 in intestinal epithelia integrity and function especially in CD patients associated with MAP infection. The findings may explain the ineffective response to anti-IL6 based therapy and strongly support a therapeutic option that restores the physiologic level of IL-6 in patient’s plasma. A new treatment strategy based on attenuation of IL-6 expression and secretion in inflammatory diseases should be considered.
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Introduction

Crohn’s disease (CD) is a chronic and progressive inflammatory bowel disease (IBD) that affects any part of the gastrointestinal tract (1). The incidence and prevalence of CD globally has been rising in the past several decades with an estimated 1.011 million CD patients in USA as reported in 2023 (2, 3). This growing number of cases imposes an expanding burden on the economy and healthcare systems to accommodate this costly and chronic debilitating disorder (3, 4). Clinically, CD presents with abdominal pain, bowel obstruction or diarrhea, fever, weight loss and fatigue (1, 5). The etiology of CD is complex with environmental triggers, genetic predisposition and immunological factors contributing to the disease onset and progression (6). This multifactorial nature of the disease leads to disruption of the gut homeostasis evidenced by increased intestinal permeability, imbalanced microbiome (dysbiosis) and unusual inflammatory responses. The disruption of the intestinal barrier facilitates luminal bacterial translocation and the consequent perpetuation of inflammation (7). Mycobacterium avium paratuberculosis (MAP) is a leading infectious agent candidate to cause this chronic inflammation in CD patients and is extensively studied in our lab to model the disease in vitro. MAP has been isolated and cultured from the tissues of CD patients at higher rates compared to controls (8).

Among many inflammatory cytokines upregulated during CD intestinal inflammation, IL-6 is of great interest because of its dual nature in intestinal homeostasis and pathology (9). IL-6 is essential for the integrity of the intestinal epithelial tissue. It is important to regulate mucin production by goblet cells and to maintain the barrier function and controlled permeability of the intestinal layer. Absence of IL-6 is detrimental to the protective intestinal mucous layer and to the intricately regulated tight junctions which regulate intestinal paracellular transport (10). Moreover, IL-6 is important for intestinal tissue repair as it sustains the stem cell niche and facilitates its proliferation to replace cells after intestinal injury (11, 12). During intestinal inflammation, the upregulated levels of IL-6 lead to epithelial damage and sustenance of the chronic inflammation. IL-6 compromises the permeability of the intestinal epithelial barrier making it leaky to cations, a feature of exudative diarrhea seen in IBD patients (13–15). Moreover, IL-6 can function via the trans-signaling pathway where soluble IL-6 receptor (sIL-6R) activates gp130-expressing target cells after being activated by IL-6 binding. This leads to prolonging the chronic inflammation by rendering T-cells resistance to apoptosis (16).

IL-6 has been targeted for the treatment of CD and other inflammatory conditions. Although CD patients demonstrated a good response in terms of disease activity index and remission, there was no improvement in the intestinal histological appearance as an important treatment outcome for a sustained remission (17, 18). Rheumatoid arthritis patients treated with an anti-IL-6R antibody (tocilizumab), and CD patients treated with anti-IL-6 antibody (PF-04236921) experienced gastrointestinal perforations and bleeding which was the reason behind terminating these trials (19, 20).

In this study, we demonstrate the detrimental effects of blocking IL-6 signaling during MAP infection on intestinal epithelial integrity and function. We present this as we compare to the direct damaging effects of recombinant IL-6 (rIL-6) treatment on cultured intestinal cells. The data presented here should help understanding the adverse effects of IL-6-targeted therapies in CD patients and highlights the need for an alternative therapy that restores the physiological level of IL-6 in patients associated with MAP infection.





Materials and methods




Clinical samples

Peripheral blood samples were collected from 32 CD patients and 14 healthy individuals (4.0 mL K2-EDTA tubes). The status of MAP infection in these samples was assessed using IS900 nested PCR (nPCR) as described earlier (21). Plasma separated from blood samples was analyzed to determine the concentration of IL-6 using the Human IL-6 (2nd gen) Assay cartridge (Bio-Techne, Minneapolis, MN) by the Ella automated ELISA system (Bio-Techne, Minneapolis, MN). This study was approved by the University of Central Florida Institutional Review Board #STUDY00003468.





Cell lines and culture conditions

THP-1 monocyte (ATCC TIB-202) were cultured in RPMI-1640 (ATCC, 30-2001) supplemented with 0.05 mM 2-mercaptoethanol and 10% fetal bovine serum (FBS; Sigma Life Science, St. Louis, MO). For experiments, cells were seeded at 5 X 105 cells/mL in a 12-well plate and differentiated to macrophages by adding 50 ng/mL phorbol 12-myristate 13-acetate (PMA; Sigma Life Science, St. Louis, MO) and incubated at 37°C in the presence of 5% CO2 for 48 hours. Primed THP-1 macrophages were either left as controls or infected with 1x107 CFU/mL of MAP strain UCF4 for 24 hours before RNA extraction and supernatant collection. For intestinal cells, we used the human enterocytic cell line, Caco-2 (ATCC HTB-37) and the mucin-producing HT-29 (ATCC HTB-28) cell line. Caco-2 cells were cultured in Eagle’s minimum essential medium (ATCC, 30-2003) supplemented with 20% FBS. For experiments, cells were seeded at 3.5 X 105 cells/mL in 12-well plates and allowed to differentiate for 2-3 weeks with media being changed every other day. HT-29 were maintained in ATCC-formulated McCoy’s 5a medium modified (30-2007) supplemented with 10% FBS. They were seeded at 3.5 X 105 cells/mL in 12-well plates and allowed to differentiate for 3 weeks with media being changed every other day. All cells were kept in a humidified incubator at 37°C and in the presence of 5% CO2. Intestinal cells were treated with different concentrations of recombinant IL-6 (Bio-Techne, Minneapolis, MN) or recombinant TNFα (MilliporeSigma, Burlington, MA) or a combination of both at 5 ng/mL. Cell lines without any treatment or infection were always included as controls.





Measurement of IL-6 and sIL-6R in MAP-infected THP-1

The supernatants of THP-1 control cells and MAP-infected groups were collected after 24 and 48 hours of infection. ELISA assays for IL-6 and sIL-6R (Thermo Fisher Scientific, Waltham, MA) were performed per manufacturer’s instructions. Results were read at an absorbance of 450 nm using a Multiskan FC plate reader (Thermo Fisher Scientific, Waltham, MA). All treatment groups were tested in 4 technical repeats.





Treatment with IL-6 receptor-neutralizing antibodies

Differentiated THP-1 macrophages were infected with 1x107 CFU/mL of MAP strain UCF4 for 24 hours. The supernatant of these infected macrophages was collected and used for treatment of Caco-2 and HT-29 intestinal cell lines. Intestinal cells were treated with anti-IL6R monoclonal antibodies at 0.5 or 1 µg/mL final concentration (Bio-Techne, Minneapolis, MN) for 1 hour at cell culture conditions (37°C and 5% CO2). Simultaneously, 0.5 or 1 µg/mL of anti-IL-6R were added to 2 mL of MAP-infected THP-1 supernatant and incubated at room temperature (22°C) on a shaker for 1 hour. MAP-infected THP-1 supernatants blocked with anti-IL-6R were then used to replace the media on the corresponding intestinal epithelial cells that have also been treated with the same concentration of anti-IL-6R (double blocking). Intestinal cells and their supernatants were then harvested for RNA extraction and qRT-PCR or for other epithelial integrity assays.





RNA extraction, reverse transcription, and qRT-PCR

Cellular RNA was extracted from control and treated cells using RNeasy® Mini Kit (Qiagen, Hilden, Germany) following manufacturer’s instructions. RNA (1000 ng) was used in a reverse transcription reaction to generate cDNA using the high-capacity cDNA reverse transcription kit (Thermo Fisher Scientific, Waltham, MA). cDNA was diluted 1:25 in nuclease-free water and 5 µL were added to 15 µL of a reaction mixture made up of: 10 µL of PowerUp™ SYBR™ Green MasterMix (Thermo Fisher Scientific, Waltham, MA), 1 µL of the forward and reverse primers; SERPINE1, NOX-1, CLDN2 and MUC2 (Bio-Rad, Hercules, CA), and lastly 4 µL of nuclease-free water (Life Technologies, Carlsbad, CA) in 96-well MicroAmp® PCR plates (Life Technologies, Carlsbad, CA). We used GAPDH in all PCR runs as the housekeeping gene for baseline cycle threshold (Ct) readings. The real-time PCR reaction was carried out in a 7500 Fast Real-Time PCR system (Applied Biosystems, Waltham, MA). The relative mRNA expression of each gene was expressed as a fold change via the equation: 2^(-ΔΔCt). Each PCR reaction was performed in technical triplicates.





Measurement of apoptosis in Caco-2 using annexin V-based luminescence assay

Caco-2 were seeded at 200µL of 3.5 X 105 cells/mL in 96-well opaque-sided plates. After 14-21 days of differentiation, cells were treated with rIL-6 (0.16 - 10 ng/mL) or with MAP-infected THP-1 supernatant double blocked with anti-IL-6R as described earlier for 24 hours. Control wells were left untreated. We used the annexin V-based luminescence assay from Promega™, RealTime-Glo™ Apoptosis Assay (Madison, WI) to assess apoptosis levels following manufacturer’s instructions. Luminescence was recorded using the Promega™ GloMax Navigator system GM-2000 (Madison, WI).





Dihydroethidium staining for oxidative stress visualization

HT-29 cells were cultured in a Falcon™ Chambered Cell Culture Slide (Thermo Fisher Scientific, Waltham, MA) for the regular period of differentiation. After 24 hours of treatment with rIL-6 or anti-IL-6R double-blocked MAP infection, cells were washed with PBS and fixed on the slides with 10% formalin. Next, they were treated with 1µM DHE stain (Thermo Fisher Scientific, Waltham, MA) for 25 minutes. After that, 4′,6-diamidino-2-phenylindole (DAPI; Vector Laboratories, Burlingame, CA) was used to stain nuclei. Slides were examined under an Amscope IN480TC-FL-MF603 fluorescent microscope as described previously in (22). NIH imageJ program was used to merge DAPI and DHE stain images.





Measurement of PAI-1 released by Caco-2

Supernatants were collected from Caco-2 cells treated with MAP-infected THP-1 supernatants whether they were left unblocked or treated with different concentrations of anti-IL-6R. PAI-1 levels were measured in these supernatants using the PAI-1 ELISA Assay (ThermoFisher, Waltham, MA) following manufacturer’s instructions. Absorbance was read at a wavelength of 450 nm using a Multiskan FC plate reader (Thermo Fisher Scientific, Waltham, MA). All treatment groups were tested in 4 technical repeats.





Measurement of transepithelial electrical resistance

Caco-2 cells were grown on 12-well plate inserts with a pore size of 0.3 µm at 1 mL of 3.5 X 105 cells/mL (Greiner Bio-One, Kremsmünster, Austria). After differentiation, cells were treated with their respective treatment. TEER measurements were taken at baseline and 24 hours after treatment using the Millicell® ERS-2 electrical resistance system (MilliporeSigma, Burlington, MA) as described earlier (13). Resistance values are presented as % of the baseline value.





Statistical analysis

For statistical significance analysis, we used the two-tailed nonparametric sample t-test or the two-way analysis of variance (ANOVA). All analysis was carried out on the GraphPad Prism V.7.02 software (GraphPad, La Jolla, CA). All experiments were performed in biological triplicates or quadruplicates. Results are expressed as mean ± SD. *Indicates P-values less than 0.05, **indicates P-values less than 0.005 and ***indicates P-values less than 0.001.






Results




IL-6 is elevated in CD plasma

We assessed the levels of systemic IL-6 release in plasma samples from 12 healthy individuals, 16 MAP-negative CD patients and 16 MAP-positive CD patients. The plasma samples included in this study were tested for the presence of MAP DNA by nested PCR as described in our earlier study (21). We included plasma samples from CD patients that were tested positive or negative for MAP and plasma samples from healthy control that tested negatively for MAP. As shown in Figure 1A, a doubling of circulating IL-6 levels especially in the plasma of MAP-positive CD group is seen compared to healthy individuals. To account for variations in cytokine profiles based on age and gender, we stratified the results based on gender and age group (18-25 years old, 26-59 years old and > 60 years old) as shown in Figures 1B and C. Clustering patients based on gender shows a significant upregulation in plasma IL-6 levels in MAP-positive CD patients compared to healthy individuals (Males: 2.06 ± 0.71 pg/mL vs. 0.68 ± 0.44 pg/mL, females: 2.62 ± 1.25 pg/mL vs. 0.97 ± 0.55 pg/mL, respectively), P-value < 0.05. There was no statistical significance when gender-matched MAP-negative groups were compared to healthy individuals. Moreover, we classified study subjects based on their age group: 18-25 year-olds, 26-59 year-olds and > 60 year-olds. This resulted in partial inconsistency between the different study groups as the young group (18-25 year-olds) was absent from CD patients and the old group (> 60 year-olds) was absent from the healthy cohort. However, when comparing the same age groups, MAP-positive CD patients in the 26-59 years group have a significant increase in circulatory IL-6 compared to healthy individuals of the same age group (2.04 ± 0.92 pg/mL vs 0.77 ± 0.48 pg/mL, P-value < 0.05). There was no statistical significance when age-matched MAP-negative groups were compared to healthy individuals in the 26-59 year group.




Figure 1 | Clinical IL-6 levels in CD patients’ plasma with or without a MAP infection compared to healthy control subjects matched based on gender and age group. (A–C) IL-6 levels were measured using ELISA in plasma samples from healthy individuals (N=12), MAP-negative CD patients (N=16) and MAP-positive CD patients (N=16). *Indicates P-value < 0.05, **indicates P-value < 0.005 and *** indicates P-value < 0.001.







IL-6 and sIL-6R are elevated in MAP-infected macrophages (CD-like macrophages)

Supernatant of THP-1 macrophages was collected following 24 or 48 hours of MAP infection and used in two separate ELISAs to determine the concentration of IL-6 and sIL-6R. As shown in Figure 2A, MAP infection induces the upregulation of IL-6 released by macrophages when measured after 24 hr and 48 hr of infection (2.8 ± 0.72 pg/mL and 2.5 ± 0.67 pg/mL, respectively) compared to untreated controls (0.25 ± 0.06 pg/mL). As shown in Figure 2B, the shedding of IL-6R in infected macrophages was measures at 11,525 ± 1986 pg/mL (24-hour infection), and 12,497 ± 122.7 pg/mL (48-hour infection) compared to 10,300 ± 321.3 pg/mL in uninfected macrophages (P-value < 0.05). Both findings indicate an upregulation in IL-6 signaling during MAP infection which will potentially have an influence on intestinal epithelia.




Figure 2 | IL-6 and sIL-6R release levels in MAP-infected THP-1 macrophages. Supernatants of MAP-infected THP-1 macrophages were used in two separate ELISA assays for for IL-6 (A) and sIL-6R (B) measurement. *Indicates a P-value < 0.05.







Treatment of intestinal epithelial cells with rIL-6 modulates MUC2 and CLDN2 expression

Mucin 2 (MUC2) is the predominant gel-forming mucin in the intestines (23). In HT-29 mucin-producing cell line, we show a dose-dependent reduction in MUC2 gene expression (reduction by 34% at 2.5 ng/mL rIL-6, P-value < 0.005, and reduction by 35% at 5 ng/mL rIL-6, P-value < 0.05) as shown in Figure 3A. On the other hand, rIL-6 enhanced the expression of the leaky epithelial tight junction protein known as claudin-2 (CLDN2) at 1.25 ng/mL and 2.5 ng/mL and reached statistical significance at 5 ng/mL (1.59 ± 0.19 folds, P<0.005) as shown in Figure 3B.




Figure 3 | Effect of rIL-6 treatment on intestinal epithelial integrity markers. (A) HT-29 cells were treated with different concentrations of rIL-6 (1.25, 2.5 and 5 ng/mL) for 24 hours followed by qRT-PCR for MUC2 gene expression. (B) Caco-2 cells were treated with different concentrations of rIL-6 (1.25, 2.5 and 5 ng/mL) for 24 hours followed by qRT-PCR for CLDN2 gene expression. *Indicates P-value < 0.05 and **indicates P-value < 0.005.







rIL-6 augments oxidative stress in intestinal cells while suppressing their apoptosis

NOX-1 is the catalytic subunit of the NADPH oxidase complex 1, a transmembrane protein abundant in colonic epithelium and responsible for the production of superoxide (O2-) which contributes to the cellular oxidative stress (24). Intestinal epithelial cells (Caco-2 and HT-29) were exposed to different concentrations of rIL-6 in culture for 24 hours. Analysis of NOX-1 gene expression in rIL-6-treated HT-29 revealed a concentration-dependent upregulation in the gene products following rIL-6 treatment (Figure 4A). This was evident at 1.25 ng/mL and 5 ng/mL, where rIL-6 treatment increased NOX-1 expression by 1.65 ± 0.09 folds (P-value < 0.005) and 2.42 ± 0.7 folds (P-value < 0.05), respectively. This was further confirmed in DHE staining which detects the presence of superoxide and hydrogen peroxide as shown in Figure 4B. Finally, we assessed the effect of rIL-6 treatment on cellular apoptosis as a consequence of oxidative stress. Figure 4C shows that rIL-6 treatment at 0.31 ng/mL and 0.625 ng/mL reduces the apoptosis in Caco-2 cells by 71% ± 2% (P-value < 0.05) and 69% ± 3% (P-value < 0.005), respectively.




Figure 4 | Effect of rIL-6 treatment on intestinal cell apoptosis and oxidative stress. HT-29 cells were treated with different concentrations of rIL-6 (1.25, 2.5 or 5 ng/mL) for 24 hours followed by qRT-PCR for NOX-1 (A) or DHE fluorescence staining for oxidative stress (B). (C) Caco-2 cells were treated with a range of concentrations of rIL-6 (0.16 – 10 ng/mL) for 24 hours followed by an annexin V-luminescence assay for apoptosis determination. *Indicates P-value < 0.05 and **indicates P-value < 0.005.







PAI-1 (SERPINE1) expression is upregulated in intestinal cell line following rIL-6 treatment

The plasminogen activator inhibitor-1 (PAI-1 also known as SERPINE1) is a mucosal damage predictor that leads to enhanced inflammation and mucosal damage due to reduced activation of the anti-inflammatory cytokine TGFβ (25). Caco-2 were treated with different concentrations of rIL-6 (1.25, 2.5 and 5 ng/mL) for 24 hours and then extracted RNA was used in a qRT-PCR to detect SERPINE1/PAI-1 expression compared to an untreated control. Figure 5 shows an upregulation in SERPINE1/PAI-1 expression in Caco-2 cells treated with 5 ng/mL of rIL-6 compared to untreated cells (1.75 ± 0.15 folds of the control), P-value < 0.005. The effect was dose dependent.




Figure 5 | The implication of treating intestinal cells with rIL-6 on the expression of plasminogen-activator inhibitor (PAI-1)/SERPINE1. Caco-2 were treated with different concentrations of rIL-6 (1.25, 2.5 and 5 ng/mL) for 24 hours and then extracted RNA was used in a qRT-PCR to detect SERPINE1/PAI-1 expression compared to an untreated control. **Indicates P-value < 0.005.







Neutralizing IL-6R alters tight junctions and mucin production during MAP infection

To investigate the effect of blocking IL-6 signaling on the integrity and function of intestinal epithelial cells during MAP infection, we used an anti-IL-6R antibody-analogous to tocilizumab used to treat CD patients in a clinical trial (19). Intestinal cells (Caco-2 and HT-29 cells) were treated with supernatant of MAP-infected THP-1 macrophages that was double-blocked with anti-IL-6R. Figure 6A shows that MAP infection increases the expression of claudin-2 in Caco-2 monolayers by 3.26 ± 0.84 folds compared to uninfected cells (P-value < 0.05). Neutralizing IL-6R in supernatant of MAP-infected macrophages has further enhanced claudin-2 upregulation in receptor-blocked Caco-2 compared to unblocked group (5.84 ± 1.12 folds vs 3.26 ± 0.84 folds, respectively). To further explore the effects on membrane permeability and the integrity of tight junctions, we measured the transepithelial electrical resistance (TEER) in the same cells. Blocking IL-6R during MAP infection reduced the TEER of Caco-2 monolayers indicating an increase in the permeability of the intestinal cell layer to ionic solutes (Figure 6B). As seen in Figure 6C, MAP infection upregulates the expression of MUC2 in HT-29 intestinal cells (2.47 ± 0.44 folds, P-value < 0.005) while blocking IL-6R during MAP infection reduces MUC2 expression by 1.51 ± 0.27 folds compared to MAP-infected cells (P-value < 0.05).




Figure 6 | The impact of blocking IL-6 signaling during MAP infection on intestinal epithelial integrity markers. Caco-2 and HT-29 cells were treated with MAP supernatant alone or while double-blocked with anti-IL-6R antibody at different concentrations (0.5 and 1 µg/mL) for 1 hour. Caco-2 were used to analyze CLDN2 gene expression via qRT-PCR (A) and to measure TEER across the epithelial monolayer (B). TEER is presented as percentage from baseline TEER measurements. (C) Treated HT-29 cells were used to analyze MUC2 gene expression using qRT-PCR. All experiments were performed after 24 hours of incubation with the respective supernatant. *Indicates P-values < 0.05 and **indicates P-values < 0.005.







Neutralizing IL-6R increased oxidative stress and modulated apoptosis in intestinal cell lines during MAP infection

To further examine the role of IL-6 signaling during MAP infection on intestinal epithelial integrity, we assessed oxidative stress and the apoptotic capacity of challenged intestinal cells. As expected, MAP infection upregulated NOX-1 expression, however, blocking IL-6R in these infected cells has increased NOX-1 expression (Figure 7A). This was confirmed by DHE staining which shows an increase in the oxidative damage following IL-6R neutralization with 0.5 µg/ml and 1 µg/ml of antibody compared to unblocked MAP-infected cells (Figure 7B). Additionally, we observed that MAP infection is increasing cell apoptosis by 1.15 ± 0.06 folds (P-value < 0.05) as seen in Figure 7C. Blocking IL-6R reduced apoptosis by 1.05 ± 0.04 folds at 0.5 µg/mL (P-value < 0.05) and 0.83 ± 0.14 folds at 1 µg/mL (P-value < 0.05) compared to unblocked MAP-infected cells (Figure 7C).




Figure 7 | Effect of blocking IL-6 signaling during MAP infection on intestinal cell apoptosis and oxidative stress. Caco-2 and HT-29 cells were treated with MAP supernatant alone or while double-blocked with anti-IL-6R antibody at different concentrations (0.5 and 1 µg/mL) for 1 hour. 24 hours later, HT-29 cells were used to analyze NOX-1 gene expression via qRT-PCR (A) and to visualize cellular oxidative stress (B) stained with DHE (red) while Caco-2 cells were used in annexin V-based luminescence assay to quantify apoptosis (C). *Indicates P-values < 0.05.







Neutralizing IL-6R increased SERPINE1/PAI-1 in intestinal cell lines during MAP infection

To further determine if blocking IL-6 signaling will worsen the IBD damage markers especially in cases associated with MAP infection, we analyzed the expression of SERPINE1/PAI-1 by qRT-PCR and ELISA in cell lysates and supernatants of cultured Caco-2 cells exposed to MAP infection. As shown in Figure 8, SERPINE1/PAI-1 expression was upregulated during MAP infection 2.45 ± 0.29 folds (P-value < 0.05). This was not opposed by the blockade of IL-6R (Figure 8A). At the protein level, PAI-1 released from Caco-2 cells is evidently upregulated after IL-6R blockade with 0.5 µg/mL (36.95 ± 0.23 pg/mL, P-value < 0.05) and 1 µg/mL (43.13 ± 0.95 pg/mL, P-value < 0.05) during MAP infection, compared to uninterrupted MAP infection (26.94 ± 2.38 pg/mL) as seen in Figure 8B.




Figure 8 | The production of SERPINE1/PAI-1 by intestinal epithelial cells following neutralizing IL-6R during MAP infection. (A, B) Caco-2 cells were treated with MAP supernatant alone or while double-blocked with anti-IL-6R antibody at different concentrations (0.5 and 1 µg/mL) for 1 hour. Following a 24-hour incubation, RNA and supernatants were collected to assay SERPINE1/PAI-1 mRNA expression (qRT-PCR) and protein products (ELISA), respectively. *Indicates P-values < 0.05 and **indicates P-values < 0.005.







Differential effects of rTNFα and rIL-6 versus MAP infection on intestinal epithelial integrity markers

Due to the observed differences between rIL-6 treatment and MAP infection on damage and functional markers of intestinal cells, we treated intestinal cells (Caco-2 and HT-29 cells) with equal concentrations of rIL-6 or/and rTNFα (5 ng/mL) and assessed marker expression using qRT-PCR after 24 hours of treatment. rTNFα upregulates SERPINE1/PAI-1 2.17 ± 0.11 folds (P-value < 0.05) compared to control, which is higher than rIL-6 treatment alone (Figure 9A). The combination of the two cytokines has an up-regulatory effect (2.5 ± 0.66 folds, P-value < 0.005) that almost matches that of MAP infection (2.65 ± 0.29 folds, P-value < 0.001) (Figures 9A, B). Regarding MUC2 in HT-29 cells, rTNFα treatment is augmenting the expression of MUC2 (1.69 ± 0.25 folds, P-value < 0.05) while rIL-6 is reducing it (0.54 ± 0.22 folds, P-value < 0.05) (Figure 9C). Lastly, the combined effect of both cytokines is enhancing MUC2 expression by 2.03 ± 0.27 folds (P-value < 0.005) which is nearing the effect of MAP infection (2.47 ± 0.44 folds, P-value < 0.001) (Figures 9C, D).




Figure 9 | The comparative effects of rTNFα treatment on epithelial cells integrity markers compared to rIL-6. (A) Caco-2 cells were treated with 5 ng/mL of rTNFα or/and 5 ng/mL of rIL-6 for 24 hours followed by qRT-PCR for SERPINE1/PAI-1 gene expression. (B) Caco-2 cells were incubated with MAP-infected THP-1 supernatant or left untreated for 24 hours followed by qRT-PCR for SERPINE1/PAI-1 gene expression. (C) HT-29 cells were treated with 5 ng/mL of rTNFα or/and 5 ng/mL of rIL-6 for 24 hours followed by qRT-PCR for MUC2 gene expression. (D) HT-29 cells were incubated with MAP-infected THP-1 supernatant or left untreated for 24 hours followed by qRT-PCR for MUC2 gene expression. *Indicates P-values < 0.05, **indicates P-values < 0.005 and ***indicates P-values < 0.001.








Discussion

With more than half of CD patients may be infected with MAP, current treatment plans based on anti-inflammatory drugs are not effective for treatment of large population of CD patients (8, 26). It has been estimated that 10-40% of IBD patients show no primary response to anti-TNFα and about 50% lose response over time (27). Moreover, our group has demonstrated that anti-TNFα based therapy enhances the viability of MAP in patient macrophages which ultimately may worsen the condition of the patient and complicates the symptoms (28, 29). Recently, anti-IL-6 monoclonal antibodies including tocilizumab (TCZ) have been considered in clinical trials. Despite an improvement in disease activity indices in patients treated with TCZ, clinical trials outcome reported serious side effects like gastrointestinal bleeding and intestinal perforations in a subset of patients which led to discontinuation of these trials (17, 19). Clearly, alternative treatment options of inflammatory diseases are urgently needed. Here, we sought to investigate the effect IL-6 has on intestinal epithelial cells and the consequences of neutralizing IL-6R on intestinal epithelial health and disease markers especially in cases associated with MAP-induced inflammation.

Our findings demonstrate a debilitating effect due to IL-6R blockade on intestinal epithelial health and integrity especially during MAP infection. Neutralizing IL-6 signaling using an anti-IL-6R antibody as seen in clinical trials using TCZ disrupts intestinal tight junctions by upregulating the leaky protein, claudin-2, and reducing TEER measurements. Such treatment also reverses the upregulation of mucous layer glycoprotein, MUC2, during infection. Moreover, this blockade results in an increased cellular oxidative stress evident by NOX-1 expression and DHE staining as well as an augmentation of SERPINE1/PAI-1 release which is a biomarker of active disease and poor therapeutic response (30). These findings demonstrate the need for active IL-6 signaling during MAP infection to preserve intestinal epithelial integrity and health during infection and would shift therapeutic strategies to mechanisms that finetune IL-6 levels instead of eliminating it.

In this study, we have observed an upregulation of IL-6 in the plasma of MAP-positive CD patients compared to MAP-negative CD patients and healthy controls (Figure 1) and in the supernatants of MAP-infected THP-1 macrophages (Figure 2A). IL-6R, responsible for eliciting IL-6 signaling in target cells, is expressed on the surface of few cell types (e.g. hematopoietic cells, hepatocytes and some epithelial cells) and is also released from these cells in a soluble form, soluble IL-6R (sIL-6R), by the enzymatic cleavage of membrane receptors or the alternative splicing of IL-6R mRNAs (27, 31, 32). Analysis of sIL-6R levels in the supernatants of MAP-infected THP-1 macrophages, showed a significant increase during MAP infection, which is consistent with upregulated IL-6 signaling during MAP infection since sIL-6R activates the trans-signaling IL-6 pathway (16). Based on these findings, we have also assessed the direct effects of rIL-6 on intestinal epithelial integrity. Interestingly, treatment of cultured intestinal epithelial cells with different concentrations of rIL-6 proves to be damaging in our in vitro model. This is illustrated by the reduction in MUC2 expression and the surge in damage markers CLDN2, PAI-1 and NOX-1. However, the extent of intestinal epithelial damage and modulation to these markers varied between the level of rIL-6 treatment dosage and height of MAP infection. In Figure 9, we show how rTNFα alone or in combination with rIL-6 inflict similar effects to that of MAP infection which is reasonable given that both cytokines in addition to other inflammatory cytokines like IL-1β are upregulated during MAP infection. The synergetic effect of these cytokines may lead to cytokine-like storm in some CD patients infected with MAP infection.

Tight junction proteins, especially claudins, are key players in intestinal epithelial barrier function and integrity (33). Claudin-2 mediates the paracellular flux of water in leaky epithelia and contributes to the diarrheal consequences of intestinal inflammation (34, 35). Here, we show that neutralizing IL-6R during MAP infection further upregulates claudin-2 expression by intestinal cells which correlates to a reduced TEER measurement. We also demonstrate for the first time the direct damaging effect of MAP infection on claudin-2 expression by intestinal cells indicating the role of MAP infection in compromising the barrier function of intestinal epithelia. This is in alignment with previous work on other intestinal microbes like adherent-invasive E. coli and Salmonella as well as microbial products like cholera toxin and Staphylococcus enterotoxin B, and their effect on the upregulation of claudin-2 expression by intestinal cells in culture or mice models which correlates with reduced intestinal permeability (36–38). Liu et al. further elaborated another mechanism by which claudin-2 contributes to barrier dysfunction, where claudin-2 binds to luminal antigens and possibly facilitates their transport across the epithelium and can thus contribute to allergen-induced intestinal hypersensitivity (36). This and other findings from Zhang et al. provide evidence to a microbial-induced upregulation of gut permeability through the upregulation of claudin-2 which further facilitates the transport of microbes across the epithelial barrier and perpetuates inflammation (38). MAP could as well be using a similar mechanism to invade the epithelium and blocking IL-6R will only make it easier for MAP and other luminal microbes. This highlights claudin-2 as a potential therapeutic target for the treatment and alleviation of inflammation for MAP-infected CD patients.

MUC2 is the predominant secretory mucin of the intestine which forms a protective physical gel-like layer on intestinal epithelia impeding the invading pathogens (39, 40). Here, we show that MUC2 is upregulated by MAP infection, a normal response to an intestinal pathogen as seen with E. coli infection (40). This protective response is, however, counteracted by the blockade of IL-6R, where we have shown a reversal in MUC2 expression levels almost to that expected in control. Despite an observed inhibitory role of rIL-6 on MUC2 expression (Figure 3A), MAP infection resulted in a contrasting outcome. That could be explained by the effect of other inflammatory cytokines upregulated by MAP infection like TNFα, which we have demonstrated and compared its effect to that of IL-6. Indeed, rTNFα led to upregulation of MUC2 expression even when combined with rIL-6 (Figure 9C). Our findings are in agreement with Li et al. where they demonstrated a downregulation of MUC2 production by colon cancer cells due to rIL-6 or macrophage-derived IL-6 treatment in a STAT3-dependent manner (41). Interestingly, some research suggests that a related subspecies to MAP, Mycobacterium avium hominissuis, can avoid the mucin barrier and interact with intestinal epithelia in the presence or absence of MUC2 (42). This was attributed to cell wall structures and surface lipids. We are intrigued by this, and it would be compelling to investigate this observation during MAP infection. We anticipate that it would render the alterations to MUC2 production and consequence effects on the intestinal integrity and function during MAP infection irrelevant.

One of the constraints of our findings is the lack of an in vivo model for MAP infection to simulate real scenarios and assess consequences of epithelial damage in the intestine following IL-6R neutralization. Clearly, any in vitro model lacks the contributions of other immune cells, stromal elements, additional cytokines and regulators, and the role of intestinal microbiome. There is no doubt that these factors may influence IL-6 signaling and response to IL-6R neutralization. However, this is the first study that sheds new lights and provides valuable insights into the role of IL-6 in inflammatory response and intestinal epithelial damage and recovery during MAP infection in CD-like macrophages and epithelial cells.

In conclusion, we demonstrate in this study the damaging effects of neutralizing IL-6R on intestinal epithelial homeostasis during MAP infection which may explain the lack of effective therapeutic response in many CD patients receiving anti-IL-6 based therapy. In fact, our study demonstrates for the first time how neutralizing IL-6R exacerbates the inflammation and delays the recovery of the damaged intestine in vitro which may explain the side effects reported in patients receiving anti-IL-6 based therapy. We plan to focus on a therapeutic option that aims at modulating the IL-6 level during MAP infection to a physiological level that promotes IL-6 to play its dual homeostatic role as it was always intended.
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Ulcerative colitis (UC) is characterized by chronic non-recessive inflammation of the intestinal mucosa involving both innate and adaptive immune responses. Currently, new targeted therapies are urgently needed for UC, and neutrophil extracellular traps (NETs) are new therapeutic options. NETs are DNA-based networks released from neutrophils into the extracellular space after stimulation, in which a variety of granule proteins, proteolytic enzymes, antibacterial peptides, histones, and other network structures are embedded. With the deepening of the studies on NETs, their regulatory role in the development of autoimmune and autoinflammatory diseases has received extensive attention in recent years. Increasing evidence indicates that excess NETs exacerbate the inflammatory response in UC, disrupting the structure and function of the intestinal mucosal barrier and increasing the risk of thrombosis. Although NETs are usually assigned a deleterious role in promoting the pathological process of UC, they also appear to have a protective role in some models. Despite such progress, comprehensive reviews describing the therapeutic promise of NETs in UC remain limited. In this review, we discuss the latest evidence for the formation and degradation of NETs, focusing on their double-edged role in UC. Finally, the potential implications of NETs as therapeutic targets for UC will be discussed. This review aims to provide novel insights into the pathogenesis and therapeutic options for UC.
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1 Introduction

Ulcerative colitis (UC) is a complex chronic inflammatory bowel disease (IBD) affecting the mucosa of the rectum and colon. Its main clinical symptoms are recurrent diarrhea, mucopurulent bloody stool, and may be accompanied by extra-intestinal manifestations of varying degrees of severity (1). UC is characterized by recurrent episodes and remissions, which may result in prolonged and burdensome complications that seriously affect patients’ quality of life. A substantial body of evidence suggests that multiple factors are involved in the pathogenesis of UC, including autoimmune disorders, genetic susceptibility, defects in the intestinal epithelial mucosal barrier, and imbalances in the gut microbiota (2–4). The main pathological change in UC is an abnormal mucosal immune and inflammatory response, the main features of which include pro-inflammatory cytokines, oxygen free radicals, nitrogen production, and activation of inflammatory cells. Among them, neutrophils play a key role in intestinal homeostasis (5).

Neutrophils, as one of the most important immune cells in innate immunity, are also the body’s first line of defense against external microorganisms. It mediates antimicrobial activity through phagocytosis and degranulation, resulting in immune defense and killing of pathogens. In addition, activated neutrophils release neutrophil extracellular traps (NETs), which are complex networks comprised of DNA, histones, and granule proteins (6). NETs effectively capture pathogens and secrete antimicrobial proteins to kill them (7, 8). On the other hand, over-activated NETs may further amplify the inflammatory response, leading to tissue damage (9). Apart from infectious diseases, NETs have successively been reported to play a significant role in numerous non-infectious diseases, such as autoimmune diseases (10, 11), cancers (12–15), cardiovascular diseases (16–20), and so on. UC, an autoinflammatory disease, has not been fully elucidated in terms of its specific pathogenesis. The potential role of NETs in the pathogenesis of UC is a relatively new area of research. Here, we focus on the latest evidence for the formation and degradation of NETs, the mechanisms associated with their involvement in UC pathophysiology, and their potential role in UC therapeutic targets.




2 The role of neutrophils in UC

Neutrophils are the most abundant immune cells in the body, accounting for approximately 70% of peripheral blood leukocytes. Neutrophils are known for their rapid recruitment to sites of infection or tissue damage to accommodate pathogens. They can activate pathways that ultimately facilitate sustained inflammation reduction and mucosal healing (21–23). However, persistent activation and over-recruitment of neutrophils is a common feature of numerous inflammatory diseases. Neutrophils produce inflammatory factors and large amounts of reactive oxygen species (ROS), disrupt the intestinal epithelial mucosal barrier, recruit and activate other immune cells, and activate redox-sensitive inflammatory pathways (24–27). Neutrophil infiltration is associated with disease activity in UC (21, 28). Neutrophils are a widely used and reliable component of the disease scoring system for UC (29).

Neutrophils exhibit a dual role in UC, either favoring the abatement of inflammation or being deleterious when over-activated, leading to collateral tissue damage. In other words, both functional defects and hyperreactivity of neutrophils contribute to intestinal inflammation, and functional neutrophils are essential to maintain intestinal homeostasis.




3 Neutrophil extracellular traps

In 1996, Takei et al. (30) first discovered that neutrophils exhibit special morphological changes such as the dissociation of lobulated nuclei and rupture of nuclear and cell membranes under the stimulation of phorbol myristate acetate (PMA). In 2004, Brinkmann et al. (6) defined this new type of specific cell death, different from apoptosis and necrosis, as NETs by further validation. With subsequent studies, NETs are thought to have a DNA backbone in which a variety of active proteins are embedded, including histones, cathepsin G (CG), neutrophil elastase (NE), matrix metalloproteinase 9 (MMP-9), myeloperoxidase (MPO), calprotectin and other granule proteins, protein hydrolases, antimicrobial peptides, histones, etc. Although the NET proteome composition is fairly stable, it may be enriched with different protein components depending on the stimulus received (31).



3.1 NET formation

The generation of NETs by neutrophils is regulated by neutrophil intrinsic and extrinsic factors and pathways (32). The release of NETs occurs through a cell death process named NETosis (33). It is triggered by a variety of stimulants such as bacteria, viruses (34–36), fungi (37), activated platelets (38–40), immune complexes, cytokines, and chemokines (41). Studies have shown that the mechanism of NETs formation may vary depending on the initial stimulus that activates the neutrophils (42). There are two main modes of NET formation: lytic or suicidal NET formation and nonlytic or vital NET formation (43, 44).



3.1.1 Lytic NETs formation

Lytic NET formation involves morphological changes in neutrophils, where activated neutrophils become flattened, lose their nucleoli, have their chromatin decondensed, and die after NETs are formed (summarized in Figure 1). In contrast to other cell death processes, such as apoptosis, necrosis, or pyroptosis, chromatin decondensation is the main defining feature of NETosis. NETs are generated by neutrophils stimulated by bacteria, fungi, cytokines, lipopolysaccharide (LPS) and PMA, with PMA being the most inducible (45). After stimulation with PMA or IL-8, calcium is released from the endoplasmic reticulum (ER), followed by the entrance of extracellular calcium through channels in the cellular membrane (46–49). As a result, the intracellular calcium concentrations increase in activated neutrophils (50). Interestingly, the activation of peptidyl arginine deiminase-4 (PAD4) depends on high levels of intracellular calcium concentration (51). As is well known, PAD4 is a key driver of NETosis, which causes histone citrullination and thus induces chromatin decondensation process (52, 53). Citrullinated histone H3 (Cit-H3) is generally considered as a specific marker of NET (54–57).




Figure 1 | Diagram of lytic neutrophil extracellular trap formation. The RAF/MEK/ERK pathway and protein kinase C are activated by PMA, resulting in the phosphorylation of NADPH oxidase and ROS formation. This process depends on high calcium concentrations. Subsequently, PAD4 is activated and NE and MPO are translocated from the azurophilic granules to the nucleus. NE, MPO and PAD4 lead to histone citrullination and chromatin decondensation. Upon rupture of the nuclear membrane, the decondensed chromatin enters the cytoplasm and mixes with granular proteins. Finally, the cytoplasma membrane ruptures and the modified chromatin is released from neutrophils, marking the completion of NETosis. PMA, phorbol myristate acetate; PKC, protein kinase C; NADPH, nicotinamide adenine dinucleotide phosphate; ROS, reactive oxygen species; NE, neutrophil elastase; MPO, myeloperoxidase; PAD4, peptidyl arginine deiminase-4; GSDMD, Gasdermin D.



Apart from high intracellular calcium concentration, the mechanism of NETosis is closely related to nicotinamide adenine dinucleotide phosphate (NADPH) oxidase. PMA stimulation leads to the activation of the RAF/MEK/ERK pathway and protein kinase C (PKC), which in turn contributes to the phosphorylation of NADPH oxidase and the production of ROS (45). Then, NADPH oxidase and ROS complexes induce the translocation of NE and MPO from neutrophil granules into the nucleus (58), along with the activation of PAD4 (33). Although MPO does not directly decondense chromatin in isolated nuclei or degrade histones in vitro, it was demonstrated to augment chromatin decondensation mediated by NE (59). It is reported that MPO binds to chromatin and activates NE in small azurophilic structures visible in vitro and in vivo. NE disrupts actin filaments in the cytoplasm while translocating to the nucleus along with MPO (58). In the nucleus, serine proteases and NE degrade histones, further promoting chromatin decondensation. Upon rupture of the nuclear membrane, the decondensed chromatin enters the cytoplasm and mixes with granular proteins to form NET (33). Finally, the cell membrane ruptures, releasing NET and causing neutrophil death. This process is dependent on NADPH oxidase to promote ROS production and occurs slowly, typically taking three to four hours.

Interestingly, emerging evidence suggests that Gasdermin D (GSDMD), which is often considered an execution factor in pyroptosis, also plays a crucial role in cell lysis and NET release (60, 61). Inhibition of GSDMD with disulfiram or genic deletion has been shown to eliminate NET formation (62). In neutrophils, GSDMD is usually cleaved and activated by two pathways. When initiated by classical stimulus such as PMA or extracellular pathogens, NE converts GSDMD to the active form GSDMD-NT, which mediates the formation of pores in the nuclear, granular, and plasma membranes and enhances the release of NE and other granular components (60, 63). Additionally, it is well known that GSDMD could be cleaved by caspases (64). When stimulated by LPS or cytosolic Gram-negative bacteria, GSDMD is activated by caspases. Among them, Caspase-11 is required for GSDMD-dependent NET formation (61). It has been reported that the specific deletion of Caspase-11 in neutrophils significantly inhibited NET formation (65). Caspase-11 and GSDMD are not only required for plasma membrane rupture in neutrophils during the final stages of NET release, but are also essential for the early features of NETosis, including nuclear foliation and DNA amplification, which are mediated by nuclear membrane permeabilization and histone degradation induced by Caspase-11 and GSDMD (61).




3.1.2 Nonlytic NETs release

A nonlytic and NADPH-oxidase-independent mechanism of NET formation was subsequently discovered, which appears to maintain neutrophil integrity and viability by actively releasing DNA-containing vesicles (33, 43). Unlike lytic NET formation, this process releases NETs less than an hour after stimulation. Nonlytic NET release plays a more important role in regulating pathogen infection. This form of NET formation is triggered by a sudden elevation of intracellular calcium that results in the expulsion of nuclear chromatin and granule proteins, causing anucleate cytoplasm to remain capable of migration and phagocytosis (summarized in Figure 2). Staphylococcus aureus and Candida albicans activate Toll-like receptor 2 (TLR2) and complement receptors, respectively, while platelets activated by LPS and Escherichia coli activate TLR4 (66, 67). TLRs and complement receptors activate PAD4 and activated PAD4 triggers histone citrullination, resulting in chromatin decondensation. The decondensed chromatin enters into the cytoplasm and binds granzymes such as MPO, NE, and other proteins, eventually releasing into the extracellular space. However, instead of plasma membrane disruption through vesicle release, protein-modified chromatin is secreted through vesicles. The nuclear and cellular membranes remain intact during this process, and neutrophil viability and functions such as phagocytosis and chemotaxis are unaffected (44). Although this pathway is not dependent on NADPH oxidase-derived ROS, a recent study has demonstrated that calcium ion carriers induce the production of mitochondrial ROS (68). After being stimulated by granulocyte-macrophage colony-stimulating factor or LPS, neutrophils release mitochondrial DNA (mtDNA) mixed with granule proteins (69). Additionally, it has been proven that deletion of mtDNA results in a significant reduction in NADPH-oxidase-independent NET production, suggesting that mitochondria are also important in NET formation (70). The specific mechanism of mitochondria in this process requires further study.




Figure 2 | Diagram of nonlytic neutrophil extracellular trap formation. Compared with suicidal NETosis, nonlytic NET formation is completed in a shorter period of time and may occur in the absence of NADPH oxidase and ROS. This form of NET formation is also triggered by a sudden elevation of intracellular calcium levels. Nonlytic NET formation is initiated by stimuli such as Staphylococcus aureus activating TLR2, or Escherichia coli activating TLR4. PAD4 is activated and NE and MPO translocate to the nucleus to stimulate chromatin decondensation. Decondensed chromatin decorated with granulin and histones is packaged in vesicles budding from the nucleus. Then, these vesicles are expelled from intact neutrophils and form NETs near the neutrophils. Thus, the neutrophils remain intact and maintain their function.TLR, Toll-like receptor; LPS, lipopolysaccharide; NE, neutrophil elastase; MPO, myeloperoxidase; PAD4, peptidyl arginine deiminase-4.







3.2 NET degradation

Although numerous researchers have been focusing on the molecular mechanisms of NET formation, little is known regarding NET degradation. Actually, the balance between the formation and degradation of NETs is critical for maintaining NET homeostasis. Since DNA is the main component of NETs, DNA degradation enzymes play an instrumental role in NET degradation. In autoimmune diseases, reduced Deoxyribonuclease (DNase) activity is strongly correlated with NET accumulation. DNase is regarded as an essential enzyme for degrading NET in vivo by cleaving circulating free DNA (71). DNase consists of two families, DNase I and DNase II. The DNase I family is composed of four members including DNase I, DNase1L1, DNase1L2, and DNase1L3, whereas the DNase II family consists of DNase II α and DNase II β (72). The kinetics of hydrolysis are influenced by the structure and sequence of the DNA substrate. Double-stranded DNA (dsDNA) is cleaved by DNase I 100-500 times faster than single-stranded DNA (ssDNA) (73, 74). It was reported that DNase1 inhibitors or anti-NET antibodies preventing DNase1 entry into NETs both resulted in impaired NET clearance (71). Li et al. revealed that the downregulation of DNase1L3 expression is a critical cause of impaired DNA clearance in NETs (75). In addition, the accumulation of NETs and their components is associated with the formation of anti-dsDNA, anti-histones, and anti-nucleosome antibodies, which are recognized as pathogenic factors in systemic lupus erythematosus (SLE) (76).

Apart from the DNase family, other enzymes have been revealed to disrupt the structure of NETs, such as 3′-exonucleases (TREX1 and TREX2) (77, 78). Interestingly, macrophages and dendritic cells were found to exert an important role in the intracellular and extracellular degradation of NETs. NET degradation mediated by extracellular DNase1L3 was observed in dendritic cells, while intracellular degradation of NETs by macrophages relied on the function of TREX1 (77). A growing number of researches emphasized the prominent role of macrophages in NET degradation (79, 80). Farrera et al. confirmed that macrophages effectively removed NETs by taking up extracellular DNA (79). Macrophage-secreted DNase I facilitates this process by extracellularly digesting large fragments of NETs, whereas complement factor 1q (C1q) promotes NETs opsonization. NETs phagocytosed by macrophages are degraded in the lysosomal compartment. Interestingly, a recent study indicated that the polarization of macrophages affected their ability to degrade NETs (81). In particular, proinflammatory polarization promotes NET degradation through enhanced macropinocytosis.




3.3 Functions of NETs

NETs were originally described as host defense mechanisms for trapping or killing neutrophilic pathogenic microorganisms. NETs encapsulate proteins such as histone, NE, MPO, and CG, which trap pathogens and prevent them from spreading to secondary sites of infection, exerting anti-bacterial, fungal, and viral effects (6, 31). In neutrophils, NADPH is produced by glucose 6-phosphate in the oxidation branch of the pentose phosphate pathway. A recent study by Ulrich and colleagues demonstrated that low levels of NADPH and ROS in patients with defects in glucose-6-phosphate dehydrogenase caused impaired formation of NETs and greatly increased the risk of bacterial infection (82). Indeed, impairing NET formation might exacerbate inflammation and worsen conditions (7, 83). NET also modulates other immune cells. For instance, by inhibiting dendritic cell activation, it promotes the Th2 response and facilitates inflammation to subside (84). However, NET is a double-edged sword. There is growing evidence that when there is an imbalance between the formation and removal of NETs, the deposition of excess NETs in tissues and organs promotes an inflammatory response (85, 86) and drives disease progression (9, 87, 88). NETs recruit macrophages and other pro-inflammatory cells or proteins, promote the release of inflammatory factors such as IL-1β and IL-6, and activate NLRP3 inflammatory vesicles to further amplify the inflammatory response (89–91). Overall, the anti-inflammatory effects of NETs are counteracted by pro-inflammatory effects in disease. A growing body of research suggests that NETs are associated with the progression of several diseases and may serve as potential biomarkers for disease diagnosis and prognosis (92–95).





4 Increased NETs formation in UC

A growing number of studies have shown that NET-related proteins have enhanced expression in the inflamed colon of UC patients (96–99). Proteomic studies revealed that the abundance of NET-associated proteins in colonic mucosal samples from patients with UC was, on average, 42.2 times higher than in normal colons (100). Western blotting analysis and quantitative immunoblotting indicated that PAD4 expression was dramatically enhanced in inflamed mucosa of UC patients compared to Crohn’s disease (CD) patients or healthy individuals (98). Western blotting analysis has also shown that the expression of NE, MPO, and Cit-H3 was significantly up-regulated in colon samples from UC patients. Moreover, the double-immunofluorescence assay indicated that these three proteins were co-localized in UC mucosa. Similarly, confocal microscopy analysis also exhibited positive staining for citH3 and NE, overlapping with diffuse DNA scaffolding, confirming NET deposition in the colon of patients with active UC (101). Additionally, recent studies suggest that plasma levels of NET are significantly elevated in UC patients (101, 102). Other evidence points out that neutrophils isolated from UC patients are more likely to form NETs when stimulated in vitro (98, 101).

Apart from patients with UC, it has been demonstrated that NETs and related proteins are significantly increased in a mouse model of experimental colitis (98, 103). A recent study by Li and colleagues showed elevated serum levels of cell-free DNA (cfDNA) and increased NET formation in mice with dextran sulfate sodium (DSS)-induced colitis (101). Mechanistically, LINC00668, which is highly enriched in intestinal epithelial cell (IEC)-derived exosomes, mediates the translocation of NE from cytoplasmic granules to the nucleus, thus stimulating histone cleavage and chromatin decondensation and triggering NETs release (104). Other evidence suggests that high levels of antineutrophil cytoplasm autoantibodies (ANCA) in serum induce neutrophil aggregation and foster NET generation (105).

Damage-associated molecular patterns (DAMPs) are molecules released in response to cellular stress or tissue damage and have been demonstrated to function as direct pro-inflammatory mediators (106, 107). Several researches have identified DAMPs capable of inducing NET formation in UC (108). For example, cfDNA is a DAMP capable of enhancing NET generation (109). Interestingly, cfDNA is significantly increased in the serum of UC patients as well as in murine UC models, and its plasma concentration is positively correlated with clinical severity (110, 111). cfDNA has a strong potential to trigger NETosis, resulting in endothelial cell injury (112). High-mobility group box 1 (HMGB1) is another DAMP known for its ability to promote NETs (113, 114). Recent evidence suggests that TLR4 and C-X-C motif chemokine receptor 4 (CXCR4) are specific receptors for HMGB1 (115). Notably, HMGB1 not only induces NETosis but is also involved in the extrusion of NETs. Chen et al. detected that HMGB1 was significantly higher in the inflamed colon of UC patients (116). They also demonstrated that anti-HMGB1 neutralizing-antibody improved intestinal barrier function and inflammation in DSS-induced colitis mice.

Moreover, in UC, cytokines are important mediators in inducing NETosis. As is well known, IL-1β, IL-6, tumour necrosis factor α (TNF-α), and other cytokines are expressed at relatively higher levels in the intestinal tissues of UC patients (117). These cytokines trigger macrophages and neutrophils to phagocytose and to release effector mediators. It has been demonstrated that neutrophils from UC patients produced significantly more NETs under the stimulation of TNF-α (98). In addition, NET formation was significantly reduced in colons of UC patients treated with infliximab, a TNF-α inhibitor, indicating a strong stimulatory effect of TNF-α in NETosis (98). UC patients show significantly enhanced expression of IL-8 (118, 119), a cytokine that not only stimulates neutrophil recruitment but also triggers NETosis (120, 121). Similarly, IL-6, a cytokine widely increased in UC patients and colitis mice (122, 123), serves as another potent inducer of NETosis (124, 125). However, there are still substantial gaps in the upstream mechanisms of NETosis induction in UC, which need to be further explored.




5 Impaired clearance of NETs in UC

As mentioned above, several autoimmune diseases have been linked to dysregulated NET clearance (126). The balance between generation and degradation of NETs is critical in UC and other autoimmune diseases. Some findings suggest that in UC, the increase in NETs may be attributed to decreased clearance rather than merely increased production (101). Li et al. (101)detected impaired degradation of NETs in the plasma of patients with active UC. DNase I activity has been reported to be significantly lower in IBD patients than in healthy individuals (127). DNase I activity is strongly negatively correlated with the serum concentration of anti-nucleosome antibodies. Impaired DNaseI-mediated NET clearance is probably related to the pathogenesis of IBD. Thus, the ability of UC patients to clear NETs and specific mechanisms deserve further research.




6 The double role of NETs in UC



6.1 The role of NETs in the pathogenesis of UC



6.1.1 NETs exacerbate inflammatory response in UC

UC mainly manifests as a chronic, recurrent, non-specific inflammatory response in the intestinal mucosa. Neutrophil infiltration correlates with endoscopic severity and systemic inflammatory indices, whereas serum levels of C-reactive protein and fecal lactoferrin and calprotectin may serve as sensitive markers of intestinal inflammation (128–130). Notably, both lactoferrin and calprotectin are key components of NETs (128). NET is associated with diverse immune and inflammatory diseases, including UC, and is thought to maintain mucosal inflammation in this disease (98).

It has also been shown in vitro that NETs enhance the secretion of TNF-α and IL-1β in UC lamina propria mononuclear cells by promoting the phosphorylation of ERK (98). As shown in Figure 3, NETs induce the release of pro-inflammatory cytokines from macrophages, thus stimulating local and systemic inflammatory responses (131). A recent study showed that NETs significantly boosted the response of monocyte-derived macrophages to low-dose LPS and increased the release of TNF-α, IL-6, and monocyte chemotactic protein-1 (MCP-1) (101). PAD4 is considered a biomarker of NETosis as its suppression or gene deficiency in neutrophils inhibits this process (132). Numerous researchers have been focusing on the critical role of PAD4 in NETs of UC. Considerable studies have revealed that PAD4 expression is significantly elevated in colonic samples from UC patients (96, 133). Immunohistochemistry analysis of paired colon sections from UC patients showed more pronounced PAD4 expression in inflamed areas compared to uninvolved mucosa from the same patients (98). Blocking the formation of NETs by PAD4 knockout alleviates clinical colitis indices, intestinal inflammation, and barrier dysfunction (134).




Figure 3 | Potential implications of NETs in the pathogenesis of UC. Inflammatory factors such as IL-6 and TNF-α are potent inducers of NETosis in UC models. In addition, high levels of antineutrophil cytoplasm autoantibodies (ANCA) in serum induce neutrophil infiltration and foster NET generation. Several researches have identified DAMPs capable of inducing NET formation in UC, including cfDNA and HMGB1. Increasing evidence indicates that excess NETs exacerbate the inflammatory response in UC, disrupting the structure and function of the intestinal mucosal barrier and increasing the risk of thrombosis. IL-6, interleukin 6; TNF-α, tumour necrosis factor α; cfDNA, cell-free DNA; HMGB1, high-mobility group box 1; DAMP, damage-associated molecular pattern; ROS, reactive oxygen species; PS, phosphatidylserine.



Increasing studies have shown that cellular autophagy may play an essential role in the formation of NETs (135–137). Inhibition of autophagy leads to reduced generation of ROS and NETs (138). Another researcher revealed that inhibition of ATG7, a critical autophagy-associated protein, suppressed autophagy and significantly reduced NET formation (139). Moreover, increased NET formation in UC patients has been demonstrated to be autophagy-dependent and is associated with increased expression of regulated in development and DNA damage response 1 (REDD1) in neutrophils. The REDD1/autophagy/NETs axis is involved in the IL-1β-driven inflammatory response in UC patients (97).




6.1.2 NETs impair epithelial barrier function in UC

Impaired intestinal epithelial barrier function due to IEC injury is one of the key features of the pathophysiology of UC. Also, damage to the vascular endothelium cell results in delayed healing of the localized ulcerated mucosa, exacerbating intestinal damage. It was found that in mouse with DSS-induced colitis, the presence of NET structures was not limited to the lamina propria and epithelium, but also in the intestinal lumen (103). NETs increase bacterial translocation by increasing intestinal barrier permeability and disrupting colonic epithelial barrier function. Further studies revealed that the NET-induced deterioration of barrier function was attributed to the promotion of apoptosis in IECs (103). Compared with control mice, expression of the tight junction proteins occludin and ZO-1 as well as the adhesion junction component E-cadherin was reduced in Caco-2 monolayers treated with NETs or histones (103). NETs-associated histones alter the integrity of tight junctions and adhere to junctional proteins and induce IEC death, leading to increased intestinal epithelial permeability (140). Whether NETs are cytotoxic to endothelial cells, leading to intestinal tissue damage in UC, remains to be investigated.




6.1.3 NETs and thrombotic tendency in UC

Patients with IBD face three times the risk of thromboembolic events than the general population (141). In recent years, the association between NETs and arteriovenous thrombosis has attracted widespread attention. The network structure of NETs provides a scaffold for the deposition of platelets, erythrocytes, fibrinogen, platelet adhesion factor, and other substances that favor thrombosis (142). At the same time, a number of components of NETs actively trigger platelet activation and blood coagulation. There is already considerable evidence of a link between NETs and thrombosis in IBD (101, 143, 144). Research has shown that incubation of normal platelets with NETs from patients with active UC and CD resulted in a significant 32% increase in their procoagulant activity and a 42% increase in their ability to support fibrin formation. Another study (101) revealed that NET-induced platelet activation is mediated by signaling through TLR2 and TLR4. NETs from patients with active UC trigger increased exposure to phosphatidylserine in endothelial cells in a time-dependent manner, which promotes thrombin generation as well as the production of intrinsic and exogenous FXa complexes. Researchers found a significant increase in NETs in inferior vena cava thrombosis in DSS-induced IBD mice (104). Further studies discovered that this was related to exosomes released by IECs under inflammatory conditions. The specific mechanism of NETs on the thrombosis tendency in UC deserves further in-depth study.





6.2 The beneficial role of NETs in UC

Although NETs are often assigned a deleterious role in promoting inflammatory responses, there is growing evidence that they exert beneficial anti-inflammatory effects in a variety of conditions. For example, during severe sepsis, NETs have proved indispensable in trapping circulating bacteria to prevent systemic infection (67). NETs have been demonstrated to promote the regression of gouty inflammation through the degradation of cytokines and chemokines by serine proteases (7). When NET formation is impaired, monosodium urate crystals induce uncontrolled production of inflammatory mediators. Hahn and other researchers have also found that NETs work through a similar mechanism to reduce inflammation in periodontitis (145). In rheumatoid arthritis, NETs inhibit IL-6 secretion from LPS-activated macrophages and induce secretion of the anti-inflammatory factor IL-10 (146).

The formation of NETs during necrotizing enterocolitis has been reported to reduce intestinal bacterial translocation and attenuate systemic inflammation (83). Conversely, the reduction of NETs may lead to increased systemic inflammation in mice, ultimately resulting in the severe consequences of bacteremia and significantly reduced survival. Another study confirmed that activation of triggering receptor expressed on myeloid cell-1 (TREM-1) clears pathogens and protects the intestinal barrier by increasing the production of NETs and IL-22 by CD177 neutrophils, which is likely to be an effective therapeutic strategy for IBD (147). In addition, a recent study showed that PAD4-deficient mice had an exacerbated course of colitis and a significant increase in rectal hemorrhage compared to controls (133). The PAD4-dependent NET formation is closely associated with the remodeling of the blood clot into a secondary immune thrombus, thereby preventing rectal hemorrhage in UC. Therefore, caution must be exercised when targeting NET as a treatment for UC.





7 NETs as potential therapeutic targets in UC

The higher expression of NETs in UC plays an influential part in its pathogenesis and development, so targeting NETs to treat UC has gradually become a research hotspot. The regulation of NET generation or DNA degradation appears to be two possible effective strategies in UC therapy, and a balance of these two approaches may be better for positive outcomes. Recent studies have identified a number of drugs, including phytomedicine, that suppress UC through targeting NETs, as outlined in Table 1.


Table 1 | Summary of potential NETs-targeted therapies in UC.





7.1 PAD4 inhibitors

Theoretically, any important link in the formation of NETs may become a potential target for the treatment of UC (summarized in Table 1). As mentioned above, PAD4 is a key enzyme in the formation of NETs. Therefore, it is also an important target for blocking the pathological effects of NETs. At present, the most representative PAD inhibitor in the UC field is the irreversible inhibitor Cl-amidine. According to reports, Cl-amidine blocked the formation of NET structure, reduced the expression of PAD4 and cit-H3 in the colon tissue, and effectively alleviated clinical colitis index in TNBS-induced colitis mice (149). The inhibition of PAD4 mediated by CL-amidine reduces the expression of pro-inflammatory cytokines such as TNF- α, IL-1 β, and IL-6, while the expression of anti-inflammatory factor IL-10 is also upregulated (149). CL-amidine also has antioxidant consequences in a colitis mouse model, with the ability to suppress leukocyte activation and prevent colon epithelial DNA damage (157).

In addition, streptonigrin, a selective PAD4 inhibitor, has also been shown to reduce the expression of pro-inflammatory cytokines such as TNF-α and IL-1 β, as well as NETs-associated proteins, alleviating colonic inflammation (98). Interestingly, a recent study showed that H2S donor significantly inhibited PAD4, Cit-H3 and MPO expression in TNBS-induced colitis rats (151). It appears to exert an anti-inflammatory effect by inhibiting NET formation and downregulating NF-κB and HMGB1 expression.




7.2 NADPH/ROS inhibitors

Similarly, NET formation is suppressed by inhibiting the expression of proteins such as Ne (158) and ROS (153). Cyclosporine A (CsA), a well-known immunosuppressive drug, is routinely prescribed for the treatment of patients with steroid-refractory acute severe ulcerative colitis (ASUC) (159, 160). It not only suppresses IL-2 secretion by T cells, but also interferes with dendritic cell (DC) migration (161, 162). Strikingly, CsA suppresses a variety of neutrophil processes, including ROS production and NET formation (70, 163). It has been demonstrated to decrease ROS generation in isolated human neutrophils (159, 164). A recent study revealed that CsA inhibits apoptosis and migration as well as the release of ROS, MPO, and antimicrobial peptides from neutrophils in ASUC patients (165). Mechanistically, CsA inhibits Sirtuin 6 (SIRT6) expression and subsequently promotes hypoxia‐inducible factor‐1α (HIF-1α) expression in neutrophils as well as glycolysis and the tricarboxylic acid cycle to limit neutrophil overactivation, thus alleviating mucosal inflammation in ASUC patients. Recently, Xu et al. (102) identified that CsA directly reduces the activity of pentose phosphate pathway (PPP) rate-limiting enzyme G6PD via activating P53 protein and represses PPP metabolism to produce ROS, thereby reducing ROS-dependent NETs release and attenuating colitis.




7.3 DNase I

In addition, several studies have demonstrated that DNase I is a promising treatment for UC (101, 103). DNase I is an enzyme that dissolves reticulated DNA filaments of NET. In mice with DSS-induced colitis, DNase I improved fecal consistency and reduced fecal occult blood and rectal bleeding (103). In addition to improved intestinal inflammation, DSS mice treated with DNase I showed significantly increased expression levels of tight junction protein occludin and ZO-1. Meanwhile, the disruption of NET structure by DNase I was demonstrated to also restore the structure and function of the intestinal mucosal barrier in mice with TNBS-induced colitis, reduce the levels of pro-inflammatory cytokines, and alleviate intestinal inflammation (103).




7.4 Bioextracts

The treatment of autoimmune and inflammatory diseases by modulating NETs in traditional Chinese medicine (TCM) is an area of great interest. For instance, crocetin inhibits PMA-induced NETs formation, as evidenced by reduced expression of NE, PAD4, and CitH3, and alleviates symptoms in adjuvant-induced arthritis mice (166). Apart from inhibiting the activation of the nuclear factor-κB (NF-κB) and mitogen-activated protein kinase (MAPK) pathways, the mechanism involves inhibiting the formation of NETs by suppressing autophagy. Moreover, celastrol is a triterpenoid compound. Celastrol has been shown to completely inhibit neutrophil oxidative burst and NET formation induced by TNF-α. Celastrol downregulates the activation of spleen tyrosine kinase (SYK) and the concomitant phosphorylation of MAPKK/MEK and ERK, as well as the citrullination of histones (167). It suggests that celastrol probably has the potential to modulate inflammation involving neutrophils and NETs and to have therapeutic implications for autoimmune diseases. HMGB1 protein secreted by NETs promotes the release of cytokines and chemokines, causing inflammatory responses. While celastrol effectively suppresses the expression of HMGB1, NF-κB and IL-1β to reduce inflammatory pain (168). Triptolide alleviates chronic arthritis by reducing neutrophil recruitment and suppressing the expression of IL-6 and TNF-α (169). It also inhibits the expression of pro-inflammatory cytokines and NETosis in neutrophils. Furthermore, glycyrrhizin has been demonstrated to inhibit TLR9/MyD88 activation by decreasing HMGB1 expression, thereby reducing NET formation and alleviating sepsis-induced acute respiratory distress syndrome (170). Moreover, forsythiaside B improves coagulopathy in septic rats by inhibiting the formation of PAD4-dependent NETs (171). Luteolin significantly inhibits superoxide anion production, ROS generation, NE release, and NET formation in human neutrophils (172). Ginsenoside Rg5 reduces the inflammatory response by inhibiting the activation of the ERK/NF-κB signaling pathway while lowering the cellular Ca2+ concentration, thereby suppressing the activity and expression of PAD4 to inhibit NETosis (173).

The potential of these active ingredients to mitigate inflammation by modulating NETs is evident. Modern pharmacological studies suggest that numerous natural products have significant advantages in the treatment of UC (174–178). For example, baicalin was shown to exert its anti-inflammatory effects in UC rats by modulating the IKK/IKB/NF-kB signaling pathway and apoptosis-related proteins (179). Puerarin is one of the major isoflavonoid components of the root of Pueraria lobata. In DSS-induced colitis mice, it was demonstrated to exert an anti-inflammatory effect via inhibition of MPO activity and down-regulation of NF-κB and pro-inflammatory mediator secretion. It also possesses antioxidant potential as well as improves intestinal epithelial barrier function (180). Berberine, an isoquinoline alkaloid extracted from Coptidis Rhizoma, exerts a therapeutic role in UC that may involve several aspects such as anti-inflammatory, anti-oxidative stress, maintenance of the structure and function of the intestinal mucosal barrier, modulation of intestinal mucosal immune homeostasis, and regulation of intestinal flora (181–184). Interestingly, berberine has been found to suppress the nuclear translocation of NE and subsequent formation of NETs by inhibiting the interaction of LINC00668 with NE, thus exerting its antithrombotic effect in IBD (104).




7.5 Compound prescriptions in TCM

Huang Qin Decoction, a traditional Chinese prescription for UC, inhibits colonic neutrophil infiltration, restores the levels of the intestinal tight junction proteins Occludin and ZO-1, and alleviates intestinal inflammation induced by TNF-α, and IL-1β (152). At the same time, it down-regulates the expression of PAD4 and citH3 to inhibit the production of NETs, which in turn inhibits colitis-associated carcinogenesis (152). In addition, Sijunzi Decoction is also likely to treat UC by decreasing the level of intestinal NETs (185). It has also been found to inhibit the expression of pro-inflammatory cytokines (TNF-α, IL-1β, IL-6) while promoting the expression of anti-inflammatory cytokines (IL-10, IL-37, TGF-β). In light of this evidence, we propose compound prescriptions and active ingredients as a promising therapeutic approach for targeting NETs.

In conclusion, various biological agents and drugs seem to inhibit the formation of NET, but the mechanism needs further investigation. The changes in other physical activities during NET inhibition and the consequences of NET inhibition should not be ignored. Indeed, further studies on the balance between NET induction, inhibition, and degradation are necessary to pharmacologically target NET and its compounds without damaging the immune defenses of patients.





8 Conclusions and future perspectives

Excessive NETs cause abnormal activation of the body’s immune system, leading to tissue damage. However, increasing evidence suggests that NETs exert their anti-inflammatory effects by capturing, killing, and clearing pathogenic microorganisms. NETs play an important role in the pathophysiology of many diseases, including UC. NETs are closely related to the inflammatory response, disruption of intestinal epithelial barrier function, and thrombotic trend in UC.

Although NETs have long been shown to be involved in UC, their potential role in UC pathogenesis remains elusive. Obviously, it is necessary to explore the multifaceted biology of neutrophils, especially the regulatory mechanisms controlling the formation and degradation of NETs in the context of UC, to expand our understanding of the pathways leading to increased NETs. In particular, little is known about NET clearance in UC.

In summary, the balance between NET generation and clearance is essential for health. And NETs seem to play a dual role in UC. Targeting NETs opens the door to new therapeutic options for UC. Meanwhile, the beneficial effects of moderate amounts of NETs in UC and the serious consequences of excessive inhibition of its formation cannot be ignored. Therefore, the treatment methods for UC need to be carefully balanced rather than eliminating neutrophil responses.
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Combination of Youhua Kuijie Prescription and sulfasalazine can alleviate experimental colitis via IL-6/JAK2/STAT3 pathway
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Introduction: Youhua Kuijie prescription (YHKJ) is a hospital preparation that is composed of nine kinds of herbs. Sulfasalazine (SASP) is widely used as a first-line clinical treatment for UC. Traditional Chinese medicine and Western medicine have their own advantages in the treatment of UC, and the mechanism of YHKJ combined with SASP in the treatment of UC needs to be investigated.Methods: In this study, the therapeutic mechanism of YHKJ combined with SASP in the treatment of UC was predicted by network pharmacology and molecular docking. The chemical components and related targets of YHKJ were obtained from the TCMSP database. The chemical structure of SASP was obtained from the PubChem server, and related targets of SASP molecules were identified using the PharmMapper database. UC-related targets were obtained from the DisGeNET, GeneCards, OMIM, TTD, DrugBank and PharmGkb databases.Results: In total, 197 shared targets were identified by constructing a Venn diagram. PPI network data obtained from the STRING database were imported into Cytoscape to visualize the “drug-disease” target network, and STAT3 was selected as the core target by topological analysis. Gene Ontology revealed the biological functions of target genes, and KEGG analysis revealed that the core target STAT3 was differentially expressed in Th17 cells and the JAK-STAT signaling pathway. Thus, the core target STAT3 was subjected to molecular docking with the top 10 components, including nine YHKJ components (quercetin, luteolin, ursolic acid, daidzein, kaempferol, wogonin, myricetin, formononetin, indirubin) and SASP (C18H14N4O5S). The molecular docking results showed that STAT3 had favorable binding with the nine YHKJ components and SASP; STAT3 had the strongest binding with ursolic acid (−10.26 kcal/mol), followed by SASP (−8.54 kcal/mol). Qualitative analysis of the chemical constituents of YHKJ by HPLC revealed that sitosterol, ursolic acid, myricetin, daidzein, quercetin, kaempferol and formononetin were the main components. Additional experiments verified that YHKJ combined with SASP inhibited activation of the IL-6/JAK2/STAT3 pathway and alleviated inflammation in UC model rats.Discussion: Our results showed that seven chemical components in YHKJ cooperate with SASP to interfere with activation of the IL-6/JAK2/STAT3 pathway, thus playing a role in the treatment of UC.Keywords: Youhua Kuijie prescription, ulcerative colitis, animal experiment, network pharmacology, molecular mechanism
1 INTRODUCTION
Ulcerative colitis (UC) is an inflammatory disease of the colon, that has a high incidence in Europe and America (Anyane-Yeboa et al., 2023; Lo et al., 2023). In recent years, the incidence and canceration rate of UC in Asia and Africa have increased, and UC has been listed as a globally recognized refractory disease (Kim et al., 2020; Sham et al., 2018). The etiology of UC is not clear, and research suggests that it may be related to heredity, environment, immunity, infection, etc (Kobayashi et al., 2020; Li et al., 2024). Because of the complexity of the pathogenesis of UC, clinical treatment is also more difficult. Identifying a safe, low-cost treatment strategy with few side effects that can effectively inhibit immune inflammatory reactions and reduce the rate of recurrence rate is challenging.
Traditional Chinese medicine (TCM) can be used to treat irritable bowel syndrome, UC and many other diarrhea-related diseases, and TCM has the advantages of low cost, few side effects, and limited drug resistance. Youhua Kuijie Prescription (YHKJ) is an in-hospital preparation that is used at the Third Affiliated Hospital of Liaoning University of Traditional Chinese Medicine. YHKJ was prepared from Atractylodes Macrocephala Koidz, Herba Patriniae, Hedysarum Multijugum Maxim., Indigo Naturalis, Carthami Flos, Picrorhizae Rhizoma, Pulsatilliae Radix, Atractylodes Lancea (Thunb.) Dc., and Angelica sinensis Radix, which are nine TCMs that are effective for the clinical treatment of UC, Table 1. YHKJ has been used in the clinic for more than 10 years and have unique characteristics and advantages in treatment (Wang, 2023). Clinical studies revealed that YHKJ can effectively alleviate the clinical symptoms of UC patients, reduce the expression of CRP and TNF-α and promote intestinal mucosal repair, and the effective rate can reach 90.0% (Wang, 2023; Wang et al., 2022). Animal experiments and cell experiment also confirmed that YHKJ can reduce the expression of IL-1β and IL-6, increase the content of the epidermal growth factor EGF and promote healing of the intestinal mucosa in model rats with TNBS-induced UC. As a 5-aminosalicylic acid preparation, sulfasalazine (SASP) is a first-line drug that is used for the treatment of UC and can promote UC remission; SASP has the advantages of a definite curative effect and low cost (Shin et al., 2020; Sutherland and Macdonald, 2006).
TABLE 1 | Composition of Youhua Kuijie prescription.
[image: Table 1]Therefore, in this study, the hospital preparation YHKJ was combined with SASP as the treatment, and the chemical components of YHKJ and SASP and their targets and pathways involved in UC were predicted and analyzed by network pharmacology. The binding between the chemical components of YHKJ and SASP and UC disease targets were predicted by molecular docking, and the molecular mechanism of YHKJ combined with SASP in treating UC was systematically analyzed. Animal experiments were used to verify the underlying molecular mechanism, and the mechanism by which YHKJ combined with SASP alleviates UC was investigated via bioinformatics and basic research, the general flow chart of this study is shown in Figure 1.
[image: Figure 1]FIGURE 1 | The general flow chart.
2 MATERIALS AND METHODS
2.1 Network pharmacology and molecular docking
2.1.1 Screening the effective components of YHKJ and SASP and their targets
The chemical constituents of 9 herbs contained in YHKJ were searched in the TCMSP database, and the active components and related targets of the drugs were screened using oral bioavailability (OB) ≥ 30% and drug-like properties (DL) ≥ 0.18 as pharmacokinetic parameters. The chemical structure of SASP was obtained from the PubChem server, and the PharmMapper server was used to identify the potential targets of small molecules (drugs, natural products, etc.). Molecular structure analysis was carried out by using the PharmMapper database to screen SASP-related targets.
2.1.2 Acquisition and screening of UC-related targets
The disease targets of UC were obtained by searching the DisGeNET, Genecard, OMIM, TTD, DrugBank and PharmGkb databases. The shared drug targets of YHKJ combined with SASP and UC disease targets were identified and imported into Cytoscape software to construct a “drug-disease-target” visual network diagram, and the Venn 2.1.0 platform was used to construct Venn diagram.
2.1.3 Construction of the protein-protein interaction (PPI) and the identification of core targets
The shared targets were imported into the STRING database, “Homo sapiens” and “highest confidence (0.9)” were defined, and a PPI network was constructed. The relevant PPI data were imported into Cytoscape 3.7.1 software for visual analysis. Targets with values higher than the median values of degree, closeness, betweenness, eigenvector and local average connectivity were selected as key targets, and the key targets with the most corresponding targets were selected as core targets.
2.1.4 Gene Ontology (GO) and kyoto encyclopedia of genes and genomes (KEGG) enrichment analyses
Using R 4.3.2 software, the key targets of YHKF and SASP in treating UC were analyzed by GO and KEGG enrichment analyses with the “clusterProfiler” program, and the significant enrichment results were identified and plotted with “enrichplot” and “ggplot2”.
2.1.5 Molecular docking
The core targets were used as protein receptors, and the molecular structures of the protein receptors were downloaded from the RCSB PDB database. According to the degree value, the top 10 chemical components of YHKJ combined with SASP were selected as small molecular ligands, and the structures of the SDF-format compounds of the small molecular ligands were obtained from the PubChem database, which was converted into mol2 format by Open Babel 2.4.1 software. AutoDock Vina software was used for molecular docking, the binding strength between the core target and chemical components of YHKJ combined with SASP was predicted, and the binding energy results were extracted. R Studio was used to construct the binding energy thermogram, and PyMol 4.6.0 software was used to construct the overall and local molecular docking diagrams.
2.2 Qualitative analysis of the main components of YHKJ and verification in animal experiments
2.2.1 Drugs and reagents
YHKJ granules were purchased from the Pharmacy of the Third Affiliated Hospital of Liaoning University of Traditional Chinese Medicine, with the production number 0068030268, and the refining of TCM granules was performed by Sichuan Xinlv Pharmaceutical Technology Development Co., Ltd. Standard: sitosterol (>98%, CAS: 83-46-5), ursolic acid (>98%, CAS: 77-52-1), myricetin (>98%, CAS: 529-44-2), daidzein (>98%, CAS: 486-66-8), quercetin (>98%, CAS: 117-39-5), kaempferol (>98%, CAS: 520-18-3), and formononetin (>98%, CAS: 485-72-3) was purchased from Shanghai Yuanye Biotechnology Co., Ltd. And 2,4,6-trinitrobenzene sulfonic acid (TNBS) was purchased from Beijing Sihai Longxing Technology Co. Ltd. (CAS:2508-19-2). Masson tricolor dye solution (Fuzhou Maixin Biotechnology Development Co., Ltd., item number: MST-8003) was used. Rat IL-6 and rat TGF-β1 ELISA kits were used (Shanghai Enzyme Linked Biotechnology Co., Ltd.; item numbers: ML064292-Z and ML00285 6-Z). Anti-IL-6 (Abcam, ab9324), recombinant anti-JAK2 (Abcam, ab32101), anti-phospho-JAK2 (Beijing Biosynthesis Biotechnology Co.,Ltd., bs-2485R), recombinant anti-STAT3 (phospho S727) (Abcam, ab32143), and recombinant anti-STAT3 (Abcam, ab68153) antibodies were used.
2.2.2 Qualitative analysis of the main pharmaceutical components of YHKJ by HPLC
Because YHKJ is a complex TCM, an Agilent HPLC-DAD instrument was used for qualitative detection by HPLC to identify the main chemical components of YHKJ and evaluate drug quality. Standard samples (0.024 g quercetin, 0.015 g ursolic acid, 0.011 g kaempferol, 0.02 g sitosterol, 0.016 g daidzein, 0.021 g myricetin, and 0.019 g formononetin) were placed in a 20 mL flask, and 10 mL methanol was added. Three grams of YHKJ granules were put into a 50 mL beaker, and 20 mL of methanol was added for ultrasonic treatment (working rate: 200 W; frequency: 37 kHz) for 1 h. The detection conditions were as follows: chromatographic column, 4.6 mm × 250 mm, 5 μm; mobile phase, acetonitrile (A)-0.1% phosphoric acid solution (B); column temperature, 30°C; detection wavelength, 210 nm; sample volume, 10 μL; flow rate, 1.0 mL/min; and gradient elution procedure, 0∼10 min (10%→25% A), 10∼30 min (25%→45% A), 30∼35 min (45%→80% A), and 35∼55 min (80%→100% A).
2.2.3 Animal experiments
2.2.3.1 Preparation of drug solution
YHKJ granules were added to purified water to prepare YHKJ solution at a concentration of 0.738 g/mL, and SASP tablets were dissolved in purified water to obtain SASP solution at a concentration of 0.018 g/mL.
2.2.3.2 Experimental animals
Male Sprague Dawley (SD) rats (200–240 g) were obtained from Liaoning Chang sheng Biotechnology Co., Ltd., and the license number was SCXK (Liao) 2020-0001. Rats were kept in the animal room at Liaoning University of Traditional Chinese Medicine. This animal experiment was approved by the Experimental Animal Ethics Committee of Liaoning University of Traditional Chinese Medicine (2100004202101, approved on 27 October 2022).
2.2.3.3 Grouping of experimental animals and establishment of the UC model
SD rats were randomly divided into a control group, a model group, a YHKJ group, a SASP group and a YHKJ + SASP group, with 12 rats in each group. The UC model was established with TNBS. UC model rats were utilized in the model and treatment groups. Anhydrous ethanol was diluted to 50%, TNBS and 50% ethanol were mixed at a ratio of 1:2 to prepare the enema solution, and 30 mg/kg enemas (8 cm away from the anus) were applied to the rats to establish the UC model (Seto et al., 2017; Zeng et al., 2017; Zeng et al., 2018; Zhang et al., 2021). After successful establishment of the model, the control group and model group were given 3 mL of sterilized water for injection, the YHKJ group was given YHKJ solution (crude drug concentration of 11.07 g/kg), the SASP group was given SASP solution (crude drug concentration of 0.27 g/kg), and the YHKJ + SASP group was given YHKJ solution combined with SASP solution (Wei et al., 2010). After 14 days of intervention, the experimental rats were sacrificed, and samples were taken.
2.2.3.4 Colon pathology and fibrosis evaluation
The collected colon tissues were stored in 4% paraformaldehyde, dehydrated in ethanol, cleared in xylene, and then immersed in liquid paraffin for embedding and fixation. After cooling and molding, the wax block was cut into 3–5 µm thick tissue sections, and the tissue sections were stained with hematoxylin and eosin (HE) and Masson dye to observe the pathology and fibrosis of the colon.
2.2.3.5 Enzyme-linked immunosorbent assay
To observe the effects of YHKJ on serum inflammatory factors and anti-inflammatory factors in UC model rats, we collected samples from UC model rats and measured the expression of IL-6 and TGF-β1 using an ELISA kit (Shanghai Enzyme Linked Biotechnology Co., Ltd., Shanghai, China).
2.2.3.6 Reverse transcription‒quantitative PCR (RT‒qPCR)
Five mUnited Statesilligrams of colon tissue was collected, RNA was extracted with a total RNA isolation kit (Vazyme, Nanjing, China), and cDNA was prepared with RT Master Mix (ABclonal, United States). The following primers were used: TGF-β1 forward primer 5′-AACAACGC AATCTATGACAAAACC-3′ and reverse primer 5′-TACCAAGGTAACGCCA GGAATT-3'; IL-17A forward primer 5′-GCC​CTG​CTG​TCT​GCT​A-3′ and reverse primer 5′-TGG​ACG​GTG​GTT​GGT​TG CTGA-3'; Foxp3 forward primer 5′-GTGTAGATGCAG ACCCTCGTACA-3′ and reverse primer 5′-TGG​GGT​TAG​TGG​CAA​GTG​ATA​C-3'; RORγt forward primer 5′-TCGGTCTCCTATCCCC ATTA-3 and reverse primer 5′-TCGGTCTCCTATCCC CATTA-3'. The qPCR was performed with SYBR Green (ABclonal, United States) (diluted with deionized water) on an automatic fluorescence quantitative PCR instrument (Bio-Rad, United States), and the relative mRNA level was calculated by the 2−ΔΔCT method.
2.2.3.7 Immunohistochemistry (IHC)
Paraffin-embedded tissue sections were baked, dewaxed, rehydrated, and then heat-repaired with high-pressure antigen. Hydrogen peroxide (3%) was added dropwise for 10 min to block endogenous peroxidase activity. After the addition of goat serum for 15 min, the primary antibody (p-JAK2/p-STAT3) was added, and the samples were incubated overnight at 4°C. A biotin-labeled secondary antibody was added, and the samples were incubated at 37°C for 30 min and then incubated with peroxidase-coupled streptavidin for 10 min. The sections were stained with 3,3′-diaminobenzidine (DAB, Solaibao, item number DAitem1016), counterstained with hematoxylin, dehydrated with gradient ethanol and xylene, and sealed with neutral gum. The average optical density (AOD) was calculated by Image-Pro Plus 5.1 (United States).
2.2.3.8 Western blotting (WB)
Fifteen milligrams of colon tissue was mixed with liquid nitrogen and ground thoroughly. Then, the protein was extracted with RIPA lysis buffer (Biyuntian, P0013C), and the protein concentration was analyzed using the BCA kit (Biyuntian, P0012). Proteins were separated by SDS‒PAGE, and the transfer time in transfer buffer was adjusted according to the molecular weight so that proteins were transferred to 0.22 µm PVDF membranes. The membrane was soaked in 5% skim milk and incubated for 1 h. After removing the sealing liquid, primary antibody was added, and the samples were placed on a shaker at 4°C overnight. Washed three times with TBST, the secondary antibody was added and incubated for 1 h. After the membranes were washed with TBST, enhanced chemiluminescence (ECL) reagent was used to detect protein expression. The images were collected by an automatic chemiluminescence image analysis system (Shanghai Tanon).
2.2.4 Statistical analysis
GraphPad Prism (version 10.1, GraphPad, United States) was used to analyze the data, and the results are expressed as the mean ± standard deviation. The differences between groups were analyzed by one-way analysis of variance. When the result was *p < 0.05, there was a significant difference, and the significance of the difference increases gradually as follows: **p < 0.01, ***p < 0.001, and *****p < 0.0001.
3 NETWORK PHARMACOLOGY ANALYSIS RESULTS
3.1 Chemical constituents of YHKJ and SASP- and UC-related targets
A total of 105 chemical constituents of YHKJ were identified, including 7 Herba Patriniae, 13 Pulsatilliae Radix, 5 Atractylodes Macrocephala Koidz, 18 Atractylodes Lancea (Thunb.) Dc, 13 Angelicae Sinensis Radix, 5 Carthami Flos, 18 Hedysarum Multijugum Maxim, 13 Picrorhizae Rhizoma, and 5 Indigo Naturalis, with a total of 1,563 corresponding targets. There were 44 targets related to SASP components. A total of 4,360 disease targets corresponding to UC were found through 6 disease databases, Supplementary Image S1. The drug targets of YHKJ and SASP and the disease targets of UC were introduced into the Venn 2.1.0 platform, a total of 197 shared targets were obtained, and a Venn diagram was constructed, Figure 2A. The drug composition and shared targets of YHKJ and SASP were imported into Cytoscape 3.9.1 software for analysis, and a visual network diagram of “drug-disease-targets” was constructed, Figure 2B. The analysis results showed that quercetin (MOL000098), a common component of Herba Patriniae, Carthami Flos and Hedysarum Multijugum Maxim., had the largest number of targets, with a total of 102 targets. Luteolin (MOL000006), a common component of Herba Patriniae and Carthami Flos, has 45 targets. There were 29 targets corresponding to SASP Table 2.
[image: Figure 2]FIGURE 2 | Correlation analysis between drug targets and disease targets. (A) Venn diagram of intersection targets between YHKJ + SASP and UC; (B) visualization network diagram of the intersection targets of YHKJ + SASP and UC; 1 Baijiangcao, 2 Baitouweng, 3 Baizhu, 4 Cangzhu, 5 Danggui, 6 Honghua, 7 Huangqi, 8 Huhuanglian, 9 Qingdai, 10 SASP.
TABLE 2 | Key herbal ingredient and the number of corresponding targets.
[image: Table 2]3.2 PPI network construction and core target identification
We imported 197 intersecting targets into the String database to construct a PPI network. Network analysis revealed 197 nodes and 1,317 protein interactions, with an average node degree of 13.4, Figure 3A. The PPI network data were imported into Cytoscape for visualization and topological analysis of the “drug-disease” target network. After screening for targets whose degree, closeness, betweenness, eigenvector and local average connectivity were greater than the median values, 17 key targets, including STAT3, EGFR, JUN, MYC, IL1B, HIF1A, CCND1, STAT1, RELA, HSP90AA1, HSP90AB1, PTGS2, and CDKN1A, were identified, Figure 3B, Table 3. We speculate that YHKJ and SASP may play synergistic therapeutic roles through these 17 key targets; among the targets, STAT3 had the largest number of corresponding targets, with a total of 44 targets, Figure 3C. Thus, STAT3 was selected as the core target for subsequent molecular docking and experimental studies.
[image: Figure 3]FIGURE 3 | PPI network and key target screening. (A) PPI network diagram; (B) flow chart of key targets screening in the PPI network; (C) top 17 targets and corresponding degree values.
TABLE 3 | Topological score of key targets.
[image: Table 3]3.3 GO enrichment analysis
We obtained 1,346 GO enrichment results for YHKJ and SASP targets in the treatment of UC, including 1,224 biological process (BP), 47 cellular component (CC) and 75 molecular function (MF) terms. The biological processes with enrichment of YHKJ and SASP targets in the treatment of UC were mainly related to positive regulation of transferase activity and protein kinase activity, regulation of miRNA transcription and metabolism, and positive regulation of nitric oxide biosynthesis. The cell components involved included the RNA polymerase II transcription regulatory complex, nuclear membrane, vesicle lumen,and euchromatin. The molecular functions included ubiquitin and ubiquitin-like protein ligase binding, protein kinase activity, and kinase regulatory activity, Figure 4A.
[image: Figure 4]FIGURE 4 | GO and KEGG enrichment analysis results. (A) GO enrichment analysis; (B) KEGG enrichment analysis.
3.4 KEGG enrichment analysis and drug-pathway-target network visualization
We identified 119 KEGG pathways involved in YHKJ and SASP treatment of UC, including Th17 cell differentiation, IL-17, JAK-STAT, AGE-RAGE, HIF-1, NOD-like receptor, inflammatory bowel disease, and the PI3K-Akt signaling pathway. These findings suggest that YHKJ and SASP play a role in treating UC through multiple mechanisms, Figure 4B. The drug components, related signaling pathways and 17 key targets were imported into Cytoscape software for drug-pathway-target network analysis and visualization, Supplementary Image S2. We found that YHKJ and SASP components interacted with multiple signaling pathways and key targets.
3.5 Molecular docking
Based on PPI network analysis, we selected STAT3 as the core target. KEGG pathway analysis, revealed that STAT3 was enriched in Th17 cell differentiation, the JAK-STAT signaling pathway and the inflammatory bowel disease pathway; therefore, we selected STAT3 as the core target for molecular docking with the top 10 chemical components, Figure 5A. Subsequent animal experiments to investigate the IL6/JAK2/STAT3 pathway and Th17 cell differentiation were also carried out. The 10 selected chemical components included the component of SASP (C18H14N4O5S) and 9 components of YHKJ (quercetin, luteolin, ursolic acid, daidzein, kaempferol, wogonin, myricetin, formononetin, indirubin). STAT3 was molecularly docked with SASP and 9 YHKJ chemical components, and the docking results are presented in the form of a thermal map. These 10 sets of docking results were visualized and analyzed, Figure 5B. The related amino acids (AA) of these 10 chemical components can interact with STAT3 through hydrogen bonds: ursolic acid (AA: PHE), indirubin (AA: ARG/PHE), kaempferol (AA: GLY/SER/HIS/ASP), formononetin (AA: SER/LEU/HIS), daidzein (AA: SER/ASP/GLY), quercetin (AA: SER/ASP/ARG/HIS), myricetin (AA: ARG/LYS/PHE), wogonin (AA: HIS/SER/ASP), luteolin (AA: HIS/GLY/SER/ASP/THR) and SASP(AA: LEU/TYR). Moreover, myricetin, wogonin, luteolin and SASP can also interact with STAT3 through hydrophobic interactions: myricetin (AA: LYS), wogonin (AA: HIS/ASP), luteolin (AA: HIS/SER/ASP) and SASP (AA: LEU). The lower the docking score of the pharmaceutical chemical components with the key target protein, the stronger the binding. When the docking score is less than 1.2 kcal/mol, the docking effect is very strong (Shahnawaz Khan et al., 2020). The results showed that the binding energy of STAT3 (PDB: 6DLG) and ursolic acid (MOL000511), a component of YHKJ, was the highest (−10.26 kcal/mol), followed by that of SASP with a binding energy was −8.54 kcal/mol, suggesting that ursolic acid may be the key chemical component of YHKJ in the treatment of UC.
[image: Figure 5]FIGURE 5 | Molecular docking results. (A) Heatmap of the binding energies; (B) visualization of molecular docking results.
4 HPLC QUALITATIVE ANALYSIS OF THE MAIN COMPONENTS OF YHKJ
HPLC analysis revealed that the elution times of the standard samples were as follows: sitosterol (1.593 min), ursolic acid (1.825 min), myricetin (15.176 min), daidzein (17.544 min), quercetin (19.224 min), kaempferol (23.555 min) and formononetin (23.555 min), Figure 6A. The main components of YHKJ included sitosterol, ursolic acid, myricetin, daidzein, quercetin, kaempferol and formononetin, and the elution times were the same as that of the standard sample, Figure 6B. These findings show that YHKJ may play a therapeutic role through these important compounds.
[image: Figure 6]FIGURE 6 | The elution times of the standard sample and the main components of YHKJ. (A) The elution times of the standard sample; (B) the elution times of the main components of YHKJ; 1 Sitosterol, 2 Ursolic acid, 3 Myricetin, 4 Daidzein, 5 Quercetin, 6 Kaempferol, 7 Formononetin.
5 EXPERIMENTAL VERIFICATION
5.1 HE staining was used to observe pathological changes in the colon tissue
The pathological conditions of the colons of UC model rats in each group are shown in Figure 7. In the control group, the mucosa, submucosa, glands and crypts of the colon tissue were intact and continuous, and there was no edema, defects or faults. In the model group, inflammatory cell infiltration, edema of the mucosa and submucosa, increased recess spacing and some mucosal defects were discontinuous. The conditions of rats in the YHKJ group, the SASP group and the YHKJ + SASP group were significantly improved due to drug intervention. Edema in the mucosa and submucosa was reduced, but some mucosal glands in the YHKJ and SASP groups still exhibited edema, with slight mucosal defects and inflammatory cell infiltration. In the YHKJ + SASP group, the edema of the mucosa and submucosa was not obvious, the gland structure was compactly arranged, and the infiltration of inflammatory cells was reduced; these conditions are similar to those of the control group, except for some mucosal defects. Both YHKJ and SASP alleviated colonic lesions in UC model rats, and YHKJ combined with SASP led to the most significant improvement, Figure 7 (1).
[image: Figure 7]FIGURE 7 | HE and Masson staining results. (1) HE staining results; (2) masson staining results; (A) Control, (B) Model, (C) YHKJF, (D) SASP, (E) YHKJF + SASP.
5.2 Masson staining was used to observe changes in colonic fibrosis
In the control group, the intestinal mucosa was normal, and there was a small amount of collagen tissue in the submucosa. In the model group, a large amount of collagen hyperplasia was observed on the necrotic surface of the intestinal mucosa, submucosa, glandular space and basement. Compared with those in the control group, the amount of collagen tissue in the basal layer, submucosa and glandular space in the SASP group and the YHKJ group increased, but the extent of proliferation was reduced in the SASP group compared to that of model group. The proliferation of collagen tissue in the basal layer and submucosa in the SASP + YHKJ group was similar to that in the control group and lower than that in the model group, the SASP group and the YHKJ group, but some collagen tissue proliferation was still observed in the glandular space, Figure 7 (2).
5.3 The combination of YHKJ and SASP reduced the expression of the serum inflammatory factor IL-6 and increased the expression of the anti-inflammatory factor TGF-β1 in UC model rats
As shown in Figure 8, the expression of IL-6 in the serum of UC model rats increased significantly, while the expression of the anti-inflammatory factor TGF-β1 decreased; moreover, YHKJ and SASP treatment significantly decreased the expression of IL-6 and increased the expression of the anti-inflammatory factor TGF-β1 in the serum of UC model rats. Decreases in IL-6 and increases in TGF-β1 expression were observed in the YHKJ, SASP and YHKJ + SASP groups, especially in the YHKJ + SASP group. However, there was no significant difference in the expression of IL-6 or TGF-β1 between the YHKJ group and the SASP group, Figure 8.
[image: Figure 8]FIGURE 8 | ELISA results of TGF-β1 and IL-6. (A) The expression results of TGF-β1; (B) the expression results of IL-6.
5.4 The combination of YHKJ and SASP affects the relative mRNA levels of Treg/Th17-related factors in the colon tissue of UC model rats
RT‒qPCR analysis revealed that compared with those in the control group, the relative mRNA levels of IL‒17 and RORγt in the colon tissue of UC model rats in the model group increased, while the relative mRNA levels of TGFβ1 and Foxp3 decreased (Figure 9, P < 0.05). Treatment with YHKJ and SASP decreased the expression of IL-17 and RORγt, and increased the expression of TGFβ1 and Foxp3, especially in the YHKJ + SASP group. But there was no significant difference in the mRNA expression of IL-17, RORγt, TGFβ1 and Foxp3 between the YHKJ and SASP groups. Figure 9.
[image: Figure 9]FIGURE 9 | RT‒qPCR results of Foxp3, RORγt, IL-17 and TGF-β1. (A) Relative mRNA level of Foxp3; (B) relative mRNA level of RORγt; (C) relative mRNA level of IL-17; (D) relative mRNA level of TGF-β1.
5.5 YHKJ combined with SASP reduced IL-6/JAK2/STAT3 signal transduction in the colon tissue of UC model rats
IHC analysis revealed that the p-JAK2/p-STAT3 protein was mainly expressed in the mucosal and muscular layers of UC model rats, mainly in the mucosal layer. Compared with those in the control group, the amount of brown staining for p-JAK2 and p-STAT3 in the model group increased (Figure 10, P < 0.05). Compared with those in the model group, both the SASP and YHKJ groups exhibited reduced brown staining, and the brown staining of p-JAK2 and p-STAT3 in the YHKJ + SASP group decreased most significantly, but was still greater than that in the control group. However, the amount of brown staining for p-JAK2 and p-STAT3 in the YHKJ and the SASP groups was lower than that in the model group but still greater than that in the control group and the YHKJ + SASP group; there was no significant difference between the YHKJ group and the SASP group. Figure 10.
[image: Figure 10]FIGURE 10 | IHC results of p-JAK2 and p-STAT3. (A) IHC results of p-JAK2; (B) the expression results of p-JAK2; (C) IHC results of p-STAT3; (D) the expression results of p-STAT3.
5.6 The combination of YHKJ and SASP reduced the relative protein expression of IL-6/JAK2/STAT3 in the colon tissue of UC model rats
Compared with other groups, the relative protein expression levels of IL-6, JAK2 and p-STAT3 in the model group increased (Figure 11, P < 0.05). The relative protein levels of IL-6, p-JAK2 and p-STAT3 in the YHKJ and SASP groups were lower than those in the model group but still greater than those in the control group and the YHKJ + SASP group. The decrease in IL-6, p-JAK2 and p-STAT3 in the YHKJ + SASP group was the most significant, but it was still greater than that in the normal group. There was no significant difference in the YHKJ and SASP groups. However, the relative protein expression of JAK2 and STAT3 did not change significantly among the groups, Figure 11.
[image: Figure 11]FIGURE 11 | WB results of IL-6, JAK2, p-JAK2, STAT3 and p-STAT3. (A) Relative protein expression of IL-6; (B) relative protein expression of JAK2; (C) relative protein expression of p-JAK2; (D) relative protein expression of STAT3. (E) relative protein expression of p-STAT3; (F) the expression results of IL-6, JAK2, p-JAK2, STAT3 and p-STAT3.
6 DISCUSSION
In recent years, the incidence and canceration rate of UC have obviously increased (Padoan et al., 2023). The etiology of UC is not clear, but an abnormal immune response and inflammatory response are thought to be important internal factors leading to inflammation and tissue damage in UC patients (Bharti and Bharti, 2022; Yuan et al., 2019). Therefore, researchers have focused on controlling the inflammatory immune response in UC patients and maintaining UC remission.
YHKJ, an in-hospital preparation that is used at the Third Affiliated Hospital of Liaoning University of Traditional Chinese Medicine, is an effective prescription for the treatment of UC in the clinic (Wang, 2023; Wang et al., 2022). Our project team has studied the mechanism of YHKJ in the treatment of UC in the early stage, and accumulated clinical research and basic experimental data provide the basis for this study (Li and Liu, 2024; Liu et al., 2012a; Liu et al., 2012b; Wang, 2023; Wang et al., 2022). Sulfasalazine, a 5-aminosalicylic acid, has the advantages of low cost, rapid onset and good curative effects. Research has shown that this medicine can regulate the immune function of UC patients and alleviate intestinal inflammatory reactions in UC patients(Mikami et al., 2023; Elhefnawy et al., 2023). TCM and Western medicines have their own advantages in the treatment of UC, so we used a combination of YHKJ combined with SASP in the treatment of UC and explored the advantages of integrating TCM and Western medicine in the treatment of UC.
Network pharmacology and molecular docking technology are auxiliary means to explore the mechanism of drug therapy for diseases, which can be used to systematically and comprehensively predict and analyze the chemical components of drugs and identify molecular mechanisms such as targets and pathways that act on diseases (Zhao et al., 2023; Sun et al., 2022; Shahzadi et al., 2024; Xiang et al., 2024). In this study, the chemical components and mechanism of the combination of YHKJ and SASP in the treatment of UC were investigated via network pharmacology and analytical docking methods. Considering the complexity of TCM components, we used HPLC to qualitatively analyze YHKJ components and identify the primary chemical components in YHKJ. The mechanism by which YHKJ combined with SASP in the treatment of UC was verified via animal experiments.
6.1 YHKJ combined with SASP in the treatment of UC has the advantages of overall regulation and local targeted treatment
Considering the complexity of TCM components, we carried out qualitative detection of YHKJ by HPLC to further determine the key chemical components. The HPLC results showed that YHKJ had seven main chemical components that played a role in relieving UC, namely, sitosterol, ursolic acid, myricetin, daidzein, quercetin, kaempferol and formononetin. Sitosterol, ursolic acid and myricetin account for a large proportion of the activity.
Sitosterol accounts for approximately 65% of herbal nutrition and can regulate immunity, resist microorganisms and treat colitis induced by dextran sulfate sodium (DSS) (Cheng et al., 2020; Pierre Luhata and Usuki, 2021; Zhang et al., 2023). Ursolic acid is the main component of some folk herbs and has antioxidative, anti-inflammatory, and immunomodulatory effects and protects intestinal function (Liu et al., 2016; Sheng et al., 2021; Shi et al., 2021; Wan et al., 2019; Wei et al., 2022). Myricetin is a flavonoid compound present in the bark, seeds and herbal leaves of Myrica rubra that can regulate immunity and apoptosis to prevent chronic UC (Duan et al., 2021; Zhao et al., 2022; Zhou et al., 2020). Daidzein is an isoflavone phytohormone that has anti-inflammatory effects and regulates intestinal function and the intestinal flora (Shen et al., 2019; Wu et al., 2020). Quercetin is also a flavonoid, that has anti-inflammatory and antioxidative functions and accelerates intestinal epithelial repair (Chittasupho et al., 2021; Liu et al., 2021; Sahoo et al., 2023). Kaempferol is a flavonoid in many medicinal plants that can resist inflammation, improve intestinal permeability and restore intestinal flora homeostasis (Kumar, 2020; Qu et al., 2021). Formononetin is also an isoflavone phytohormone that can alleviate colon inflammatory reactions and protect the intestinal mucosal barrier in UC model mice (Wu et al., 2018; Wu et al., 2020). These studies provide evidence that seven main YHKJ compounds have the potential to treat UC, and support the feasibility of our YHKJ research program.
SASP is an important drug for the targeted treatment of UC-related intestinal inflammation, which can be metabolized into 5-ASA and sulfapyridine in the colon. When 5-ASA is absorbed by intestinal epithelial cells, it can scavenge free oxygen produced by macrophages and neutrophils and regulate the migration of inflammatory cells, thus playing a targeted anti-inflammatory role (Mikami et al., 2023). Compared with simple Chinese medicine compounds, single medicines or synthetic medicines, the Chinese medicine YHKJ can treat UC through multiple targets and channels and has the characteristics of broad and extensive regulation. SASP, on the other hand, has the characteristics of accurate and exact local treatment (Mansuri et al., 2023; Youn et al., 2024). The combined use of YHKJ and SASP may better reveal the mechanism of synergistic drug therapy and improve the safety of drug use, which may be advantageous for overall regulation and local targeted therapy.
6.2 IL-6/JAK2/STAT3 participate in regulation of the immune inflammatory response in UC
As an important intracellular signal transduction pathway, the JAK2/STAT3 pathway is a key regulator of many biological processes, such as innate immunity, adaptive immunity and inflammation (Qin et al., 2022). JAK2/STAT3 is activated by the cytokine IL-6, which is related to the pathogenesis of UC (Duan et al., 2023; Yu et al., 2021). Existing evidence shows that IL-6 can be detected in the serum and diseased intestinal mucosa of UC patients, which is closely related to the inflammatory reaction, ulcer formation and severity of UC (Duan et al., 2023; Li et al., 2021; Ding et al., 2021). IL-6 is an important inflammatory mediator involved in the regulation of UC pathological processes and JAK2/STAT3 signaling pathway transduction (Duan et al., 2023; Nakase et al., 2022). IL-6 can regulate inflammation and the immune response, and downstream p-JAK2 can be activated by the inflammatory factor IL-6, thus further promoting the phosphorylation and activation of STAT3 (Chen et al., 2022). The severity of UC in patients is related to increased levels of phosphorylated STAT3 (Duan et al., 2023; Li et al., 2021). Blocking the JAK2/STAT3 pathway can regulate the immune response, thus dampening the intestinal inflammatory response in UC patients (Qin et al., 2022).
Moreover, IL-6 can also affect the proliferation and differentiation of T cells (Grivennikov et al., 2009; Qin et al., 2022). Both Th17 cells and regulatory T (Treg) cells are derived from CD4+ T cells, which can differentiate and develop under the control of the specific transcription factors Foxp3 and RORγt (Lee, 2018; Zhao et al., 2021). TGF-β can regulate the expression of Foxp3 and RORγt, which are especially important for the differentiation and development of Treg cells and Th17 cells (Larson et al., 2020; Xiao et al., 2024). A high concentration of TGF-β can increase the expression level of Foxp3 and induce CD4+ T cells to differentiate into Treg cells with anti-inflammatory effects, whereas a low concentration of TGF-β and a high concentration of IL-6 can increase the expression level of RORγt and induce CD4+ T cells to differentiate into Th17 cells, which promote the development of inflammation and produce characteristic IL-17A (Lv et al., 2023; Zhao et al., 2021).
The JAK2/STAT3 signaling pathway and Th17/Treg cells are involved in upstream and downstream regulatory relationships, whereas IL-6 can activate the JAK2/STAT3 signaling pathway and induce Th17 cells to differentiate and produce inflammatory reactions (Huang et al., 2019; Shan et al., 2023; Xia et al., 2022). When an intestinal inflammatory reaction occurs, Th17 cells can release IL-17A under the regulation of orphan nuclear receiver γt (RORγt), and further promote the release of inflammatory factors such as TNF-α and IL-6, which can amplify the inflammatory cascade and aggravate intestinal mucosal injury (Jia et al., 2024; Xiao et al., 2024). Therefore, downregulating the expression of the inflammatory factor IL-6, regulating activation of the JAK2/STAT3 signaling pathway, inhibiting the differentiation of Th17 cells and inhibiting the release of IL-17A are the keys to controlling the intestinal inflammatory response in UC patients, and maintaining intestinal immune homeostasis is the key to treating UC.
6.3 YHKJ combined with SASP inhibited immune inflammatory reactions through the IL-6/JAK2/STAT3 signaling pathway and relieved UC
To further clarify the mechanism of action of YHKJ combined with SASP in the treatment of UC, we performed KEGG network pharmacologyanalysis and found that STAT3, a core target, is involved in the pathological changes in UC in the inflammatory bowel disease pathway. Considering that STAT3 belongs to the JAK-STAT signaling pathway, the animal experiment results verified that the mechanism of action of YHKJ combined with SASP in the treatment of UC involves the IL-6/JAK2/STAT3 signaling pathway. Moreover, KEGG analysis revealed that STAT3, the core target, also participates in Th17 cell differentiation, and studies have shown that the JAK2/STAT3 signaling pathway can activate RORγt transcription and regulate Th17 cell differentiation and the release of inflammatory factors (Li et al., 2022). Therefore, we not only evaluated the mRNA expression of the anti-inflammatory and proinflammatory cytokines TGF-β1 and IL-17A in the colon mucosa by RT-qPCR, but also analyzed the mRNA expression of Th17 and the Treg cell markers RORγt and Foxp3 to preliminarily determine the influence of YHKJ combined with SASP on the JAK-STAT signaling pathway and the differentiation of downstream Th17/Treg cells.
The results suggested that the YHKJ, SASP and YHKJ + SASP treatments downregulated the expression of the inflammatory factor IL-6 in the serum and the protein expression of IL-6, p-JAK2, and p-STAT3 and the mRNA expression of IL-17A and RoRγt in the colon tissue of UC model rats, and upregulated the mRNA expression of the anti-inflammatory factor TGF-β1 in the serum and of TGF-β1 and Foxp3 in the colon tissue of UC model rats. However, the regulatory effect in the YHKJ + SASP group was greater than that in the YHKJ group and SASP group, and there was no statistically significant difference between the YHKJ group and SASP group. These results indicate that, compared with the YHKJ group and SASP group, the YHKJ + SASP group presented downregulated protein expression of IL-6, p-JAK2 and p-STAT3 in UC model rats, thus further reducing the expression of the downstream proinflammatory factor IL-17A and Th17 cell marker RoRγt, and increasing the expression of the anti-inflammatory factor TGF-β1 and Treg cell marker Foxp3, thus playing an anti-inflammatory and therapeutic role in UC. Figure 12. YHKJ combined with SASP can alleviate UC through the IL-6/JAK2/STAT3 signaling pathway and regulate the differentiation of Th17/Treg cells to some extent, and this combination can be further studied from the perspective of Th17/Treg cell differentiation in the future.
[image: Figure 12]FIGURE 12 | Molecular mechanism of YHKJ prescription intervening UC.
Based on the above results, in order to further elucidate the mechanism by which the chemical composition of YHKJ treats UC through the IL-6/JAK2/STAT3 signaling pathway. The first nine chemical components of YHKJ with the strongest binding ability in the molecular docking results were detected by HPLC. The HPLC results revealed that YHKJ had therapeutic effects through seven main chemical components, including sitosterol, ursolic acid, myricetin, daidzein, quercetin, kaempferol and formononetin. These chemical components are not specific components of a single drug but are common to many traditional Chinese medicines. These findings indicate that YHKJ does not act through a single specific component but rather through a variety of compounds that act on STAT3 targets to treat UC, which shows that YHKJ has the advantage of multicomponent targeted regulation of STAT3 targets to treat UC. Many studies have shown that these seven chemical components play important roles in regulating the IL-6/JAK2/STAT3 signaling pathway. Among them, ursolic acid can not only inhibit the activation of the JNK/JAK/STAT signaling pathway in a Drosophila UC model and maintain the proliferation of intestinal stem cells to prevent intestinal mucosal injury, but also inhibit the expression of IL-17A and RORγt and the differentiation of Th17 cells, thus regulating immunity (Wang et al., 2023; Wei et al., 2022). Sitosterol can reduce the expression level of IL-6 in intestinal tissue (Ding et al., 2019). Myricetin can alleviate the symptoms of acute UC and upregulate the expression of TGF-β, and myricetin derivatives can inhibit the activation of the NF-kB/IL-6/STAT3 pathway (Duan et al., 2021; Zhao et al., 2022). Daidzein inhibited the expression of IL-6 and IL-1β in mice with DSS-induced colitis (Shen et al., 2019). Quercetin regulates the differentiation of Th17/Treg cells and inhibits the production of TNF-α, IL-1β and IL-6 (Riemschneider et al., 2021; Zhang Q. et al., 2022). Kaempferol can maintain intestinal integrity, reduce the expression of IL-6 and inhibit the activation of the JAK/STAT3 pathway (Bian et al., 2020; Qu et al., 2021; Zhang Z. et al., 2022). Formononetin can reduce the expression of IL-6 to alleviate colitis symptoms in mice and inhibit JAK2/STAT3 signaling pathway transduction to protect against cerebral ischemia reperfusion injury (Wu et al., 2018; Yu et al., 2022).
SASP is a standard therapeutic drug that can induce UC remission, which can improve the symptoms and pathological damage to the colon in DSS-induced UC model mice and has a regulatory effect on the IL-6/JAK2/STAT3 signaling pathway (Elhefnawy et al., 2023; Wu et al., 2022). SASP can reduce oxidative stress and the inflammatory response in TNBS-induced colitis model rats by reducing the expression of TNF-α and IL-1β and inhibiting IL-6/JAK2/STAT3 signal transduction (Elhefnawy et al., 2023). Another study revealed that SASP combined with Origanum Majorana L pretreatment can reduce the cascade of colon inflammation by inhibiting the IL-6 inflammatory factor and downregulating the JAK2/STAT3 signaling pathway and Th17 cell response, thus alleviating acetic acid-induced UC (Taha et al., 2023).
The above evidence shows that the SASP and the main components of YHKJ can inhibit the signal transduction of IL-6 or JAK2/STAT3, which is consistent with the results of this study. Our research is based on the treatment concept of integrated TCM and Western medicine and analyzes the mechanism of YHKJ combined with the SASP in the treatment of UC. The core targets and key signaling pathways of YHKJ combined with SASP in the treatment of UC were screened via network pharmacology and molecular docking, and the chemical components of YHKJ in the treatment of UC were identified by HPLC. The molecular mechanism of YHKJ combined with the SASP in the treatment of UC through the IL-6/JAK2/STAT3 signaling pathway was verified through animal experiments. Compared with the single use of SASP or YHKJ in the treatment of UC, the combined use of SASP and YHKJ can not only alleviate the pathological changes and fibrosis of colon tissue in UC model rats but also regulate the IL-6/JAK2/STAT3 signaling pathway through multiple components to treat UC. These findings suggest that the combined application of YHKJ and SASP can better reveal the mechanism of synergistic drug therapy, which is beneficial for overall regulation and local targeted therapy and has advantages in treating UC.
These findings suggest that, compared with simple Chinese medicine compounds and single medicines, the combination of YHKJ and SASP has the advantages of extensive regulation and multicomponent targeted therapy of TCM and local targeted anti-inflammatory effects of Western medicine, which is beneficial for overall regulation and local targeted therapy, thus revealing the mechanism of synergistic drug therapy and improving pharmacological efficacy. Our research provides new ideas for analyzing the complex mechanism of treating UC with integrated TCM and western medicine and provides a reference for the strategy of treating UC with integrated TCM and western medicine. However, the design of this study still needs to be improved. This study is based on previous research, so we chose the SASP as the intervention method. Although the SASP can effectively treat UC, many safety problems exist (Akao et al., 2024; Kuchinskaya et al., 2023). Therefore, with respect to the choice of Western medicine in follow-up studies, we will consider the use of mesalazine as a drug to intervene in UC to improve the safety of the medication.
7 CONCLUSION
In summary, in this study, we predicted the mechanism and key active components of YHKJ combined with SASP in the treatment of UC through network pharmacology and molecular docking. We qualitatively analyzed the main components of YHKJ by HPLC and found that YHKJ has seven main chemical components that play a role in relieving UC, namely, sitosterol, ursolic acid, myricetin, daidzein, quercetin, kaempferol and formononetin. The docking results showed that the binding energy of the chemical component ursolic acid in YHKJ to STAT3 was the highest (−10.26 kcal/mol), followed by that of SASP (C18H14N4O5S) with a binding energy was −8.54 kcal/mol, suggesting that ursolic acid may be the key chemical component of YHKJ in the treatment of UC. According to the key PPI targets and KEGG pathway enrichment analysis results, STAT3 had the strongest correlation with the pathway of action nd participated not only in the pathological changes in UC in the inflammatory bowel disease pathway but also in Th17 cell differentiation and the JAK-STAT signaling pathway. Considering that STAT3 is involved in the JAK-STAT signaling pathway, in our study, we verified that YHKJ combined with SASP inhibits activation of the IL-6/JAK2/STAT3 signaling pathway, reduces intestinal inflammation and relieves UC. Our research may provide new insights for analyzing the complex mechanism of TCM combined with Western medicine in the treatment of UC and may provide a new reference for treatment strategies involving integrations of TCM and Western medicine for UC.
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Loss-of-function mutations in nucleotide-binding oligomerization domain 2 (NOD2) constitute the primary risk factors for Crohn’s disease. NOD2 is an intracellular sensor for muramyl dipeptide (MDP), a small molecule derived from the peptidoglycan layer of bacterial cell wall. Although NOD2 is involved in host immune responses, much attention has been paid to the involvement of NOD2 in the maintenance of intestinal homeostasis. Despite the fact that the proinflammatory cytokine and chemokine responses induced by NOD2 activation alone are weaker than those induced by toll-like receptors (TLRs), NOD2 plays a crucial role in host defense against invading pathogens and in the regulation of immune responses. Recent studies have highlighted the importance of negative regulatory functions of NOD2 in TLRs-mediated proinflammatory cytokine responses. MDP-mediated activation of NOD2 induces interferon regulatory factor 4 (IRF4) expression, thereby suppressing nuclear factor-κB-dependent colitogenic cytokine responses through the inhibition of Lys(K)63-linked polyubiquitination on receptor-interacting serine/threonine protein kinase 2. MDP-mediated activation of NOD2 also downregulates TLR9-induced type I IFN responses by inhibiting the K63-linked polyubiquitination of TNF receptor-associated factor 3 via deubiquitinating enzyme A (DUBA) expression. Thus, NOD2 exerts dual negative regulation of TLRs-mediated proinflammatory cytokine and type I IFN responses by inducing the expression of IRF4 and DUBA, respectively. In this review, we summarize the molecular mechanisms whereby NOD2 activation suppresses TLRs-mediated proinflammatory and type I IFN responses. In addition, we discuss the clinical relevance of the NOD2-mediated negative regulation of TLRs in inflammatory bowel disease.
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1 Introduction

Trillions of bacteria colonize the human gastrointestinal (GI) tract (1). Gut macrophages and dendritic cells (DCs) express functional toll-like receptors (TLRs) and nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs) to detect bacterial cell wall components and nucleic acids to defend the body against invading bacteria (2, 3). However, in the steady state, intestinal commensal bacteria coevolve with the host immune system to create a symbiotic relationship that prevents harmful proinflammatory cytokine responses by macrophages and DCs (1). Thus, gut macrophages and DCs display tolerogenic responses against intestinal commensal bacteria and preserve their ability to mount robust proinflammatory cytokine responses upon encountering pathogens. The downregulation of proinflammatory cytokine responses against commensal intestinal bacteria contributes to the maintenance of intestinal homeostasis.

Inflammatory bowel disease (IBD), chronic relapsing inflammatory disorders of the GI tract, are categorized into Crohn’s disease (CD) and ulcerative colitis (UC) (4, 5). Excessive production of proinflammatory cytokines, such as IL-6, IL-12, IL-23, and TNF-α, due to defective immune tolerance to intestinal commensal bacteria leads to the development of CD and UC (4, 5). Several lines of evidence support the concept that proinflammatory cytokine responses against intestinal bacteria play a crucial role in the immunopathogenesis of IBD. First, the production of proinflammatory cytokines, such as TNF-α, IL-6, IL-12, and IL-23, is enhanced in gut lamina propria macrophages and DCs upon stimulation with TLR ligands in patients with IBD (4, 5). Second, biologics targeting TNF-α, IL-12, and IL-23 have shown remarkable success in the induction and maintenance of remission in both CD and UC (4, 5). Finally, application of genome-wide association studies to CD has led to the identification two major susceptibility genes associated with CD—nucleotide-binding oligomerization domain 2 (NOD2) and autophagy-related 16 like 1 (ATG16L1) (6–8). Notably, both NOD2 and ATG16L1 are involved in the intracellular processing of bacterial components, and DCs bearing CD-associated NOD2 or ATG16L1 mutations produce large amounts of proinflammatory cytokines upon exposure to TLR ligands (6–8). In this review, we summarize the recent insights into the mechanism whereby CD-associated NOD2 mutations lead to chronic intestinal inflammation through excessive production of proinflammatory cytokines upon exposure to TLR ligands.




2 Structure and expression of NOD2

NOD2 comprises two N-terminal tandem caspase recruitment domains (CARD)—a central NOD domain and a C-terminal leucine-rich repeat (LRR) domain (Figure 1) (3, 8, 9). The LRR domain is a ligand-binding domain, and NOD2 recognizes muramyl dipeptide (MDP), a small molecule derived from peptidoglycan (PGN) present in the cell wall of gram-positive and -negative bacteria. The CARD domains are necessary for the interaction between NOD2 and the downstream signaling molecules (3, 8, 9). Receptor-interacting serine/threonine protein kinase 2 (RIPK2) is a critical downstream signaling molecule for NOD2, which interacts with RIPK2 through CARD-CARD interactions (3, 8, 9). Mutations in NOD2 constitute the major risk factors for CD development, and three major mutations in NOD2 (Arg702Trp, Gly908Arg, and Leu1007fsinsC) increase the risk by multiple-fold (6, 10). Importantly, macrophages or DCs bearing these CD-associated NOD2 mutations display defective production of cytokines and chemokines upon stimulation with the NOD2 ligand, MDP (3, 8, 9). Therefore, CD-associated NOD2 mutations are considered as loss-of-function mutations. Given that NOD2 detects MDP derived from intestinal bacteria, the association between NOD2 mutations and CD suggests that MDP-mediated activation of NOD2 contributes to the maintenance of intestinal homeostasis through the downregulation of proinflammatory cytokine responses against the gut bacteria. Conversely, excessive proinflammatory cytokine responses against gut bacteria caused by NOD2 mutations predispose individuals to CD.




Figure 1 | Structure of nucleotide-binding oligomerization domain 2. Nucleotide-binding oligomerization domain 2 (NOD2) is a cytosolic protein that detects muramyl dipeptides (MDP) derived from gram-positive and -negative bacteria. NOD2 comprises two N-terminal caspase recruitment domains (CARDs)—a nucleotide-binding oligomerization domain (NOD) and a leucine-rich repeat (LRR) domain. CARD is a binding domain for receptor-interacting serine/threonine protein kinase 2 (RIPK2). LRR detects MDP.



NOD2 is a cytosolic protein that is stably expressed primarily in macrophages and DCs (3, 8). In the epithelial cell populations, NOD2 protein expression is limited to Paneth cells (3, 8). However, intestinal epithelial cells express NOD2 mRNA at a steady state, and its expression is enhanced by proinflammatory cytokines such as TNF-α and IFN-γ (11).




3 Signaling pathways of NOD2

Classical signaling pathways of NOD2 depend on RIPK2 activation (Figure 2) (3, 8). Detection of MDP by NOD2 results in the activation of nuclear factor-κB (NF-κB) and mitogen-activated protein kinases (MAPKs), which ultimately leads to the transcription of proinflammatory cytokine and chemokine genes. Notably, the synthesis of proinflammatory mediators induced by NOD2 activation is much lower than that induced by TLRs activation (3, 8). Nonetheless, NOD2 plays a crucial role in host defense against invading pathogens and in the regulation of immune responses. Recognition of MDP by intracellular NOD2 immediately activates RIPK2 through a CARD-CARD interaction (3, 8, 12). The macrophages isolated from RIPK2-deficient mice exhibit defective NF-κB-dependent cytokine responses upon stimulation with MDP; this indicates that RIPK2 functions as a critical signaling molecule in the NOD2-mediated signaling pathways (13, 14). In the aforementioned previous studies, the production of NF-κB-dependent cytokines mediated by TLRs was comparable between the RIPK2-deficient and RIPK2-intact mice, suggesting that RIPK2 activation is not involved in the TLRs-mediated cytokine responses (13, 14). However, whether TLRs utilize RIPK2 as a downstream signaling molecule remains controversial. RIPK2 activation is involved in the TLRs-mediated proinflammatory cytokine responses (15–18). Indeed, interactions between RIPK2 and TLR2 or TLR4 have been reported; macrophages derived from RIPK2-deficient mice produce reduced amounts of IL-6 and TNF-α upon stimulation with TLR2 and TLR4 ligands when compared with those from RIPK2-intact mice (15–18). Thus, RIPK2 functions as a downstream signaling molecule not only for NOD2 but also for TLRs. The balance between the NOD2-RIPK2 and TLRs-RIPK2 axes is critical for the maintenance of intestinal homeostasis (See subsequent sections).




Figure 2 | Signaling pathways of nucleotide-binding oligomerization domain 2 and toll-like receptors. Nucleotide-binding oligomerization domain 2 (NOD2) is a cytosolic protein that detects muramyl dipeptides (MDP) derived from gram-positive and -negative bacteria. MDP is a degradation product of the bacterial cell wall component peptidoglycan (PGN). Recognition of MDP by the leucine-rich repeat (LRR) domain leads to the activation of receptor-interacting serine/threonine protein kinase 2 (RIPK2) via a caspase recruitment domain (CARD)-CARD interaction. RIPK2 is subjected to Lys63 (K63)-linked polyubiquitination by E3 ligases, including cellular inhibitor of apoptosis protein 1 (cIAP1), cIAP2, TNF receptor-associated factor 6 (TRAF6), and X-linked inhibitor of apoptosis protein (XIAP). K63-linked polyubiquitination on RIPK2 results in the physical interaction between RIPK2 and TGF-β-activated kinase 1 (TAK1). Activation of TAK1 leads to the nuclear translocation of nuclear factor-κB (NF-κB) subunits to induce the transcription of proinflammatory cytokine genes. In addition to the nuclear translocation of NF-κB subunits, TAK1 mediates the activation of mitogen-activated protein kinases (MAPKs). NOD2 activation results in the recruitment of autophagy-related 16 like 1 (ATG16L1) to induce autophagy. Cell surface toll-like receptor 2 (TLR2) and TLR4 recognize PGN and lipopolysaccharide (LPS), respectively. RIPK2 is a downstream signaling molecule shared by NOD2, TLR2, and TLR4. Activation of RIPK2 by TLR2 and TLR4 causes nuclear translocation of NF-κB subunits to induce the transcription of proinflammatory cytokine genes. In addition to NF-κB activation, NOD2 mediates the production of type I IFNs upon sensing of single-stranded RNA (ssRNA) and interaction with mitochondrial antiviral signaling protein (MAVS).



RIPK2 activation is tightly regulated by polyubiquitination regardless of whether RIPK2 interacts with NOD2 or TLRs (12, 19–23). Polyubiquitination is a posttranslational modification involved in immune responses, especially the NF-κB signaling pathway (24, 25). Lys63 (K63)- and K48-linked polyubiquitination of RIPK2 induces the activation and degradation of RIPK2, respectively, in signaling pathways. Thus, RIPK2-mediated NF-κB activation depends upon K63-linked polyubiquitination conjugated by various E3 ligases, including cellular inhibitor of apoptosis protein 1 (cIAP1), cIAP2, TNF receptor-associated factor 6 (TRAF6), X-linked inhibitor of apoptosis protein (XIAP), and pellino3 (Figure 2) (12, 16, 19–23, 26). In addition to the RIPK2 activation by K63-linked polyubiquitination, recent studies have revealed the involvement of methionine1 (Met1)-linked linear polyubiquitination by the linear ubiquitin chain assembly complex (LUBAC) in the interaction between RIPK2 and XIAP (19, 22). These previous studies established that K63-linked and Met1-linked polyubiquitination on RIPK2 is an indispensable step for the RIPK2-mediated activation of NF-κB followed by proinflammatory cytokine responses (Figure 2). TGF-β-activated kinase 1 (TAK1) recruits RIPK2 and subsequently induces the nuclear translocation of NF-κB subunits (3, 8). NF-κB activation by NOD2 is critical for the maintenance of intestinal homeostasis. MDP-mediated activation of NOD2 induces the activation of interferon regulatory factor 4 (IRF4) and ATG16L1, both of which inhibit the polyubiquitination of RIPK2, thereby reducing the NF-κB-dependent proinflammatory cytokine responses against TLR ligands derived from intestinal bacteria (27–29). In other words, the defective activation of IRF4 and ATG16L1 due to CD-associated NOD2 mutations leads to excessive NF-κB-dependent cytokine responses upon exposure to TLR ligands.

IRF3 and IRF7 are vital transcription factors for the production of type I IFNs (30). Activation of endosomal TLRs (TLR3, TLR7, and TLR9) and TLR4 leads to the robust production of type I IFNs via the nuclear translocation of IRF3 and IRF7 (2). In addition to MDP, NOD2 recognizes viral single-stranded RNA (ssRNA) to induce type I IFN production (Figure 2) (31). Binding of ssRNA to NOD2 enables its interaction with mitochondrial antiviral signaling protein (MAVS), followed by the nuclear translocation of IRF3 (31). Importantly, the ssRNA-mediated activation of NOD2 induces type I IFN responses in an RIPK2-independent manner.

Intracellular proteins derived from organelles and microorganisms are subjected to degradation (32). This process is known as autophagy, an essential homeostatic process whereby cells digest their own components to adapt to nutrient deprivation (32). Autophagy also contributes to the digestion of microorganisms and processing of antigens for antigen presentation by macrophages and DCs (32). Loss-of-function mutations in ATG16L1 are associated with CD development (6–8). Although ATG16L1 was initially discovered as a molecule involved in autophagy, it has been shown to function as a signaling molecule for NOD2 and TLRs (7). Importantly, the MDP-mediated activation of NOD2 induces a physical interaction between NOD2 and ATG16L1 to promote autophagy and antigen presentation (Figure 2) (33, 34). Cooney et al. reported that DCs bearing CD-associated NOD2 or ATG16L1 mutations exhibit defective autophagic responses upon exposure to intestinal bacteria (34). Although NOD2-mediated autophagic responses depend on the recruitment of ATG16L1, it remains controversial whether such autophagic responses involve RIPK2 activation (33, 34). However, ATG16L1 downregulates the RIPK2-mediated NF-κB activation by inhibiting the K63-linked polyubiquitination of RIPK2 (35, 36), suggesting the existence of an interaction between ATG16L1 and RIPK2.

Collectively, the NOD2 signaling pathways participate in diverse immunological responses through the activation of NF-κB, IRF3/7, and autophagy. Recognition of MDP derived from intestinal bacteria contributes to the maintenance of intestinal homeostasis through the induction of negative regulators of TLRs and the promotion of autophagic responses, whereas failure to operate such protective mechanisms due to defective NOD2 signaling leads to the development of CD. This has been described in the following section.




3 NOD2 mutations and CD

To date, three mechanisms have been proposed to explain the development of CD as a result of loss-of-function mutations in NOD2 (8, 37). The first mechanism focuses on the function of Paneth cells, located in the crypts of Lieberkühn of the small intestine. Upon recognizing MDP derived from intestinal bacteria, Paneth cells expressing NOD2 constitutively produce α-defensin, a prototypical antimicrobial peptide (8, 37). Accordingly, loss of NOD2 function results in decreased production of α-defensin by Paneth cells, which in turn leads to defective host defense against bacteria. Indeed, NOD2-deficient mice exhibit defective host defense against certain bacteria, and patients with CD bearing NOD2 mutations display decreased production of α-defensin when compared to those with intact NOD2 gene (38, 39). However, another study has shown that reduced expression of α-defensin is independent of the NOD2 mutation status (40). The second mechanism focuses on autophagy induced by the MDP-mediated activation of NOD2. The recognition of MDP derived from intestinal bacteria by NOD2 results in the induction of autophagy-mediated bactericidal effects in an ATG16L1-dependent manner, as mentioned above (33, 34). Thus, the loss of NOD2 function leads to defective autophagic responses owing to the defective interaction between NOD2 and ATG16L1. These defective autophagic responses in the presence of loss of function NOD2 mutations lead to excessive proinflammatory responses in response to the increased burden of gut bacteria (33, 34). The third mechanism focuses on the NOD2-mediated negative regulation of inflammatory responses triggered by TLRs (8, 37). The MDP-mediated activation of NOD2 negatively regulates TLRs-mediated proinflammatory cytokine responses, and the presence of CD-associated NOD2 mutations increases the risk of intestinal inflammation due to excessive production of proinflammatory cytokines mediated by TLRs. The third mechanism has been discussed in the subsequent sections.



3.1 NOD2-mediated negative regulation on the production of NF-κB-dependent proinflammatory cytokines triggered by TLRs

The activation of NOD2 mediates tolerogenic responses against the intestinal microbiota in macrophages and DCs, thereby inhibiting the development of chronic intestinal inflammation (8). Previous studies have elucidated some of the molecular mechanisms underlying the downregulation of proinflammatory responses against intestinal bacteria by focusing on the crosstalk between NOD2 and TLRs. As mentioned above, MDP is a degradation product of PGN in the bacterial cell wall (3, 8). PGN activates TLR2 independently of NOD2, suggesting a crosstalk between NOD2 and TLR2 (Figure 3A). Previous studies, including ours, initially found that the simultaneous stimulation of the TLR2 and NOD2 pathways reduces the production of proinflammatory T helper type 1 (Th1) cytokines in human and murine macrophages and DCs when compared with that of those stimulated by the TLR2 pathway alone (28, 41–45). This NOD2-mediated downregulation of proinflammatory cytokine responses against TLR2 is accompanied by reduced nuclear translocation of NF-κB subunits, including p65, p50, and c-Rel (41, 43, 44). NOD2-mediated negative regulation of TLR2-mediated Th1 responses, which was initially reported in in vitro studies, was also observed in an in vivo colitis model. We established a bacterial antigen-specific colitis model induced by adoptive transfer of ovalbumin (OVA)-specific CD4+ T cells, followed by the intrarectal administration of Escherichia coli expressing OVA (42). This bacterial OVA-specific colitis model is driven by OVA-specific Th1 responses. NOD2-deficient mice are more susceptible to bacterial OVA-specific colitis, when compared with NOD2-intact mice, and are characterized by the excessive accumulation of OVA-specific Th1 cells in the colonic lamina propria (42). Notably, severe bacterial OVA-specific colitis in NOD2-deficiency relies on the activation of TLR2 because mice double deficient in NOD2 and TLR2 display markedly less colonic inflammation and accumulation of OVA-specific Th1 cells in the colonic lamina propria (42). Intrarectal administration of 50% ethanol and PGN causes TLR2-dependent experimental colitis, characterized by a Th1 response (46). Consistent with the data obtained from NOD2-deficient mice, NOD2-transgenic mice under the control of a major histocompatibility complex class II promoter, that is, mice overexpressing NOD2 in macrophages and DCs, were resistant to TLR2-dependent experimental colitis induced through the intrarectal administration of PGN when compared with wild-type mice (43). Resistance to TLR2-dependent colitis in NOD2-transgenic mice is associated with a diminished Th1 response (43). The data obtained from bacterial OVA-specific or TLR2-dependent colitis model utilizing NOD2-deficient and NOD2-transgenic mice provide evidence that the crosstalk between NOD2 and TLR2 contributes to the maintenance of intestinal homeostasis and that NOD2 functions as a negative regulator of TLR2-mediated colitogenic Th1 responses. However, TLRs that induce proinflammatory cytokine responses against intestinal bacteria are not limited to TLR2 (47). Therefore, the NOD2-mediated negative regulation of TLR2 alone cannot explain the immunopathogenesis of CD in the presence of NOD2 mutations.




Figure 3 | Molecular mechanisms underlying the negative regulation on toll-like receptors-mediated proinflammatory cytokine responses by the activation of nucleotide-binding oligomerization domain 2. (A) Molecular mechanisms underlying the negative regulation of toll-like receptors (TLRs)-mediated inflammatory responses in the presence of intact nucleotide-binding oligomerization domain 2 (NOD2). Muramyl dipeptide (MDP) activation of NOD2 enhances the expression of interferon regulatory factor 4 (IRF4). IRF4 acts synergistically with autophagy-related 16 like 1 (ATG16L1) to inhibit the Lys63 (K63)-linked polyubiquitination of receptor-interacting serine/threonine protein kinase 2 (RIPK2). As a result, TLR2 or TLR4-mediated activation of nuclear factor-κB (NF-κB) followed by the production of proinflammatory cytokines (TNF-α, IL-6, IL-12, and IL-23) is markedly suppressed. Downregulation of NF-κB-dependent cytokine responses (TNF-α, IL-6, IL-12, IL-23) contributes to the maintenance of tolerogenic responses toward intestinal bacteria, thereby inhibiting the development of Crohn’s disease (CD). (B) Molecular mechanisms underlying CD development in the presence of NOD2 mutations. CD-associated NOD2 mutations are loss-of-function mutations that fail to recognize MDP. In the presence of CD-associated NOD2 mutations, expression of IRF4 or activation of ATG16L1 is not induced. NF-κB-dependent proinflammatory cytokine responses (TNF-α, IL-6, IL-12, and IL-23) induced by TLR2 or TLR4 are markedly enhanced due to the lack of IRF4-mediated negative regulation in the presence of CD-associated NOD2 mutations.



It is well-established that prior exposure of macrophages and DCs to lipopolysaccharide (LPS) causes these cells to become refractory to subsequent challenge with a broad range of TLR ligands, not limited to TLR4 ligands (48). This phenomenon, known as endotoxin tolerance, is associated with immunosuppression in sepsis (48). As in the case of endotoxin tolerance, prior exposure of DCs to MDP reduces the production of proinflammatory cytokines upon subsequent challenge with multiple TLR ligands. Pre-stimulation of murine and human DCs with MDP markedly reduces the production of NF-κB-dependent proinflammatory cytokines, including IL-6, IL-12, and TNF-α, upon subsequent challenge with TLR2, TLR3, TLR4, TLR5, and TLR9 ligands (Figure 3A) (28). The phenomenon of MDP tolerance has been confirmed in several studies; accordingly, a lack of MDP tolerance has been suggested to impact CD immunopathogenesis in the presence of loss-of-function NOD2 mutations (8, 49, 50). This notion is strongly supported by studies on dextran sodium sulfate (DSS)-or trinitrobenzene sulfonic acid (TNBS)-induced colitis. Prior systemic injection of MDP protects NOD2-intact mice from TNBS-induced colitis, whose effects are accompanied by diminished NF-κB activation and proinflammatory cytokine responses against multiple TLR ligands in the colonic lamina propria immune cells (28). Similarly, systemic injection of MDP during the initial phases of DSS consumption also protects NOD2-intact, but not NOD2-deficient, mice from DSS-induced colitis, whose effects are also associated with markedly reduced NF-κB activation and proinflammatory cytokine responses against multiple TLR ligands in the colonic lamina propria immune cells (26, 28). Taken together, these in vitro and in vivo studies support the idea that MDP tolerance mediated by intact NOD2 signaling contributes to the generation of tolerogenic immune environments against the gut bacteria.

Regarding the molecular mechanisms accounting for MDP tolerance, previous studies, including ours, have identified IRF4 as a critical effector molecule involved in the NOD2-mediated suppression of TLR signaling (Figure 3A) (27–29, 35, 51, 52). IRF4 functions as a prototypical negative regulator of NF-κB activation induced by TLRs signaling, as revealed by the fact that the macrophages and DCs isolated from IRF4-deficient mice display enhanced proinflammatory cytokine production upon stimulation with TLR4 or TLR9 ligands (53, 54). Intriguingly, MDP activation of NOD2 markedly enhances IRF4 expression in DCs, thereby suppressing the NF-κB-mediated proinflammatory cytokine responses (27–29, 35, 51, 52). Mechanistically, IRF4 induced by NOD2 interacts with RIPK2, TRAF6, and myeloid differentiation factor 88 (MyD88) and subsequently inhibits nuclear translocation of NF-κB subunits (27, 28). Given that TRAF6 is one of the E3 ligases of RIPK2, it is likely that IRF4 downregulates the polyubiquitination of RIPK2. Indeed, IRF4 activation induced by NOD2 inhibits K63-linked, but not K48-linked, polyubiquitination of RIPK2 by binding to the kinase domain (KD) and intermediate domain of RIPK2 (27). In addition, ATG16L1 acts cooperatively with IRF4 to inhibit the K63-linked polyubiquitination of RIPK2 by binding to its KD (35). Collectively, these studies suggest that the activation of IRF4 and ATG16L1 as a result of MDP recognition by NOD2 inhibits the TLRs-mediated NF-κB activation and subsequent proinflammatory cytokine responses through the inhibition of K63-linked polyubiquitination on RIPK2 (Figure 3A). On the contrary, DCs bearing CD-associated NOD2 mutations exhibit enhanced TLRs-mediated NF-κB activation and subsequent colitogenic cytokine responses due to the lack of activation of IRF4 and ATG16L1, both of which inhibit the K63-linked polyubiquitination on RIPK2 (Figure 3B). IRF4 also downregulates K63-linked, but not K48-linked polyubiquitination of TRAF6 whereas regulation of MyD88 polyubiquitination by NOD2 has not been clarified (27).

The NOD2-IRF4 axis plays a protective role in the development of experimental colitis. MDP-mediated activation of NOD2 inhibits the DSS- or TNBS-induced colitis via suppression of NF-κB-dependent proinflammatory cytokine responses. MDP-induced protection requires intact IRF4 signaling, as IRF4-deficient mice are not protected from DSS-induced colitis despite the MDP-mediated activation of NOD2 (28). In addition, the development of TNBS-induced colitis is markedly suppressed in mice overexpressing IRF4, whose effects are associated with the downregulation of NF-κB-dependent proinflammatory cytokine responses (27, 29). Negative regulation of TLRs-mediated proinflammatory cytokine responses by the NOD2-IRF4 axis also suppresses colorectal tumorigenesis, obesity-induced insulin resistance, and Blau syndrome, suggesting that this pathway is crucial for the maintenance of immune homeostasis not only in the gut but also in adipose tissues and joints (51, 52, 55). Taken together, accumulating evidence supports the notion that MDP-mediated activation of NOD2 arbitrates tolerogenic responses against the TLR ligands derived from intestinal bacteria through the inhibition of K63-linked polyubiquitination of RIPK2 via the induction of IRF4 expression.

Finally, it is worth noting that NOD2 activation can enhance IL-12 and Th1 responses mediated by LPS activation of TLR4 (56, 57). Such discrepancy can be explained by the doses of LPS tested; MDP activation of NOD2 negatively and positively regulates TLR4-mediated Th1 responses when LPS doses are high and low, respectively (56, 57). Synergic activation of NOD2 and TLR4 seen in low magnitude of TLR4 signaling may contribute to the host defense against invading gut bacteria. On the contrary, negative regulatory function of NOD2 on TLR4 seen in high magnitude of TLR4 signaling may be indispensable for the maintenance of intestinal homeostasis.




3.2 NOD2-mediated negative regulation on the production of IRF3 or IRF7-dependent type I IFNs triggered by TLRs

Double-stranded DNA derived from intestinal bacteria activates TLR9, followed by the robust production of type I IFNs by macrophages and DCs (58). However, whether type I IFN responses induced by the activation of TLR9 play protective or pathogenic roles in IBD remains controversial. TLR9 activation prior to the initiation of DSS drinking prevents the development of DSS-induced colitis in a type I IFN-dependent manner (59, 60). Indeed, mice deficient in the type I IFN receptor are more susceptible to DSS-induced colitis than type I IFN receptor-intact mice (61). Mechanistically, type I IFNs have been shown to promote mucosal tissue repair by inducing amphiregulin (61). In contrast to these reports showing the protective roles of the TLR9-type I IFN axis in experimental colitis, Obermeier et al. provided evidence that TLR9 activation during the induction phase of DSS drinking exacerbates DSS-induced colitis through the induction of proinflammatory cytokine responses (62–64). Consistent with this pathogenic role of type I IFNs induced by TLR9, the active colonic mucosa of patients with UC and CD displays enhanced type I IFN signaling pathways (65, 66). The effects of the crosstalk between TLR9 and NOD2 on the maintenance of intestinal homeostasis are poorly understood; however, MDP-mediated activation of NOD2 acts synergistically with TLR9 ligands to promote IL-12 production by human DCs (57).

To clarify the role of the crosstalk between NOD2 and TLR9, we initially examined the production of IFN-α by human peripheral blood monocytes and plasmacytoid dendritic cells (pDCs) stimulated with NOD2 and TLR9 ligands (67, 68). pDCs constitute a specialized DC population with the ability to produce large amounts of IFN-α (69). Production of IFN-α by monocytes and pDCs was much lower in the cells co-stimulated with MDP and CpG (a TLR9 ligand, double-stranded DNA) than in those stimulated with CpG alone, suggesting that NOD2 functions as a negative regulator of TLR9-induced type I IFN responses (Figure 4A) (67, 68). MDP-mediated activation of NOD2 suppresses the nuclear translocation of IRF3 and IRF7, resulting in reduced transcription of type I IFN genes. K63-linked polyubiquitination of TRAF3 is an indispensable step for the production of type I IFNs induced by TLR9 (70). Deubiquitinating enzyme A (DUBA) selectively cleaves K63-linked polyubiquitin chains on TRAF3 (71). Regarding the molecular mechanisms accounting for NOD2-mediated negative regulation on type I IFN responses induced by TLR9, we found that co-activation with NOD2 and TLR9 markedly upregulates DUBA expression and consequently reduces IFN-α production through the suppression of K63-linked polyubiquitination on TRAF3 (67, 68). As mentioned above, CpG-mediated activation of TLR9 during the initial phase of DSS-drinking exacerbates DSS-induced colitis (62–64). This exacerbation of DSS-induced colitis by the CpG-mediated activation of TLR9 was dependent on type I IFN signaling pathways, as mice deficient in the type I IFN receptor did not display aggravation of DSS colitis (67, 68).




Figure 4 | Molecular mechanisms underlying the negative regulation on toll-like receptor 9-mediated type I IFN responses by the activation of nucleotide-binding oligomerization domain 2. (A) Molecular mechanisms underlying the negative regulation on toll-like receptor 9 (TLR9)-mediated type I IFN responses in the presence of intact nucleotide-binding oligomerization domain 2 (NOD2). Muramyl dipeptide (MDP) activation of NOD2 enhances the expression of deubiquitinating enzyme A (DUBA). DUBA induced by the activation of NOD2 inhibits the K63-linked polyubiquitination of TNF receptor-associated factor 3 (TRAF3) to downregulate the nuclear translocation of interferon regulatory factor 3 (IRF3) and IRF7, both of which are required for optimal type I IFN responses mediated by TLR9. Downregulation of IRF3/7-dependent type I IFN responses contributes to the maintenance of tolerogenic responses toward intestinal bacteria, thereby inhibiting the development of Crohn’s disease (CD). (B) Molecular mechanisms underlying CD development in the presence of NOD2 mutations. CD-associated NOD2 mutations are loss-of-function mutations that fail to recognize MDP. DUBA expression is not induced in the presence of CD-associated NOD2 mutations. CD-associated NOD2 mutations augment type I IFN responses induced by TLR9 owing to a lack of DUBA-mediated negative regulation. Excessive production of type I IFNs leads to the development of CD.



We then turned our attention to the role of the crosstalk between NOD2 and TLR9 in experimental colitis. Notably, the severity of DSS-induced colitis was much lower in mice treated with co-intraperitoneal injection of MDP and CpG than in those treated with CpG alone. The suppression of TLR9-induced exacerbation of DSS-induced colitis was associated with the downregulation of type I IFN and Th1 responses in the colon. Thus, MDP-mediated activation of NOD2 prevents the exacerbation of DSS-induced colitis induced by TLR9 activation (67, 68). Importantly, attenuation of DSS-induced colitis by NOD2 activation was accompanied by decreased and increased expression of type I IFNs and DUBA, respectively, in the colon (67, 68). Indeed, the blockade of DUBA-mediated deubiquitination of TRAF3 by DUBA-specific siRNA cancelled the negative regulatory effects of NOD2 on DSS-induced colitis in mice treated with CpG, and mice treated with DUBA-siRNA displayed severe DSS-induced colitis even after repeated MDP injections (67, 68). Collectively, these studies suggest that the recognition of MDP derived from intestinal bacteria by NOD2 results in the inhibition of colitogenic type I IFN and Th1 responses induced by the commensal DNA activation of TLR9 (72). Intact NOD2 plays a negative regulatory function in TLR9-induced type I IFN responses by upregulating DUBA expression (67, 68). In the presence of CD-associated NOD2 mutations, impaired recognition of MDP results in inefficient induction of DUBA, which leads to excessive and colitogenic type I IFN and Th1 responses upon TLR9 activation (Figure 4B).

One question that arises from these studies is how co-stimulation with NOD2 and TLR9 ligands induces DUBA expression. In this regard, IL-1β signaling might be involved in the regulation of DUBA expression. Defective IL-1 receptor signaling increases DUBA expression, leading to the suppression of type I IFN production and K63-linked polyubiquitination of TRAF3 (73). Therefore, it may be possible that the downregulation of proinflammatory IL-1β production by NOD2 results in the upregulation of DUBA expression and contributes to the maintenance of intestinal homeostasis. Finally, it is worth mentioning that DUBA plays pathogenic rather than protective roles in the development of TNBS-induced colitis (74). Knockdown of DUBA expression by its antisense oligonucleotides reduces TNF-α production by colonic lamina propria mononuclear cells isolated from mice challenged with intrarectal TNBS administration (74). The pathogenic or protective roles of DUBA in experimental colitis need to be examined in other types of colitis models, including IL-10-deficient mice and T cell transfer models (75, 76).




3.3 Therapeutic targets of CD and UC in the NOD2 signaling pathways

The anti-inflammatory function of the MDP-NOD2 axis was tested in experimental colitis and human IBD samples for clinical application (Figure 5). Given the potent anti-inflammatory activity of MDP, it is likely that the MDP-rich gut mucosa is resistant to IBD. Gao et al. revealed that Firmicutes-derived DL-endopeptidase can generate large amounts of MDP in the gut and that the activity of this enzyme decreases in patients with CD (77). In addition, fecal microbiota of CD patients with low DL-endopeptidase predisposes mice to DSS-induced colitis through the upregulation of IL-6, TNF-α, and RIPK2 (77). In subsequent studies, the same research group identified an uncharacterized secreted protein (called LPH) from Lactobacillus (78). LPH is a bifunctional PGN hydrolase composed of DL-endopeptidase and N-acetyl-β-D-muramidase, with the ability to degrade PGN into MDP. LPH administration protects mice from TNBS-induced colitis in an NOD2-dependent manner (78). Similarly, another report showed that oral administration of selected lactobacilli with the ability to produce large amounts of MDP inhibited the development of TNBS-induced colitis through the downregulation of IL-1β and upregulation of IL-10 (79). Given these results, probiotic approaches utilizing MDP-NOD2 signaling are currently under development.




Figure 5 | Therapeutic targets of Crohn’s disease and ulcerative colitis in the NOD2 signaling pathways. Possible therapeutic approaches for the clinical application of NOD2 signaling pathways in Crohn’s disease (CD) and ulcerative colitis (UC). Muramyl dipeptide (MDP)-mediated activation of NOD2 enhances the expression of interferon regulatory factor 4 (IRF4) and deubiquitinating enzyme A (DUBA) to suppress the nuclear translocation of nuclear factor-κB (NF-κB) subunits and IRF3/7, respectively. IRF4 acts synergistically with autophagy-related 16 like 1 (ATG16L1) to inhibit polyubiquitination of receptor-interacting serine/threonine protein kinase 2 (RIPK2), thereby suppressing the production of NF-κB-dependent colitogenic cytokines, such as IL-6, IL-12, IL-23, and TNF-α. DUBA inhibits polyubiquitination on TNF receptor-associated factor 3 (TRAF3) to downregulate type I IFN responses. Inhibition of RIPK2 activation is a promising therapeutic approach for CD and UC. Enhancement of IRF4, ATG16L1, and DUBA expression may also be useful in the treatment of CD and UC. Intestinal bacteria, which can produce large amounts of MDP, may be promising probiotics.



The RIPK2 signaling complex is composed of E3 ligases (cIAP1, cIAP2, TRAF6, XIAP, and pellino3), RIPK2, and TAK1 (12). We examined the mRNA expression of components of the RIPK2 signaling complex (80) and found that the mRNA expression of RIPK2, cIAP1, cIAP2, TRAF6, and TAK1 was significantly higher in the colonic mucosa of patients with UC and CD than in that of the healthy controls (80). In addition, the mRNA expression of RIPK2, cIAP1, cIAP2, TRAF6, and TAK1 showed a trend similar to that of IL-6, TNF-α, and IL-12p40 (80). At the protein level, the intensity of molecular interactions between RIPK2 and cIAP2 or TAK1 corresponds to the expression of IL-6 or TNF-α in the active colonic mucosa of patients with UC or CD (80). Consistent with these data obtained in human IBD samples, knockdown of RIPK2 by its specific siRNA protects mice from DSS-induced colitis, whose effects are accompanied by reduced production of IL-6 and TNF-α against TLR ligands in the colonic lamina propria immune cells (80). Finally, the administration of RIPK2 siRNA protected NOD1- or NOD2-deficient mice from DSS-induced colitis, suggesting that RIPK2, activated by TLR2 and/or TLR4, plays a colitogenic role. These studies, employing experimental colitis and human IBD samples, have facilitated the development of RIPK2 inhibitors for IBD treatment. Indeed, various RIPK2-specific inhibitors have been successfully developed (81–83). These inhibitors downregulate the production of proinflammatory cytokines in human IBD biopsy samples and display potent therapeutic effects against DSS-induced colitis (81–83). The verification of RIPK2 as a promising target for IBD requires further studies utilizing genetically engineered RIPK2-deficient mice, as knockdown of gene expression by siRNAs could cause non-specific off target effects.

As mentioned above, NOD2 activation inhibits the TLRs-mediated colitogenic responses by inducing IRF4 (27–29, 35, 51, 52). Another approach for the treatment of IBD is the activation of IRF4. Theoretically, DC-specific activation of IRF4 is assumed to inhibit the development of IBD by downregulating proinflammatory cytokine responses against TLR ligands derived from intestinal bacteria (27–29, 35, 51, 52). However, caution should be exercised regarding the clinical application of IRF4 activation in IBD, as IRF4 expressed in CD4+ T cells mediates the development of Th17-dependent experimental colitis (84, 85). DC-specific activation of IRF4 is required for its clinical application in IBD.

The active colonic mucosa of patients with CD and UC is characterized by the upregulation of IFN-stimulated gene (ISG), regardless of the NOD2 mutation status (65–68). The MDP-NOD2 axis downregulates TLR9-induced ISG by upregulating DUBA expression (67, 68). DUBA mRNA expression was reported to be significantly higher in patients with remitted CD than in those with active CD (67, 68). Therefore, small molecules that induce DUBA activation may be useful in the treatment of CD. However, to the best of our knowledge, small molecules that can regulate DUBA function have not yet been identified.





4 Conclusions

In this review, we focused on the negative regulatory function of NOD2 in TLRs-mediated colitogenic and proinflammatory cytokine responses. It should be noted, however, that NOD2 has diverse immunological functions in the maintenance of intestinal homeostasis. For example, within the intestinal crypt, Lgr5+ stem cells constitutively express NOD2, and MDP recognition by stem cell NOD2 initiates the program of gut epithelial regeneration (86). In addition, macrophages bearing CD-associated NOD2 mutations create the aberrant macrophage-fibroblast interaction characterized by the gp130-mediated excessive production of IL-6, IL-11, and oncostatin M (87). Identification and characterization of novel NOD2 functions provide new insights into the molecular mechanisms of CD owing to the presence of NOD2 mutations and may lead to the development of novel treatments for IBD patients with intact or mutated NOD2 genes.
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Gut immunity is essential for maintaining intestinal health. Recent studies have identified that intracellular liquid-liquid phase separation (LLPS) may play a significant role in regulating gut immunity, however, the underlying mechanisms remain unclear. LLPS refers to droplet condensates formed through intracellular molecular interactions, which are crucial for the formation of membraneless organelles and biomolecules. LLPS can contribute to the formation of tight junctions between intestinal epithelial cells and influence the colonization of probiotics in the intestine, thereby protecting the intestinal immune system by maintaining the integrity of the intestinal barrier and the stability of the microbiota. Additionally, LLPS can affect the microclusters on the plasma membrane of T cells, resulting in increased density and reduced mobility, which in turn influences T cell functionality. The occurrence of intracellular LLPS is intricately associated with the initiation and progression of gut immunity. This review introduces the mechanism of LLPS in gut immunity and analyzes future research directions and potential applications of this phenomenon.
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1 Introduction

The gut is one of the parts of the human body that has the most frequent contact with the external environment, facing daily threats from a multitude of bacteria, viruses, fungi, and other pathogens (1, 2). The immune system plays a crucial role in recognizing and eliminating these pathogens, thereby ensuring intestinal health (2, 3). It maintains the integrity of the intestinal mucosa and prevents the invasion of harmful substances by regulating the tight junctions (TJs) between intestinal epithelial cells (4). Additionally, the immune system participates in the metabolic processes of nutrients and regulates their utilization and storage (5, 6). Gut immunity is closely associated with a variety of diseases (7, 8). A thorough investigation into the mechanisms underlying intestinal immunity holds significant importance for the prevention, diagnosis, and treatment of these conditions. An increasing number of studies have demonstrated that liquid-liquid phase separation (LLPS), which has garnered significant attention recently, also plays a role in the intestinal immune response. LLPS refers to two different phases formed by the spontaneous aggregation of biological macromolecules (proteins, nucleic acids, etc.) in eukaryotic cells. It is an important mechanism that enables specific biomolecules to accumulate in local areas within cells and form membraneless structures with unique physical and chemical properties and biological functions. LLPS is involved in various biological processes (9, 10). However, the mechanism of LLPS involvement in gut immunity is still unclear. This review will focus on gut immunity and LLPS, providing a comprehensive analysis of the specific mechanisms through which LLPS regulates gut immune responses.




2 Molecular mechanism of liquid-liquid phase separation in gut



2.1 Formation of liquid-liquid phase separation in gut

LLPS is a fascinating phenomenon that typically arises from the interactions among various molecules within cells, including proteins, RNA, and DNA. These distinct molecules aggregate through multivalent interactions, van der Waals forces, hydrogen bonds, and other interactions, leading to the formation of different phase states (11). LLPS also exists in different cells in the gut. In intestinal epithelial cells, a variety of proteins participate in LLPS, among which zonula occludens 1 (ZO-1) protein and other barrier related proteins can produce LLPS, further forming the physical barrier of the gut to prevent pathogens and harmful substances from entering the body. ZO-1’s ability to generate LLPS is attributed to weak polyvalent interactions between the disordered regions (IDRs) it possesses (12). These multivalent interactions regulate the LLPS dynamics of protein molecules and determine which components are segregated into condensates (Figure 1). Stable multivalent interactions required for LLPS can be mediated by interactions among multiple folded domains or short linear motifs, such as the Src homology domain 3 (SH3) module or proline-rich motifs (PRMs) (13). Furthermore, an increasing number of studies have demonstrated that RNA also plays a significant role in regulating the occurrence of LLPS in gut cells (Figure 1). RNA can serve as a molecular scaffold to bind multiple RNA-binding proteins (RBPs), facilitating the formation of a dynamic network of RBPs, which results in phase-separated droplets (14, 15). Furthermore, LLPS can also occur between DNA-DNA and DNA-protein (Figure 1). For example, when gut cells are damaged, the DNA damage response (DDR), repair factors 53BP1 (p53-binding protein 1) and RAD52 (functional analog of human BRCA2) can form LLPS at the site of DNA damage and quickly complete DNA damage repair. It has been found that the 53BP1 repair chamber at the DNA damage site shows the characteristics of LLPS, and the destruction of 53BP1 condensate reduces the activation of p53 target genes (such as p21). Once the phase separation of 53BP1 was impaired, both p53 stabilization and p21 expression induced by DNA damage were significantly reduced (16). In addition, Rad52 proteins at different DNA damage sites can aggregate into droplets and fuse into repair center droplets through the action of pti-DIMs induced by small DNA damage. The resulting droplet binds the repair center to a longer period of DIM-mediated mobilization of damaged DNA for repair (17). It can be seen that droplets formed through LLPS can concentrate repair factors and DNA, providing an efficient microenvironment for DNA repair (18).




Figure 1 | Different forms of liquid-liquid separation in gut cells. LLPS in gut cells are formed by the interaction of macromolecular proteins, RNA, DNA, etc., including protein and protein, DNA and protein, DNA and DNA, RNA and RNA, RNA and protein. In addition, LLPS also participates in the formation of some membraneless organelles in cells, such as P body, stress granule (SG), nucleolus, etc.



Recent evidence suggests that LLPS is a key mechanism for the formation of membraneless organelles in gut cells. For example, P bodies are membraneless structures in the cytoplasm that form through LLPS and play an important role in RNA metabolism and transport (19) (Figure 1). Similarly, the nucleolus, another structure formed by LLPS, is capable of accumulating substantial amounts of rRNA and proteins, thereby playing a pivotal role in ribosome biosynthesis (20) (Figure 1). Furthermore, when cells experience stress (such as oxidative stress or heat shock), LLPS helps cells respond quickly to form stress granules (SG) that temporarily store unfolded proteins and other cellular components, thereby protecting cells from damage (11, 21) (Figure 1). LLPS enables cells to create closed chambers that isolate their contents from the external environment, allowing biological reactions to occur quickly and efficiently. As research progresses, our understanding of LLPS will deepen, revealing the complexity of life processes and opening up new avenues for the treatment of gut-related diseases.




2.2 Factors affecting liquid-liquid separation

Numerous factors influence LLPS, including light, temperature, pH, salt concentration, and post-translational modifications (PTMs) (22). The most common method for inducing LLPS is by altering the concentration of salt ions. Certain proteins, such as DEAD-box helicase 3 X-linked (DDX3X), exhibit a propensity for LLPS at elevated salt concentrations, as salt ions can modify the weak interactions between molecules, thereby influencing the occurrence of phase separation. Furthermore, ATP plays a significant role in the assembly of aggregates and serves as a water-soluble growth aid, mitigating protein aggregation associated with LLPS (23). Additionally, some findings indicate that various ATP-driven remodeling complexes regulate SG (24). First, ATP is recognized as a key driver of phase separation. Moreover, ATP helps maintain protein concentration within the particle, and when protein levels are high, ATP may counteract the tendency of intrinsically disordered regions (IDRs) to form amyloid fibers. Importantly, PTM plays a significant role in regulating protein LLPS. The currently identified PTMs that influence LLPS include phosphorylation, methylation, acetylation, and ubiquitination (25–27). These modifications promote or inhibit LLPS by altering the charge distribution and hydrophobic characteristics of the disordered regions within the protein. Increased levels of tau acetylation do not facilitate the formation of LLPS, however, elevated levels of tau phosphorylation enhance LLPS (28, 29). Additionally, the increased phosphorylation of ZO-1, a crucial protein in the intestinal barrier, also triggers LLPS, thereby further promoting the formation of TJs (30). An increase in temperature will enhance the thermal motion of molecules, thereby influencing the interaction forces between them. Additionally, temperature plays a crucial role in regulating LLPS (31, 32). In vitro studies have demonstrated that initially condensed protamine and protamine-polyvalent ionic complexes dissociate with rising temperatures, however, their aggregation resumes upon cooling (33). This observation suggests that LLPS is contingent upon specific temperature conditions.

Understanding how these factors influence LLPS is essential for gaining deeper insights into biochemical reactions and physiological functions within gut cells. Additionally, this knowledge may offer valuable clues for investigating the mechanisms underlying related diseases.





3 Liquid-liquid separation is involved in the process of gut immunity



3.1 Liquid-liquid phase separation in gut immunity

The gut immune system primarily comprises intestinal epithelial cells, intestinal lymphocytes, Paneth cells, and intestinal microbiota, which collectively protect the host from pathogens, maintain immune tolerance, and promote tissue repair (34). As a significant regulatory mechanism, LLPS may play a crucial role in the signaling of gut immunity, the regulation of immune responses, and the interaction with microbiota. Within the barrier formed by intestinal epithelial cells, the occurrence of ZO-1 LLPS, a critical protein in TJs, may regulate barrier function. Specifically, the disordered domain at the C-terminus promotes ZO-1 LLPS and facilitates the recruitment of claudin-1 and occludin proteins into the condensate (30), thereby enhancing the formation of TJs and maintaining the integrity of the intestinal barrier (Figure 2A). Furthermore, it has been observed that bacteria utilize LLPS to improve their adaptability to the mammalian gut. For instance, the adaptability of the probiotic Bacteroides polymorphoides, which exists in symbiosis with humans, in the mouse gut is dependent on the LLPS of the transcription termination factor Rho (35). This finding suggests that LLPS is essential for the immune system established in the gut by intestinal microbes (Figure 2B).




Figure 2 | Different ways in which liquid-liquid separation is involved in gut immunity. (A) ZO-1, Claudin, Occludin and other proteins in intestinal epithelial cells can use ZO-1 as a scaffold to generate LLPS and participate in the formation of intestinal barrier. (B) LLPS between Rho proteins in gut microorganisms is involved in colonization of gut microorganisms. (C) LLPS of SLP65 and SIN85 proteins in gut immune cells (B cells) is involved in gut immune regulation.



In the gut, immune cells, including dendritic cells and T cells, form specific intracellular structures through LLPS, such as SG and nuclear bodies (36). Research indicates that LLPS plays a crucial role in T cell receptor (TCR) signaling and DNA recognition within immune cell signaling in the gut. In this context, LLPS functions as a reaction vessel, facilitating the mobility of persistent substrates and products, which in turn enhances signal transduction and enzymatic reactions (37). For instance, the formation of T cell microclusters, first described in the late 1990s, depends on ligand binding and phosphorylation, involving transmembrane receptors such as TCR, CD28, and PD1, kinases LCK and ZAP70, adapter proteins LAT and GRB2, as well as GADS (also known as GRAP2), SLP76 (also known as LCP2), and NCK1, and enzymes SOS1, PLCγ1, and CBL (38, 39). The composition of these clusters is heterogeneous and dynamic, with cluster components typically exhibiting higher densities and lower mobilities compared to their surrounding environment. High density can enhance the likelihood of molecular interactions within the cluster, while low mobility can facilitate the minimum binding time required for such interactions. Conversely, the scaffolding protein SLP65, its binding partner CIN85, and liposomes (spherical vesicles) can form liquid-like condensates in the cytosol of resting B cells, thereby regulating signaling (Figure 2C). The helical domain trimerizes, further promoting the formation of LLPS. Upon B cell stimulation, the condensate migrates towards the cell membrane and further phosphorylates SLP65, triggering downstream signaling pathways, including RAS activation, NF-κB, and calcium influx, among others (40). Although no LLPS information directly related to Paneth cells has been found, antimicrobial peptides secreted by Paneth cells are likely to participate in the formation of LLPS. Studies have shown that antimicrobial peptides (such as LL-III) can regulate LLPS formed by P granuloprotein LAF-1 and RNA (41). On the other hand, LLPS is also able to regulate the overactivation of immune cells, a function highlighted in DNA sensor clocks, e.g., [cyclic GMP-AMP] synthase - stimulator of interferon (IFN) genes - IFN regulatory factor 3 and IFI16 (IFNγ inducible protein 16) pathways (42, 43). LLPS can isolate substances in the condensate, increase the concentration of proteins, for example, prompt STING to activate a negative feedback mechanism at high levels of 3’,5’-cyclic adenosine monophosphate (cAMP), thereby stopping the overactivation of immunity (44).




Figure 3 | The mechanism of liquid-liquid separation involved in NF-κB signaling pathways. In gut immune cells, negatively charged DNA can bind to positively charged cGAS to form LLPS, which prevents the degradation of DNA by TREX1 and passes the signal downstream to cGAMP. Further, cGAMP activated STING and TBK1, which interact to form LLPS, thereby promoting the activation of NF-κB. On the other hand, when RNA viruses infect the gut, viral RNA can bind to TAK1 and IKKβ to form LLPS, further promoting the activation of NF-κB. Eventually, inflammatory factors are expressed and an immune response is generated.



In conclusion, LLPS serves as a highly efficient regulatory mechanism of the gut immune response. However, dysregulation of LLPS can also result in inflammation and disease. Therefore, a comprehensive study of the role of LLPS in intestinal immunity will provide a significant theoretical foundation and practical guidance for understanding the immune mechanisms and developing new therapies.




3.2 Liquid-liquid phase separation is involved in immune signaling pathways

In addition to its roles in intestinal barrier formation, gut microbial colonization, and the clustering of gut immune cell membranes, LLPS also plays a critical role in regulating immune signals in intestinal cells. For instance, LLPS can modulate the NF-κB and cyclic GMP-AMP synthase (cGAS)-stimulator of interferon genes (STING) pathways in these cells (45). The RelA subunit of NF-κB is thought to contain an intrinsic disordered region that facilitates its participation in LLPS, thereby promoting the assembly of signaling complexes and enhancing the efficiency of signal transduction (46). Furthermore, in the context of intracellular DNA sensing, cGAS is adept at detecting abnormal double-stranded DNA (dsDNA) that may arise from pathogens or from damage to nuclear and mitochondrial DNA. This interaction results in the formation of liquid condensates that enhance cGAS activity by shielding the DNA from degradation by the exonuclease TREX1 (42). Additionally, cGAS catalyzes the synthesis of 2’, 3’-cyclic GMP-AMP (cGAMP), which activates STING, initiates downstream signaling pathways, and induces the expression of type I interferon and anti-inflammatory cytokines (47, 48) (Figure 3). During intestinal immunity, certain viruses utilize LLPS to modulate immune responses by isolating signaling molecules. For instance, the thrombocytopenia syndrome virus (SFTSV) encodes non-structural (NS) proteins that form membraneless liquid condensates, referred to as inclusion bodies, which facilitate viral genome replication and alter antiviral immune responses to evade host immune surveillance (49). Recent studies have shown that following infection with respiratory syncytial virus (RSV), the NF-κB subunit p65 is rapidly sequestered into perinuclear cytoplasmic spots, thereby preventing its translocation to the nucleus and subsequent activation of pro-inflammatory cytokine genes, as well as the downstream transcription of other antiviral genes (50). Conversely, LLPS can also promote the activation of NF-κB in the context of viral infection. Recent findings indicate that the N protein of SARS-CoV-2 interacts with viral RNA to undergo LLPS, leading to the formation of a functional membraneless organelle that recruits TAK1 and IKKβ complexes, thereby enhancing NF-κB activation (49) (Figure 3). These examples underscore the emerging concept that LLPS may play both positive and negative roles in the regulation of signaling pathways. It is evident that LLPS does not simply promote or inhibit the intestinal immunity, and it serves as a complex regulatory mechanism that maintains a delicate balance.





4 Research progress of liquid-liquid phase separation in gut inflammatory diseases

Inflammatory bowel disease (IBD) is a chronic immune-mediated condition that affects the gastrointestinal tract (51). This disease is believed to arise from interactions among environmental, microbial, and immune-mediated factors in genetically susceptible individuals (52). The intestinal flora plays a crucial role in the onset and progression of IBD (53). It is known that bacteria require LLPS to adapt effectively to the mammalian intestine. In this context, Eduardo A, Groisman et al., determined that the adaptability of Bacteroides thetaiotaomicron in the mouse gut is facilitated by a unique domain of its transcription terminator Rho, which is essential for LLPS (35). Concurrently, some researchers have found that fecal transplantation of B. thetaiotaomicron in a dextran sulfate sodium (DSS)-induced IBD model can significantly alleviate IBD symptoms (54). G protein-coupled receptors (GPCRs) are critical components of the immune system, and emerging evidence suggests a significant association between GPCRs and the pathogenesis of IBD (55). The study revealed that the IBD-associated variant of G protein-coupled receptor 65 impairs signaling and disrupts key functions involved in inflammation (56). Signal transduction molecules such as GPCRs, G proteins and downstream effectors can form signal transduction complexes through LLPS. This complex is highly dynamic and adaptable, allowing for rapid responses to changes in signals both inside and outside the cell. Furthermore, local compartments formed by LLPS can elucidate how multiple G protein-coupled receptors achieve specificity despite their reliance on the common messenger cAMP (57). The LLPS of ZO-1 protein is a key factor driving the formation of tight junction, and the integrity of intestinal barrier is the basis for maintaining immune function (30, 58). Therefore, the LLPS of protein is closely related to the occurrence and development of IBD, and the LLPS of regulatory protein has become a possibility to treat IBD.

The complexity and dynamics of the intestinal microenvironment play a crucial role in host health. Factors such as microbial communities, intestinal epithelial cells, the immune system, and the extracellular matrix, along with pH value, collectively influence intestinal homeostasis and the onset of diseases (59, 60). Variations in pH not only affect the charge state of molecules but also modify interactions, including electrostatic interactions, hydrophobic interactions, and hydrogen bonds between them. As pH increases or decreases, the attractive or repulsive forces between molecules change, thereby impacting their aggregation behavior. For instance, at certain pH levels, molecules may remain dispersed due to electrostatic repulsion, while under different pH conditions, mutual attraction may lead to LLPS (61). In the gut, the normal pH range typically falls between 6 and 7.5, however, during inflammation or disease, pH can deviate significantly from this range. Such changes may induce LLPS of specific proteins in the gut, resulting in aggregate formation that adversely affects gut function and immune response (20, 62). Moreover, oxidative stress can promote LLPS by altering intracellular environmental conditions, such as pH, temperature, and ion concentration. For example, oxidative stress may lead to PTMs of certain proteins, such as phosphorylation or ubiquitination, which can influence the proteins’ capacity to interact and LLPS (63). Intestinal inflammation is frequently associated with heightened oxidative stress (64). LLPS can lead to the formation of SG within cells, which aggregate stress-related proteins and assist cells in managing oxidative damage. In this context, LLPS functions as a dynamic regulatory mechanism that can swiftly respond to environmental changes, thereby safeguarding cells from harm. It is evident that LLPS is a significant biological phenomenon that plays a complex role in intestinal inflammation. Furthermore, LLPS may be crucial in inflammatory responses by regulating immune signaling pathways, responding to oxidative stress, and influencing the cellular microenvironment.




5 Liquid-liquid phase separation as a potential target for the treatment of gut diseases

With a deeper understanding of the LLPS mechanism, researchers have begun to explore its potential applications in medicine and biotechnology. In particular, LLPS modulators may emerge as a new class of therapeutic drugs aimed at modulating intestinal immunity and reducing inflammation. LLPS facilitates the rapid aggregation of signaling molecules and effector proteins by immune cells upon encountering pathogens, thereby enhancing the efficiency and speed of immune responses. Wang and Zhou investigated how LLPS influences the body’s response to infection by regulating innate immunity, suggesting that this mechanism may provide a foundation for the development of novel immunomodulatory treatments (65). LLPS modulators are compounds that affect LLPS behavior within cells. These regulators can alter the function of immune cells by modifying the physical and chemical properties of the intracellular environment, thereby influencing protein aggregation and LLPS. Studies focusing on intestinal immunity have demonstrated the potential of LLPS modulators in this context. The gut represents a rich immune environment, populated by numerous immune cells and microbial communities (66). LLPS modulators may alleviate intestinal inflammation by enhancing the barrier function of intestinal epithelial cells and improving the responsiveness of immune cells. Some research has indicated that LLPS in the gut could play a significant role in the pathogenesis of IBD (35, 67). By modulating LLPS, researchers aim to improve intestinal inflammatory responses, potentially providing new treatment options for patients with IBD. Future studies should further investigate the specific mechanisms of action of LLPS modulators in immune cells, including their effects on signaling pathways and gene expression. This will provide a theoretical basis for the design of optimized regulators.

LLPS is closely linked to the occurrence and progression of various diseases, including neurodegenerative disorders and cancer (68, 69). In these conditions, the abnormal LLPS of proteins can lead to the formation of detrimental aggregates that disrupt normal cellular functions. As researchers deepen their understanding of LLPS, they are investigating its potential applications in drug development. In the past, it was widely believed that small molecule drugs were evenly distributed after entering cells. However, studies on LLPS have shown that this phenomenon significantly affects the distribution of small molecule drugs (70, 71). Consequently, it is essential not only to deliver these drugs to the appropriate cells but also to ensure their localization within the correct organelles. Furthermore, targeted LLPS has emerged as a promising avenue for drug development. On one hand, small molecular compounds that interact with proteins in membraneless organelles may either promote or inhibit LLPS, and are currently being screened for this purpose. On the other hand, research has demonstrated that various enzymes, including ATPases, helicases, and ubiquitin ligases, which regulate protein post-transcriptional modifications, have the potential to influence LLPS (13, 72). Therefore, inhibitors or agonists of these enzymes—particularly those targeting protein post-transcriptional modification—represent small molecules with significant potential for modulating LLPS. However, many questions remain unanswered: Should we promote or inhibit LLPS in diseases such as cancer or IBD? Can specific small molecule drugs effectively enter and exit membraneless organelles? Furthermore, can these drugs precisely and specifically regulate the occurrence of LLPS? It can be asserted that research on phase separation presents both opportunities and challenges.




6 Conclusions and future prospects

LLPS facilitates the concentration and regulation of immune factors by intestinal immune cells, including macrophages and lymphocytes, through the formation of aggregates (73). This process enables these cells to rapidly produce and release cytokines, thereby effectively responding to pathogens and inflammation. In the gut, immune cells can generate specific immune condensates via phase separation mechanisms, which are capable of accommodating and processing various immunogens, including viruses and antigens. This mechanism is particularly crucial for the activation of innate immunity and enhances the rapid activation of effector cells, such as phagocytes. Macrophages play a pivotal role in maintaining intestinal immune homeostasis, with LLPS modulating their functionality to balance pro-inflammatory and anti-inflammatory responses (74). For instance, certain macrophage subsets may promote inflammation through LLPS mechanisms in inflammatory environments, while others can suppress inflammation and restore intestinal homeostasis. Furthermore, LLPS not only influences the aggregation of immune factors but also impacts the activity of intracellular signal transduction pathways. By regulating the distribution and aggregation of signaling proteins, cells can transmit information more efficiently, optimizing the timing and intensity of immune responses. Although there is a preliminary understanding of the role of LLPS in cell signaling, its molecular mechanisms require further exploration. Utilizing high-resolution microscopy and molecular biology tools, researchers can gain deeper insights into the dynamic processes of LLPS and its regulatory mechanisms. Additionally, LLPS may interact with other biological processes within cells, such as the cell cycle and metabolism. Future studies could investigate these interactions to reveal the full impact of LLPS in cell biology. Clinically, intervention targeting phase separation may provide new therapeutic strategies for diseases such as intestinal inflammation. Future studies should focus on the screening of LLPS regulators and their application in animal models and clinical trials.

Although some progress has been made in the study of LLPS in IBD, there are still many unanswered questions. It is unclear whether and how microbial metabolites affect the occurrence of LLPS in IBD. For example, can short chain fatty acids (SCFAs), which are important metabolites produced by intestinal microorganisms in the fermentation of dietary fiber, influence intestinal barrier function and inflammatory response by regulating the activity or interaction of LLPS-related molecules? Studying the effects of microbial metabolites on LLPS will help reveal new mechanisms of action of gut microbes in the pathogenesis of IBD. LLPS is not only associated with IBD but also plays a significant role in the onset and progression of various diseases, including Alzheimer’s disease, Parkinson’s disease and tumor diseases (29, 75, 76). In the brains of individuals with Alzheimer’s disease, there is an abnormal accumulation of amyloid beta (Aβ) and tau proteins, Research has demonstrated that these proteins can form membraneless organelle-like condensates through LLPS. These aggregates may further promote protein misfolding and aggregation, exacerbate neurotoxicity, and lead to neuronal damage and cognitive dysfunction (77). Additionally, LLPS is crucial in tumor cells, where certain oncogenic and tumor suppressor proteins can form condensates via this process, thereby regulating gene expression and signal transduction, and influencing biological behaviors such as proliferation, apoptosis, invasion, and metastasis of tumor cells. For instance, transcription factors like c-Myc and p53 can create condensates through LLPS, modulating the expression of downstream genes and contributing to tumor initiation and progression (78, 79). Given the significant role of LLPS in tumor cells, researchers may consider phase separation-related biomarkers as valuable tools for tumor diagnosis and prognosis. These markers can aid clinicians in better understanding the biological characteristics of tumors and in developing personalized treatment strategies. Furthermore, due to the critical importance of LLPS in immune cell function, investigating its role within the tumor microenvironment could yield new insights for optimizing immunotherapy. By modulating the LLPS behavior of immune cells in this context, it may be possible to enhance their ability to target tumors, thereby improving the efficacy of immunotherapeutic approaches. Overall, biomarker discovery based on LLPS provides new perspectives and methods for understanding and precisely treating immune-related diseases. With the deepening of research, this field is expected to bring revolutionary changes to clinical medicine.
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Introduction

Proton pump inhibitors (PPIs) and potassium-competitive acid blockers (P-CABs) are widely used to manage gastric acid-related disorders by inhibiting hydrochloric acid (HCl) secretion from parietal cells in the stomach. Although PPIs are known to have anti-inflammatory properties beyond their role in inhibiting gastric acid secretion, research on P-CABs is lacking. In this study, we aimed to investigate whether all available P-CABs exhibit anti-inflammatory effects in gastroesophageal reflux-induced esophagitis and to elucidate the underlying mechanisms.





Methods

Het-1A cells, normal esophageal epithelial cells, were treated with HCl (pH 4) for 30 min. Esomeprazole, a representative PPI, and three currently marketed P-CABs (vonoprazan, tegoprazan, and fexuprazan) were used for pretreatment. Total RNA sequencing was performed using Het-1A cells pretreated with 1% DMSO or fexuprazan, followed by exposure to HCl. Pyroptosis was measured using lactate dehydrogenase (LDH) release and Annexin V-FITC/PI staining. Western blotting, qRT-PCR, and ELISA were used to determine the expression of the related genes.





Results

Pretreatment with esomeprazole, vonoprazan, tegoprazan, and fexuprazan significantly inhibited the HCl-induced pro-inflammatory cytokines, including IL-6, IL-8, IL-1β, and TNF-α. Fexuprazan and vonoprazan significantly attenuated the HCl-induced pyroptosis rate, as assessed by elevated LDH release and Annexin V-FITC/PI staining, whereas esomeprazole and tegoprazan did not. RNA sequencing revealed that NOD-like receptor (NLR) family pyrin domain-containing 1 (NLRP1) was significantly reduced in Het-1A cells pretreated with fexuprazan compared to those treated with DMSO. Fexuprazan and vonoprazan markedly reduced the HCl-induced transcriptional and translational expression of genes involved in the pyroptosis pathway, including NLRP1, Caspase-1, gasdermin D, and IL-1β. Notably, fexuprazan reduced the HCl-induced increase in pyroptosis and IL-1β using siRNA, even in the presence of NLRP1 knockdown. Fexuprazan, tested on inflammatory THP-1 macrophage cells, significantly reduced NLRP1 expression and inhibited lipopolysaccharide-induced pyroptosis.





Conclusion

Our findings reveal that all p-CABs exhibit anti-inflammatory properties, while fexuprazan inhibits inflammation and pyroptosis of esophageal cells caused by the gastric acid. Therefore, it is presumed to have additional benefits in gastroesophageal reflux disease in addition to suppressing gastric acid secretion.
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1 Introduction

Gastric acid secretion inhibitors play a pivotal role as a primary treatment modality for acid-related gastrointestinal diseases, including gastroesophageal reflux and peptic ulcers (1, 2). Although proton pump inhibitors (PPIs) have gained popularity among such inhibitors, the recently introduced potassium-competitive acid blockers (P-CABs) have emerged as formidable contenders.

Currently, vonoprazan, tegoprazan, and fexuprazan are the three commercially available P-CABs that are applicable in clinical practice, along with several other compounds under development. Pre-clinical and subsequent clinical studies have reported that P-CABs, including vonoprazan, tegoprazan, and fexuprazan, exhibit a more rapid and potent inhibition of gastric acid secretion compared to PPI (3–7). Notably, vonoprazan has demonstrated significant superiority over PPIs in treating and maintaining moderate-to-severe gastroesophageal reflux, particularly in cases of reflux esophagitis of grade LA-C or higher (5).

P-CABs function by reversibly suppressing the H+/K+ ATPase enzyme within the proton pump on the luminal membrane of gastric parietal cells, which is the same target as PPIs. Fexuprazan, the most recent addition to P-CABs developed in 2018 by Daewoong Pharmaceutical Co., Ltd., Seoul, South Korea, reversibly suppresses the K+/H+-ATPase enzyme in gastric parietal cells (6, 8). Similar to vonoprazan and tegoprazan, fexuprazan competitively binds to the H+/K+ ATPase and inhibits the binding of potassium to the pump. Impressively, it demonstrated non-inferiority to esomeprazole 40 mg in healing erosive esophagitis at week 8 (9, 10). It Is worth noting that PPIs have consistently shown a direct anti-inflammatory effect in the treatment of reflux esophagitis, in addition to their role in suppressing gastric acid secretion through the H-K pump (11–14).

Despite the importance of refluxed gastric acid in the development of symptoms associated with gastroesophageal reflux disease (GERD), some researchers contend that the degree of inflammatory response generated is equal to or more crucial than the refluxed gastric acid itself (15–18). As evidenced by cases where patients with reflux esophagitis LA-A on endoscopy showed no symptoms (up to 20%), and conversely, non-erosive reflux disease without endoscopic esophagitis presented with severe symptoms, it became apparent that the development of symptoms is often attributed more to the inflammatory response than to the refluxed gastric acid or its quantity.

Inflammasomes, which are intricate multi-protein complexes activated by various extrinsic and intrinsic factors such as lipopolysaccharide (LPS), oxidative stress, potassium efflux, and monosodium urate crystals, play a crucial role in initiating innate immune responses (19, 20).

Their activation triggers the maturation and expression of pro-inflammatory cytokines such as IL-1β and IL-18, leading to subsequent cell damage or death. Inflammasome-induced cell death, termed cell pyroptosis, is a non-canonical programmed cell death primarily observed in inflammatory conditions (21). Among the inflammasomes, NOD-like receptor (NLR) family pyrin domain-containing 1 (NLRP1) and NLRP3 have been extensively studied. NLRP1 inflammasome activation is initiated by the recognition of intracellular pathogens by NLRs, particularly the NLRP1. This activation further activates caspase-1, leading to the cleavage of gasdermin D (GSDMD), IL-1β, and IL-18 into their mature forms, creating pores in the cell membrane for the release of IL-1β and IL-18 and triggering pyroptosis (21). Persistent damage from reflux to the esophagus can ultimately develop GERD, progressing to Barrett’s esophagus or esophageal adenocarcinoma through intricate pathways involving inflammasome activation and pyroptosis (21).

However, the anti-inflammatory effects of P-CABs, including fexuprazan, on inflammatory diseases remain unclear. In our experiments, we treated normal esophageal cells (Het-1A cells) with P-CABs before stimulating them with hydrochloric acid (HCl) to observe the effects of P-CABs on acid reflux. Our findings revealed that fexuprazan significantly reduced IL-1β release by inhibiting NLRP1 activation in Het-1A cells, subsequently reducing caspase-1 activation. These results suggest that fexuprazan alleviates the inflammatory conditions caused by gastric acid, and its impact on cell pyroptosis may prove effective in improving treatment outcomes for reflux esophagitis, while potentially preventing the development of Barrett’s esophagus and esophageal adenocarcinoma.




2 Materials and methods



2.1 Cell culture and treatment

Human esophageal (Het-1A) cells were cultured at 37°C in humidified atmosphere of 5% CO2 using RPMI-1640/Ham’s F12 medium (1:1 mix) (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 5% fetal bovine serum (FBS) and 1% penicillin/streptomycin. The human acute monocytic leukemia THP-1 cells were cultured at 37°C in humidified atmosphere of 5% CO2 using RPMI-1640. Differentiation of THP-1 cells into macrophage was performed by incubating the cells with 160 ng/Ml phorbol 12-myristate 13-acetate (PMA) (Sigma-Aldrich, MO, USA) for 24 hours, and then, the media was changed to that without 1% PBS. Fexuprazan (Daewoong Pharmaceutical Co., Ltd., Seoul, South Korea), vonoprazan (Takecab or Vocinti, Takeda, Osaka, Japan), tegoprazan (HK inno.N Corp, Seoul, Korea), esomeprazole (Sigma Aldrich, St Lois, Missouri, USA) was dissolved in dimenthyl sulfoxide (DMSO, Sigma Aldrich, Germany) as a 10 mM stock solution; the stock solution was diluted in serum-free RPMI-1640 medium for the experiments. For treatment, Het-1A cells were pretreated with 1% DMSO or 30 uM medications for 6 h, following by hydrochloric acid (HCl) at pH 4 treatment for further 30 min. And THP-1 cells were pretreated with 1% DMSO or fexuprazan indicated concentrations for 6 h, following by 100 ng/mL LPS (Sigma Aldrich) treatment for further 6 h.




2.2 Gene expression analysis and RNA-sequencing

Total RNA was dissolved in TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and extracted following the manufacturer’s protocol. Quantification of RNA was carried out using a Nanodrop (ND-100; Nanodrop Technologies, Inc., Wilmington, DE, USA), and its purity was assessed based on the 260/280 nm ratio and 1% agarose gel analysis. For cDNA synthesis, 2.0 μg of total RNA was employed with Superscript II (Invitrogen). The expression of genes was quantified through real-time PCR using a LightCycler 480 Real-Time PCR machine and iQ SYBR Green Supermix (Applied Biosystems, Inc., Carlsbad, CA, USA). Normalization to GAPDH expression was performed for Ct values, and the 2−ΔΔCt value was computed. Primers utilized for qRT-PCR can be found in Table 1. Total RNA sequencing procedures were performed by Ebiogen, Inc. (Seoul, Korea). Differential gene expression analysis and graphic visualization were performed using ExDega (Ebiogen, Inc., Korea). Significant DEGs were defined as those adjusted p < 0.05. RNA seq.


Table 1 | Primers used for qRT-PCR.






2.3 Small interfering RNA transfection

For transfection, cells were seeded in 6-well plates at 3 × 105 cells/well and incubated in a 37 °C incubator. After 24 h, NLRP1 siRNA (50 μM) and RNAi negative control (50 μM, siCT; Invitrogen) were transfected into cells using Lipofectamine 2000 reagent (Invitrogen). The NLRP1 siRNA target sequences were as follows: SiNLRP1 sense, CGGUGACCGUUGAGAUUGATT and antisense, UCAAUCUCAACGGUCACCGTT.




2.4 Lactate dehydrogenase release assay

Cell supernatants were assessed for lactate dehydrogenase (LDH) using the Cytotoxicity Detection kit (Roche, Mannheim, Germany), following the manufacturer’s instructions. The results were expressed as a percentage relative to the total LDH content within the cells.




2.5 Enzyme-linked immunosorbent assay

The Concentrations of IL-1β in culture supernatants were determined employing the IL-1β ELISA kit (eBioscience, San Diego, USA) following the provided manufacturer’s instructions.




2.6 Flow cytometry analysis

To evaluate pyroptotic cell death, flow cytometry was conducted. Cells were stained with propidium iodide and fluorescein isothiocyanate (FITC) annexin V using the FITC-Annexin V kit (BD Bioscience, San Jose, CA, USA). Stained cells were incubated for 15 minutes and analyzed with a FACS Verse instrument (BD Biosciences). Flow Jo software (Treestar, Ashland, OR, USA) was used for data analysis, with Annexin V+/PI+ defining pyroptosis.




2.7 Western blot analysis

Whole lysates in 1 × RIPA buffer (Cell Signaling Technology, Danvers, MA, USA) with protease inhibitor (GenDEPOT, Barker, TX, USA) were subjected to western blot analysis. Protein separation was performed on sodium dodecyl sulfate-polyacrylamide gels, followed by transfer to polyvinylidene fluoride membranes (Millipore, Darmstadt, Germany). After blocking with 3% bovine serum albumin (Thermo Scientific) for 30 minutes at room temperature, membranes were incubated with primary antibodies. Horseradish peroxidase-conjugated goat anti-mouse and goat anti-rabbit secondary antibodies (GenDEPOT) were then applied. Antibodies used included anti-NLRP1 (sc-166368, Santa Cruz Biotechnology), anti-Caspase 1/p20/p10 (22915-1-AP, Proteintech), anti-GSDMD (sc-393581, Santa Cruz Biotechnology), anti-IL-1β (ab9722, Abcam), and anti-β-actin (Thermo Scientific). Membranes were reacted with ECL solution (GenDEPOT) and exposed to an Image Quant LAS 4000 (GE Healthcare, Piscataway, NJ, USA).




2.8 Statistical analysis

Statistical analysis was conducted using Prism 5 software (GraphPad, San Diego, CA, USA). Data are presented as mean ± standard error of the mean or median ± interquartile range. Unpaired t-tests or Mann–Whitney tests were employed to analyze statistical differences between the two groups, with significance set at P < 0.05.





3 Results



3.1 Exposure to HCl treatment in Het-1A cells elevates the expression of inflammatory transcriptomes

HCl is the primary cause of inflammation in GERD. Consequently, we subjected Het-1A cells, which represent normal esophageal epithelial cells, to HCl treatment to determine the presence of pro-inflammatory cytokines. Our initial aim was to determine the optimal pH and duration of HCl exposure. To achieve this, we exposed Het-1A cells to varying concentrations of pH 4 over distinct time intervals, closely monitoring alterations in key pro-inflammatory genes (IL-6, IL-8, IL-1β, and TNF-α) (Figure 1A). At processing times ranging from 5 to 120 min, all the pro-inflammatory genes exhibited a peak at 30 min and subsequently decreased.




Figure 1 | Fexuprazan reduced inflammatory responses caused by HCl. (A) Het-1A cells were treated with HCl (pH 4) as indicated in various time points (min: minutes). The indicated genes were analyzed by real-time PCR assay. (B) The LDH release (%) was measured at various concentrations of fexuprazan (FXZ) before and after treatment under basal condition s (left) and HCl treatment (right, at pH 4). (C) Het-1A cells were treated with fexuprazan (FXZ, 30 µM) as indicated in various time points (hours). The indicated genes were analyzed by real-time PCR assay. (D) Het-1A cells were pretreated with fexuprazan (FXZ, 30 µM), vonoprazan (VNZ, 30 µM), tegoprazan (TGZ, 30 µM), esomeprazole (ESO, 30 µM) for 6 h followed by HCl (pH 4) for 30 min. The indicated genes were analyzed by real-time PCR assay. Data represented the mean ± s.e.m. n = 3, t test, ns: not significant; *p < 0.05, **p < 0.01, ***P < 0.001 versus control.






3.2 Fexuprazan effectively alleviated baseline and HCl-induced inflammation in Het-1A cells

To validate the impact of fexuprazan on Het-1A cells in the context of HCl treatment, varying concentrations of fexuprazan were administered, and LDH release was quantified (Figure 1B, left). The LDH levels exhibited an increase at a concentration of 40 μM fexuprazan. No change in LDH levels was observed up to a concentration of 30 μM; however, a statistically significant rise in LDH was noted upon treatment with 40 μM. When Het-1A cells were exposed to HCl (black bar) and the pH was maintained at 4, LDH increased more than four-fold compared to the control (Figure 1B, right). However, the LDH elevation was proportionally mitigated up to a concentration of 30 μM fexuprazan. Beyond 30 μM, this attenuation disappeared, confirming that 30 μM fexuprazan was the most effective dose.

Next, we assessed the baseline expression of IL-6, IL-8, IL-1β, and TNF-α in Het-1A cells treated with 30 μM of fexuprazan (Figure 1C). Fexuprazan exhibited a statistically significant reduction in IL-6, IL-8, IL-1β, and TNF-α after 6 h of treatment; however, their levels tended to gradually recover afterward, as illustrated in Figure 1C.

Subsequently, we evaluated the anti-inflammatory properties of esomeprazole, a representative PPI, and three P-CABs (fexuprazan, vonoprazan, and tegoprazan), currently available for clinical use, in inhibiting gastric acid secretion (Figure 1D). Pre-treatment with fexuprazan, vonoprazan, tegoprazan, and esomeprazole effectively mitigated the elevation of IL-6, IL-8, IL-1β, and TNF-α induced by HCl treatment in Het-1A cells. Notably, the reduction in the expression of pro-inflammatory genes by fexuprazan and vonoprazan was more pronounced than that by other medications, although the difference was not statistically significant.




3.3 Fexuprazan effectively mitigated the HCl-induced NLRP1/Caspase-1/GSDMD pyroptotic pathway in Het-1A cells

To elucidate the fundamental molecular determinants underlying the anti-inflammatory effects of fexuprazan on Het-1A cells, we conducted comprehensive RNA sequencing (RNA-seq) of cells pretreated with either 1% DMSO or fexuprazan followed by HCl treatment. Four samples were analyzed: two from the 1% DMSO pre-treated and HCl-treated control groups and two from the fexuprazan-pre-treated and HCl-treated test groups (Figure 2A). The analysis was conducted using a threshold value of |log2 fold change (FC)| > 1 and p < 0.05. Of the 60,052 total transcripts, 1446 were identified as differentially expressed genes (DEGs), with 619 upregulated and 827 downregulated genes. Functional categorization of the DEGs revealed that cell differentiation, neurogenesis, cell cycle, immune response, cell death, apoptotic process, cell migration, DNA repair, extracellular matrix, and inflammatory response were among the top 10 categories (Figure 2B).




Figure 2 | Differentially expressed genes (DEG) detected by RNA-seq. (A) Total RNA-sequencing on Het-1A cells pre-treated with 1% DMSO (control) or fexuprazan (test, FXZ, 30 µM) followed by HCl treatment. (B) Top ten functional categories of DEGs. (C) Volcano plot of cluster analysis for DEGs between immune response and inflammatory response of RNA-seq. (D) Heatmap of pyroptosis-related DEGs on Het-1A cells pre-treated with 1% DMSO (DMSO+HCl_1, DMSO+HCl_2) or fexuprazan (FXZ+HCl_1, FXZ +HCl_2).



Further examination of the pathways related to immune and inflammatory responses, which may contribute to esophagitis-induced damage, was conducted. As shown in Figure 2C, the volcano plot of cluster analysis for DEGs between immune and inflammatory responses in both the control and test groups demonstrated a significant reduction in NLRP1 expression in fexuprazan-pre-treated Het-1A cells compared to DMSO pre-treated cells (fold change: 0.765, P-value = 0.011). Additionally, as shown in Figure 2D, the heat map of cluster analysis for DEGs between immune and inflammatory responses in both groups illustrated a significant decrease in the transcriptional levels of genes in fexuprazan pre-treated Het-1A cells compared to DMSO pre-treated cells, including GSDMD, IL-1A, MEFV innate immunity regulator (MEFV), IL18R1, caspase-1, caspase-4, and NLRP1. Among them, NLRP-1, caspase-1, GSDMD, and IL-1β were observed to be associated with pyroptosis, which highlights an intriguing intersection between the pathological mechanisms of HCl and the effects of fexuprazan in esophageal cells.

To scrutinize the impact of fexuprazan on pyroptosis-related genes in HCl-treated Het-1A cells, we assessed the transcriptional activity of NLRP-1, caspase-1, GSDMD, and IL-1β following fexuprazan treatment (Figure 3A). Pretreatment with fexuprazan resulted in a statistically significant reduction in the transcriptional expression of NLRP-1, caspase-1, GSDMD, and IL-1β, all of which were upregulated by HCl. Notably, esomeprazole and tegoprazan did not inhibit the expression of NLRP-1, caspase-1, and GSDMD, whereas vonoprazan demonstrated an inhibitory effect similar to that of fexuprazan. However, all four inhibitors, that is, esomeprazole, tegoprazan, vonoprazan, and fexuprazan, significantly reduced the pro-inflammatory cytokine IL-1β. Western blotting revealed that esomeprazole and tegoprazan failed to inhibit the expression of NLRP-1, caspase-1, and GSDMD, whereas vonoprazan and fexuprazan effectively suppressed their expression to a comparable degree (Figure 3B). Both in western blot and ELISA revealed that fexuprazan, vonoprazan, tegoprazan, and esomeprazole exhibited significant reductions in IL-1β (Figure 3B, C).




Figure 3 | Fexuprazan reduced the expression of pyroptosis related genes upregulated by HCl. (A, B) mRNA and protein expression of pyroptosis related genes were detected with Het-1A cells pretreated with DMSO (control) or drugs followed by exposure to HCl. (C) Het-1A cells were treated as indicated condition and supernatant of IL-1β was determined by ELISA assay. (D) Het-1A cells were assessed for pyroptosis using flow cytometry based on Annexin V-FITC/PI staining. Pyroptosis was defined as Annexin V+/PI+. All of the data are from three independent experiments. Data represented the mean ± s.e.m. n = 3, ns: not significant; t test, *p < 0.05, **p < 0.01, ***P < 0.001 versus con group. DMSO (control, 1%) or fexuprazan (FXZ, 30 µM), vonoprazan (VNZ, 30 µM), tegoprazan (TGZ, 30 µM), esomeprazole (ESO, 30 µM) followed by exposure to HCl.



To explore the effect of fexuprazan on pyroptosis, Het-1A cells were assessed for pyroptosis using flow cytometry based on Annexin V-FITC/PI staining (Figure 3D). Pyroptosis was defined as Annexin V+/PI+. Flow cytometry revealed a significantly increased rate of pyroptotic cell death in the HCl-treated groups (23.9%) compared to that in the control group (5.1%). However, the percentage of PI-positive pyroptotic Het-1A cells in the tegoprazan (22.3%) and esomeprazole (22.7%) groups did not differ from that in the control group, while fexuprazan (9.7%) and vonoprazan (9.9%) significantly reduced pyroptotic cell death. These results confirmed that all four medications exhibited anti-inflammatory effects; however, only fexuprazan and vonoprazan inhibited pyroptosis. In conclusion, esophageal cells exposed to HCl undergo pyroptosis through the NLRP1/Caspase-1/Gasdermin D pathway. However, fexuprazan blocks the production of the NLRP1 inflammasome (Figure 4F).




Figure 4 | Fexuprazan attenuated LPS-induced pyroptosis in THP-1 macrophages. (A) THP-1 cells were treated with LPS as indicated in various time and dose points. The indicated genes were analyzed by real-time PCR assay. (B) mRNA expression of NLRP1 was detected with THP-1 cells pretreated with DMSO or fexuprazan followed by treatment to LPS. (C) The LDH assay was performed to detect pyroptosis in response to fexuprazan and LPS treatment. (D) NLRP1, GSDMD and GSDMD-NT, Pro caspase-1 and cleaved caspase-1, and Mature IL-1β protein expression were assessed by immunoblotting. (E) THP-1 cells were assessed for pyroptosis using flow cytometry based on Annexin V-FITC/PI staining. Pyroptosis was defined as Annexin V+/PI+. (F) Schematic showing how fexuprazan safeguards the esophagus from hydrochloric acid-induced damage. All of the data are from three independent experiments. Data represented the mean ± s.e.m. n = 3, ns: not significant; t test, *p < 0.05, **p < 0.01, ***P < 0.001 versus con group.






3.4 Fexuprazan demonstrated a pyroptosis inhibitory effect, similar to the administration of NLRP1 siRNA

We explored whether fexuprazan influenced pathogen recognition ligands other than NLRP1. In this study, HCl increased the mRNA expression of NLRP1, NLRP3, NLRC4, and AIM2 (Figure 5A). Fexuprazan attenuated this increase in a manner similar to that observed for NLRP1. Fexuprazan and vonoprazan decreased the increased mRNA expression of NLRP3, NLRC4, and AIM2 induced by HCl, mirroring the effect observed for NLRP1. In contrast, tegoprazan and esomeprazole showed no evident effects.

Subsequently, NLRP1 was knocked down using siRNA to investigate the interaction between fexuprazan and NLRP1. In the absence for NLRP1 siRNA reduced NLRP1 mRNA expression by approximately 50%, a magnitude comparable to that of fexuprazan. The concurrent administration of fexuprazan and NLRP1 siRNA reduced NLRP1 mRNA expression by up to 75%. (Figure 5B, left). Consistent with NLRP1 mRNA, fexuprazan demonstrated a trend similar to that of NLRP1 siRNA co-treatment, resulting in a more substantial reduction in NLRP1 compared to the individual treatments (Figure 5B, right).




Figure 5 | Fexuprazan demonstrated a pyroptosis inhibitory effect, similar to the administration of NLRP1 siRNA. (A) mRNA expression of NLR gene family was detected with Het-1A cells pretreated with DMSO or fexuprazan followed by exposure to HCl. (B) After transfection with NLRP1 siRNA (siNLRP1), treatment with fexuprazan, and simultaneous co-treatment with siNLRP1 and fexuprazan, the mRNA (left) and protein (right) expression of NLRP1 were compared. (C) After transfection with NLRP1 siRNA (siNLRP1), treatment with fexuprazan, and simultaneous co-treatment with siNLRP1 and fexuprazan, the impact on the HCl-induced increase in NLRP1 mRNA and protein was observed. (D) The LDH assay was performed to detect pyroptosis in response to NLRP1 siRNA transfection, treatment of fexuprazan, and siNLRP1 and fexuprazan co-treatment followed by exposure to HCl. (E) Het-1A cells were treated as indicated condition and supernatant of IL-1β was determined by ELISA assay. All of the data are from three independent experiments. Data represented the mean ± s.e.m. n = 3, ns: not significant; t test, *p < 0.05, **p < 0.01, ***P < 0.001 versus control or siCT.



Under HCl stimulation, which increased NLRP1 mRNA expression by more than four-fold, siRNA against NLRP1 and fexuprazan mitigated the increase by approximately 40%, and simultaneous treatment further reduced it by approximately 62% (Figure 5C, left). In addition, NLRP1 siRNA and fexuprazan significantly reduced the protein expression of NLRP1, caspase-1, and GSDMD, which was stimulated by HCl, and simultaneous treatment further reduced the protein expression (Figure 5C, right).

Notably, in the same experiment, NLRP1 siRNA, fexuprazan, or their simultaneous co-treatment did not affect the release of LDH (an indicator of pyroptosis) in Het-1A cells without HCl stimulation (Figure 5D, left). However, when subjected to HCl stimulation, which led to a four-fold increase in LDH, NLRP1 siRNA and fexuprazan attenuated this increase by approximately 40%, and their simultaneous treatment reduced it by approximately 60% (Figure 5D, middle). Both siRNA targeting NLRP1 and fexuprazan individually markedly attenuated the increased expression of IL-1β protein induced by HCl. The simultaneous treatment resulted in a more pronounced reduction than the individual treatments (Figure 5E).




3.5 Fexuprazan, when tested on THP-1 macrophage cells, showed a significant reduction in NLRP1 expression and inhibited pyroptosis induced by LPS

To ascertain whether fexuprazan influences the NLRP1 inflammasome not only in esophageal epithelial cells but also in inflammatory cells, additional experiments were conducted using THP-1 macrophages. In the dosage range of 1 to 100 ng/mL, LPS demonstrated statistically significant increases in the expression of IL-6, IL-8, IL-1β, and TNF-α after 6 h treatment (Figure 4A). Treatment of THP-1 cells with fexuprazan decreased baseline NLRP1 mRNA expression and reduced LPS-induced activation of NLRP1 mRNA expression by approximately 30% (Figure 4B).

Next, an LDH release assay was performed to assess pyroptosis in THP-1 cells treated with fexuprazan. Treatment with fexuprazan had no impact on the baseline LDH levels; however, it reduced the LPS-induced increase in LDH release by approximately 37% (Figure 4C).

Western blot analysis revealed that fexuprazan effectively suppressed the expression of NLRP1, caspase-1, GSDMD, and IL-1β (Figure 4D). Flow cytometry based on Annexin V-FITC/PI staining revealed a significantly increased rate of pyroptotic cell death in LPS-treated THP-1 cells (17.1%) compared to that in the control group (8.7%). Fexuprazan (10.6%) demonstrated a significant reduction in pyroptotic cell death compared to LPS-treated THP-1 cells (Figure 4E). These results confirmed that all four medications exhibited anti-inflammatory effects; however, only fexuprazan and vonoprazan inhibited pyroptosis. These results confirmed that all four medications exhibited anti-inflammatory effects; however, only fexuprazan and vonoprazan inhibited pyroptosis. In conclusion, esophageal cells exposed to HCl undergo pyroptosis through the NLRP1/Caspase-1/Gasdermin D pathway. However, fexuprazan blocks the production of the NLRP1 inflammasome (Figure 4F).





4 Discussion

The novel drug fexuprazan, belonging to the P-CAB class, demonstrated clinically significant effects by inhibiting gastric acid secretion in gastroesophageal reflux disease (6, 10, 22). Through this study, we confirmed that fexuprazan not only exerts its inherent action of gastric acid secretion inhibition but also has a protective effect on esophageal cell damage by suppressing inflammation and inhibiting the NLRP1/Caspase-1/Gasdermin D pyroptotic pathway. In gastroesophageal reflux disease, the occurrence of symptoms, including heartburn and chest pain, is influenced not only by the quantitative aspect of refluxed gastric acid but also by the ease of inflammation development inherent in individuals (14, 15, 23). Therefore, an effective treatment should ideally possess anti-inflammatory effects in addition to gastric acid inhibition capabilities. Due to these considerations, there have been several studies examining whether conventional PPIs have additional anti-inflammatory effects in addition to gastric acid inhibition, and some PPIs have been reported to possess anti-inflammatory properties (11, 12, 24, 25). Interestingly, in this study, fexuprazan exhibited similar anti-inflammatory effects to PPIs and even inhibited pyroptosis. Considering the importance of pyroptosis in the inflammatory-induced carcinogenesis process, this suggests a high likelihood of positive effects on the prevention of esophageal adenocarcinoma due to chronic acid exposure to esophagus.

In this study, when a moderate amount of HCl was applied to normal esophageal cells to simulate the pathogenesis of gastroesophageal reflux disease (GERD), an increase in pro-inflammatory cytokines, including IL-6, IL-8, IL-1β, and TNF-α, was observed, consistent with previous findings (16). Pretreatment with esomeprazole, vonoprazan, tegoprazan, and fexuprazan effectively blocked the elevation of all measured pro-inflammatory cytokines. The impact of esomeprazole aligns with previous reports (16), while the effects of vonoprazan, tegoprazan, and fexuprazan were confirmed through our study.

Pyroptosis can be activated by extracellular or intracellular stimuli such as bacteria, viruses, toxins, and chemotherapeutic agents, triggering inflammation (26). The distinctive features of pyroptosis encompass membrane perforation, cellular swelling, the release of cellular contents, chromatin condensation, and DNA fragmentation. In the canonical inflammasome pathway of pyroptosis, activated caspase-1 facilitates the maturation of IL-1β and IL-18 (27). Simultaneously, activated caspase-1 cleaves GSDMD into the C-terminal domain and N-terminal domain. Subsequently, the GSDMD-NT constructs pores in the plasma membrane (28, 29). In this study, HCl increased the pyroptosis rate, as measured by LDH release and Annexin V-FITC/PI staining, which are markers of pyroptosis in esophageal cells. Pre-treatment with fexuprazan significantly alleviated these effects.

In the experiments utilizing RNA-seq, fexuprazan demonstrated inhibition of NRLP1/Caspase-1/GSDMD activation induced by HCl in esophageal cells, and this was subsequently validated in our functional study among various biological actions. Significantly, fexuprazan exhibited suppression of the baseline expression of NLRP1, suggesting its potential as an NLRP1 inhibitor, akin to vonopazan, another drug derived from pyrrole derivatives. However, although not utilized in this experiment, it has been reported that rabeprazole, classified as an amide derivative, also inhibits pyroptosis by blocking the NLRP3-related pathway in BCG823 gastric cancer cells (11). Therefore, there is a potential for inhibiting pyroptosis not only with pyrrole derivatives but also with non-pyrrole derivative drugs.

One intriguing aspect of our findings is that, while the esomeprazole and three types of P-CABs demonstrated similar anti-inflammatory effects in the experiments, vonoprazan and fexuprazan not only exhibited anti-inflammatory properties but also inhibited inflammation-induced pyroptosis. In contrast, tegoprazan did not show inhibition of pyroptosis. Considering that vonoprazan and fexuprazan are fundamentally pyrrole derivatives drug (30), while esomeprazole and tegoprazan belong to the amide derivative drug, we anticipated differences in action based on the intrinsic structure of the chemicals. Indeed, in our experiments, vonoprazan and fexuprazan inhibited pyroptosis, whereas esomeprazole and tegoprazan did not. This aligns with literature findings that drugs from the pyrrole derivatives class inhibit pyroptosis (31), thereby validating the credibility of our research results.

In our study, fexuprazan effectively mitigated the increased pro-inflammatory cytokine levels (IL-6, IL-8, IL-1β, and TNF-α) induced by LPS not only in esophageal epithelial cells but also in inflammatory cells. Additionally, it reduced NLRP1 expression, ultimately suppressing pyroptosis through the NLRP-1, Caspase-1, and GSDMD pathway. This finding suggests the potential effectiveness of fexuprazan in regulating various inflammatory conditions in humans and preventing inflammation-mediated carcinogenesis. This assumption is substantiated by experimental research showing the anti-inflammatory effects of the gastric acid secretion inhibitor omeprazole, as well as clinical studies demonstrating its reduction of hand-foot syndrome caused by cutaneous inflammation in actual patients undergoing cancer treatment with capecitabine (25).

This study investigated and validated, at the cellular level, the inflammatory response and pyroptosis induced by the crucial reflux of gastric acid in the etiology of gastroesophageal reflux disease, using RNA-seq. However, limitations and constraints exist, necessitating validation in actual patients. To overcome this, a prospective and large-scale study involving patients is required.

This study is a pioneering investigation that explores whether all recently developed and widely used p-CABs, beyond inhibiting gastric acid secretion, possess anti-inflammatory effects. The findings reveal that all p-CABs exhibit anti-inflammatory properties, with fexuprazan specifically confirmed to inhibit pyroptosis—an intresting discovery in this context. This underscores the additional pharmacological effects of currently used p-CABs, suggesting the need for further clinical studies to validate these observations.
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Background

Irritable bowel syndrome (IBS) is a common gastrointestinal disease. Recently, an increasing number of studies have shown that Toll-like receptor 4 (TLR4), widely distributed on the surface of a variety of epithelial cells (ECs) and immune sentinel cells in the gut, plays a vital role in developing IBS.





Objectives

We sought to synthesize the existing literature on TLR4 in IBS and inform further study.





Methods

We conducted a systematic search of the PubMed, Embase (Ovid), Scopus, Web of Science, MEDLINE, and Cochrane Library databases on June 8, 2024, and screened relevant literature. Critical information was extracted, including clinical significance, relevant molecular mechanisms, and therapeutic approaches targeting TLR4 and its pathways.





Results

Clinical data showed that aberrant TLR4 expression is associated with clinical manifestations such as pain and diarrhea in IBS. Aberrant expression of TLR4 is involved in pathological processes such as intestinal inflammation, barrier damage, visceral sensitization, and dysbiosis, which may be related to TLR4, NF-κB, pro-inflammatory effects, and CRF. Several studies have shown that many promising therapeutic options (i.e., acupuncture, herbs, probiotics, hormones, etc.) have been able to improve intestinal inflammation, visceral sensitization, intestinal barrier function, intestinal flora, defecation abnormalities, and depression by inhibiting TLR4 expression and related pathways.





Conclusion

TLR4 plays a crucial role in the development of IBS. Many promising therapeutic approaches alleviate IBS through TLR4 and its pathways. Strategies for targeting TLR4 in the future may provide new ideas for treating IBS.





Keywords: irritable bowel syndrome, toll-like receptor 4, inflammation, visceral hypersensitivity, treatment




1 Introduction

Irritable bowel syndrome (IBS), a functional gastrointestinal disease, is characterized by recurring abdominal pain and alterations in stool frequency or shape (1). Using Bristol stool grade, IBS patients are classified based on their abnormal defecation patterns into diarrhea-predominant IBS (IBS-D), constipation-predominant IBS (IBS-C), mixed IBS (IBS-M) and unclassified IBS (2). Globally, the incidence of IBS varies, approximately 10.1% (9.8%-10.5%) using the Rome III criteria and 3.8% (3.6%-4.0%) using the Rome IV criteria (3). Although IBS is not associated with increased mortality (4), it significantly impacts health-related quality of life, social functioning and psychosocial factors (5–8). Moreover, it imposes a substantial social and economic burden (1, 9, 10). Most costs incurred by IBS patients are due to productivity loss, and direct healthcare expenses are driven by IBS-related comorbidities (11). However, its underlying pathophysiological mechanisms are not fully understood, possibly involving factors like gut-brain axis dysfunction, stress, visceral hypersensitivity (VHS), altered gut motility, barrier function destruction, gut microbiome disorders, intestinal inflammation, immune activation, genetic factors, etc. (1). And as a consequence, no medical therapy is proven to alter the natural history of IBS, usually focus on alleviating symptoms. Therefore, new targets for IBS prevention and treatment have become important. In recent years, increasing numbers of studies have demonstrated that the Toll-like receptor (TLR) 4 plays a pivotal role in developing IBS (12, 13).

TLRs, members of the transmembrane pattern recognition receptor family, play an essential role in innate immune responses and bridge innate and acquired immunity. TLRs are involved in mucosal immune response, barrier function, cell adhesion, cell proliferation and migration, protection from pathogens, repair of epithelial cell injury, etc. (14). Thus, dysregulation of the TLRs signaling pathway contributes to the development and progression of various diseases such as autoimmune diseases, cancer, infections and chronic inflammation (15). Almost all TLRs are expressed in the small intestine and colon intestinal epithelial cells (ECs) (16).

TLR4 is one of the earliest transmembrane pattern recognition receptor family members to be studied. TLR4 is expressed in humans and mice’s colon and ileum crypts (17). TLR4 signaling is essential for maintaining intestinal homeostasis, and its hyperactivation is a crucial driver of many disease states affecting gastrointestinal function (18). Early life stress affects susceptibility to IBS by modulating TLR4 (19). One study found that TLR4 mRNA expression was associated with the intensity of abdominal pain in IBS-D patients (20). TLR4 can promote the up-regulation of pro-inflammatory cytokines by activating the transcription factors nuclear factor-kappa B (NF-κB) via the adaptor protein myeloid differentiation primary response gene 88 (MyD88), ultimately affecting the intestinal barrier, VSH (13, 21). In addition, increased intestinal permeability in IBS patients promotes the activation of TLR-dependent immune responses.

There are no relevant review articles on the role of TLR4 in the pathological mechanisms of IBS. We have collected the current essential studies on the expression of TLR4 in IBS, the mechanism of action, and the drugs targeting TLR4 for the treatment of IBS through a scoping review, which may be instructive for a complete understanding of the biological function of TLR4 in the development of IBS.




2 Method



2.1 Information sources and search strategies

Six common life-science databases (PubMed, EMBASE, Scopus, Web of Science, MEDLINE, and Cochrane Library) were applied to identify those studies that met the review criteria. In the PubMed database, we searched the eligible studies by using the following keywords: (((((((Toll-Like Receptor 4 [MeSH Terms]) OR (TLR4 [Title/Abstract])) OR (TLR-4 [Title/Abstract])) OR (Toll Like Receptor 4 [Title/Abstract])) OR (Toll-4 Receptor [Title/Abstract])) OR (Toll 4 Receptor [Title/Abstract])) OR (TLR4 Receptor[Title/Abstract])) OR (Receptor, TLR4[Title/Abstract]) AND ((((((irritable bowel syndrome [MeSH Terms])) OR (Irritable Bowel Syndromes [Title/Abstract])) OR (Syndrome, Irritable Bowel [Title/Abstract])) OR (Syndromes, Irritable Bowel [Title/Abstract])) OR (Colon, Irritable [Title/Abstract])) OR (Irritable Colon [Title/Abstract]). Reference lists of relevant publications were searched to identify more relevant studies. There were no restrictions on the language and date of publication. The literature was last searched on 7 June 2023.




2.2 Inclusion criteria

The study reports the expression of the TLR4 gene in irritable bowel syndrome compared to healthy controls, the pathogenesis involved in TLR4 in IBS, and therapeutic approaches targeting TLR4 for the treatment of IBS are included in the study. Study subjects included humans, rat rats, mouse mice, and cell cells. There are no language or publication status restrictions. Meetings and lack of full-text literature were excluded.




2.3 Literature selection

Study selection occurred in three stages: First, duplicate publications were immediately eliminated. Second, two researchers independently reviewed titles and abstracts of the literature, and literature that did not meet the inclusion or exclusion criteria was discarded. Articles whose abstracts needed to provide more information to determine whether they were excluded were included directly in the full-text review stage. Third, full-text reviews were conducted independently by two researchers. Disagreements throughout the process were resolved by discussion or input from a third reviewer if required.




2.4 Data extraction

Two researchers worked together independently to extract data from articles that fit the topic of this study and then exchanged them for validation. A third researcher resolved the differences. Variables included clinical sample size, diagnostic criteria, study object, disease modelling method, the status of TLR4, effect on IBS, associated genes or pathways, and the main findings of the independent study.





3 Result

Six database searches identified 800 citations. After removing duplicates, 513 unique citations were screened for titles and abstracts. Of these citations, 110 met the criteria for full-text review. We excluded 70 studies because they did not have relevant data, could not be found in full text, contained insufficient information to assess the relationship between IBS and TLR4, or were conference literature. Finally, 40 studies were included. This whole process is outlined in Figure 1.




Figure 1 | Study selection.



Based on the 40 included studies, we summarized the mechanisms and pathways of TLR4 involvement in IBS (Figure 2).




Figure 2 | The mechanisms and pathways of TLR4 involvement in IBS. (A) indicates that TLR4 is involved in multiple pathogenic mechanisms of IBS. (B) indicates that TLR4 is involved in the molecular pathways involved in developing IBS. LPS, lipopolysaccharide; MUC2, Mucin 2; TJP1, Tight junction protein 1; OCLN, Occludin; HMGB1, High mobility group box 1; CRF1, Corticotropin-releasing factor receptor subtype 1. The figure was created using BioRender mapping software (https://BioRender.com).



A total of 13 clinical research articles describing the expression of TLR4 in patients with IBS were identified in the literature search; 11 (11/13, 84.62%) articles showed that the expression of TLR4 was up-regulated in IBS compared with health control (HC), and only 2 (2/13, 15.38%) of them suggested that no change in TLR4 was found in IBS (Table 1). In addition to changes in TLR4 expression, the expression of TLR2, TLR5, TLR9, and inflammatory factors (interleukin (IL)-1α, IL-1β, IL-6 and IL-8) were up-regulated and anti-inflammatory factor (IL-10) was down-regulated (Table 1).


Table 1 | Studies reported the clinical findings the clinical significance of TLR4 in IBS.



Ten studies reported the molecular mechanisms underlying the role of TLR4 in IBS (Table 2). The development of IBS disease was found to involve the TLR4/MyD88/NF-κB signaling pathway primarily. Activation of TLR4 and its signaling pathway can contribute to IBS development by promoting inflammation and mediating visceral sensitization and stool abnormalities (Table 2). MicroRNA was involved in IBS; research indicated that miR-16 inhibited the TLR4/NF-κB/X-inactive specific transcript (XIST) axis to relieve IBS-D (13).


Table 2 | Studies reported the molecular mechanisms underlying TLR4-mediated IBS.



We searched 18 studies that provided the data of specific treatments-targeted TLR4 for IBS (Table 3). Treatments included herbal medicine, moxibustion, electroacupuncture (EA), probiotics and its postbiotic (PB) element, diet, hormones, etc. (Table 3). These treatments decreased inflammation, attenuated VHS and depressive-like behavior, and improved abnormal defecation and intestinal flora through TLR4/MyD88/NF-κB signaling pathway and TLR4/NF-κB/NLR family pyrin domain-containing protein 3 (NLRP3) pathway (Table 3).


Table 3 | Studies reported the treatments targeted by TLR4 in IBS.






4 Discussion

By summarizing the literature on the progress of TLR4 in IBS disease research, it is clear that TLR4 plays a vital role in developing IBS. TLR4 is involved in the pathogenesis of IBS, including low-grade inflammation, increased visceral sensitivities, intestinal barrier damage, intestinal flora dysbiosis, defecation abnormalities, etc.

TLR4 expression was upregulated in IBS patients (20, 22–28, 30–32). However, the results of TLR4 expression in different subtypes were inconsistent. Belmonte et al. reported significant differences by subtype with a 2-fold increase in IBS-M, more significant than in IBS-D (22). While Shukla et al. found the most significant increase in IBS-D (30). Five IBS-D-only publications, including one PI-IBS D, showed upregulation of TLR4 (20, 24, 26, 27, 32). Only one article on IBS-D patients suggests no change in TLR4 (29).

In two clinical studies of IBS that showed no significant change in TLR4 (29, 33), the disease was diagnosed using the Rome III diagnostic criteria. One specimen was peripheral blood serum, and the other study took mucosal tissues from multiple sites in the gut. Overall, there were no significant differences from the other studies in terms of IBS diagnostic criteria, IBS subtypes, sample types, or anatomic locations. Analyze why the results of these two studies are inconsistent with those of other studies. Yoshimoto et al.’s study had the presence of taking anti-flatulent and antidepressant drugs, which may have influenced the results. Disease heterogeneity is a primary reason for inconsistent results, such as concomitant symptom involvement, with one study showing that TLR4 expression was higher in IBS patients with concomitant depression (31). In addition, the sample sizes in these pieces of literature are small, which can lead to excessive random errors in the results. Future large-scale studies are needed to investigate the expression pattern of TLR4 in IBS, whether there are differences in expression between subtypes and the effect of concomitant symptoms such as anxiety and depression on TLR4 expression in IBS. This will help us to understand the disease, the relationship between the different subtypes, and the management of the disease. Other factors that may have influenced the results were genetic, environmental, etc.



4.1 TLR4 and intestinal immune and inflammatory activation

Low-grade mucosal inflammation and immune dysfunction are some of the main pathogenic mechanisms of IBS. Several clinical studies have found elevated levels of pro-inflammatory cytokines (such as IL-1α, IL-1β, IL-6, IL-8, IL-17, TNF-α, CXCL-11 and CXCR-3)and reduced levels of the anti-inflammatory cytokine IL-10 in patients with IBS (22, 24, 29–31, 59–62). There was a correlation between inflammatory factors and IBS symptoms and quality of life (60). Meanwhile, mRNA levels of TLR-4 in IBS patients were positively correlated with the inflammatory factor IL-6 (30).Activation of TLR4 induces the expression of IL-1, IL-6 and IL-8 (63). NF-κB, which TLR4 can activate, is a central mediator in the induction of pro-inflammatory genes and plays a role in both innate and adaptive immune cells (64). Three studies showed that inflammatory factor production may be caused by the TLR4/MyD88/NF-κB pathway in an animal model of IBS-D, which promotes the development of IBS-D (34–36). Inflammatory factor (IL-6, IL-1β) expression was found to be attenuated by inhibition of the TLR4/NF-κB/XIST pathway in LPS induced damage to human normal colonic ECs (13). Furthermore, Belmonte et al. found that the imbalance between elevated levels of TLR4 and the impaired expression of PPARγ, a potential inhibitor of colonic inflammation, suggests an altered response to luminal bacteria leading to colonic inflammation (22).

Then how does TLR4 specifically participate in IBS disease progression through immune cells? In the intestine, TLR4 is expressed on antigen-presenting cells (e.g., macrophages and dendritic cells) and lymphocytes (65). In normal physiology, immune cell expression of TLR4 is required for B cell recruitment, dendritic cell maturation, and triggering of T cell responses to invading pathogens (18). A Mendelian randomization study shows a significant genetic correlation between immune cell phenotype and IBS (66). In IBS, alterations in lymphocyte populations, including B and T lymphocyte counts and activation levels, are associated with increased colonic MCs in IBS patients (67). Colonic mast cells are more numerous in IBS, and their activation degranulation can modulate visceral sensitivity and epithelial barrier function by releasing neuroactive mediators (53, 55, 68, 69). In clinical trials, mast cell stabilizers or histamine 1 receptor antagonists improved IBS symptoms and quality of life (20, 70). In an experiment of IBS supernatant-induced degranulation of BMMCs (bone marrow-derived MCs (BMMCs)), it was found that TLR4 activation led to degranulation and histamine production and that a TLR4 inhibitor (TAK-242) attenuated degranulation of BMMCs (71). In animal experiments, the potential mechanism of visceral hypersensitivity has also been found to involve the expression of TLR4 in MCs of colonic tissues (58). It indicates that TLR4 may influence intestinal function and visceral sensitization responses by regulating mast cell degranulation. However, no evidence of TLR4 regulation of other immune cells in IBS was found. Most of the studies were unclear in their observation of cell specificity and failed to provide a distinction between epithelial cells and immune cells expressing TLR4, thus preventing in-depth analysis of the specific mechanism (18).




4.2 TLR4 and intestinal barrier function

Increased intestinal permeability in patients with IBS ranges from 2% - 62% (72). The increased intestinal permeability in IBS is associated with abdominal pain and visceral sensitivity and exposes neurological and immune components to luminal microbes (73, 74). In IBS patients, TLR4 is strongly associated with barrier function-related genes, including protease-activated receptor 2, OCLN, and TJP1, suggesting potential functional relationships (75). Xi et al. found that overexpression of TLR4 led to down-regulation of TJP1 and OCLN, whereas inhibition of TLR4 expression led to up-regulation of TJP1 and OCLN in the IBS-D cell model (13). Singh P. et al. found that a high-FODMAP diet leads to colonic barrier loss and mast cell activation and that TLR4 receptors on MCs are critical for this high-FODMAP mediated loss of the colonic barrier (76). In vivo and in vitro experiments have revealed that activation of TLR4 increases intestinal permeability by down-regulating phosphorylated OCLN expression in the intestinal epithelial barrier, increasing myosin light chain kinase protein expression and kinase activity (77, 78). MUC2, a glycoprotein, forms the mucus layer of the intestinal barrier (79). In vitro experiment, silencing of TLR4 in the TLR4-expressing rat intestinal epithelioid cell line 6 induced MUC2 production, whereas overexpression of TLR4 in human Caco-2 cells, which generally do not express TLR4, resulted in the loss of their normal MUC2-producing phenotype (80). In the same in vivo experiments, increased permeability of the gut in villin-TLR4 mice (increased TLR4 signaling), about the significantly lower expression of epithelial cell-cell adhesion genes in colonic ECs, including junctional adhesion molecule A and cadherin-1, and a decreased depression of TJP1 although not significantly (81). In conclusion, aberrant expression of TLR4 is closely related to intestinal barrier function and is involved in barrier damage in IBS.




4.3 TLR4 and intestinal flora

In a healthy state, the gut microbiota interacts closely with intestinal epithelial cells and the immune system to regulate inflammation and maintain the development of intestinal barrier and immune system (82, 83). Intestinal dysbiosis, an imbalance in the intestinal microbiota due to various internal and external factors, is an important causative factor in IBS (72, 84). Several Meta-analyses of altered intestinal flora in patients with IBS have shown the presence of intestinal dysbiosis in patients with IBS, mainly characterized by lower levels of lactobacilli and bifidobacteria compared to healthy controls (85, 86). Flora dysbiosis may cause loss of intestinal integrity and increased intestinal permeability, which can lead to penetration of the epithelial barrier by bacterial products and metabolites, thereby triggering an inflammatory response (87). Increased intestinal permeability may also increase bacterial dissemination (81). In addition, intestinal dysbiosis affects intestinal motility, increases VHS, and regulates the gut-brain axis (88, 89). TLRs recognize specific microbial components of commensal and pathogenic bacteria and play a role in immune tolerance to commensal bacteria and defense against pathogens (90). Altered microbiota profiles may affect TLR expression and immune activation in IBS (30). Guo et al. found that the diversity of intestinal mucosal colonizing flora and the two dominant bacterial genera (Mycobacterium avium and Clostridium spp.) were significantly reduced in IBS-D patients compared with that of healthy people, while the mucosal immune-related receptors TLR2 and TLR4 were significantly over-expressed, and there was a correlation between the reduction of these two genera and the high expression of TLR (26). Similarly, another study found that TLR4 expression in IBS-D was negatively associated with the microbial relative abundance of the Lactobacillus and Escherichia/Shigella genera, whereas it was positively associated with the relative abundance of the genera Megasphera and Sutterella and the class Betaproteobacteria (27). Both studies suggest a correlation between TLR4 and gut flora. Bacterial invasion can activate pro-inflammatory responses through TLR4-induced TIRAP/MyD88 and TRAM/TRIF signaling cascades (91). Thus, intestinal dysbiosis may induce immune disorders by activating the natural and acquired immune systems by activating intestinal mucosal TLR4 proteins, triggering inflammation and ultimately leading to IBS-D (26). Targeting TLR4 may benefit by restoring epithelial function and changing the microbiota (81). Future studies are needed to explore the mechanisms of gut flora dysbiosis and the role of the TLR4 pathway in IBS disease.




4.4 TLR4 and visceral hypersensitivity

VHS, which refers to internal organs like the gastrointestinal tract exhibiting amplified perception of pain in response to stimuli, is a frequent complaint among individuals with IBS. The inflammatory consequences of TLR activation on glial cells (mainly microglia and astrocytes), sensory neurons, and other cell types affect injury perception processing and lead to pain (92). TLR4 expression in colonic tissues is associated with VHS reactions (58). Correlation analysis shows that TLR4 mRNA expression correlates with the intensity of abdominal pain in IBS-D patients (20). LPS Activation of TLR4 increases the production of pro-inflammatory cytokines, which activate visceral sensory neurons to induce visceral hypersensitivity (93). The results of eight studies have shown that VHS in IBS may be mediated through the TLR4, TLR4/NF-κB, TLR4/MyD88/NF-κB, TLR4/NF-κB/CBS, HMGB1/TLR4 pathways (12, 13, 35, 37–41). Genetically altered (i.e., TLR4 knockout and point-mutant) mice and rats with down-regulated TLR4 expression exhibit analgesia and low expression levels of cytokines, such as TNF-α and IL-1β (94). Tang et al. found that MS was associated with increased VHS, microglial TLR4, and inflammatory factors IL-1β and TNF-α expression in Tlr4 +/+ mice; however, MS did not alter VHS, IL-1β and TNF-α expression in Tlr4 -/- mice (12). Increased IL-1β and TNF-α proteins released by microglia via the TLR4/MyD88/NF-κB signaling pathway induced neonatal stress-induced VHS and pain (35). Administration of OT peripherally reduced VHS or visceral pain in human samples and animal models (39). OT pretreatment inhibited these increases as TLR4 signaling elicited a cellular response that released the downstream effectors MyD88, NF-κB, IL-1β, and TNF-α, thereby inducing VHS (39). TLR4 signaling and the pro-inflammatory cytokines TNF-α and IL-1β may be involved in neuroglial interactions in the pathogenesis of VHS reactions (41). TLR4 deficiency reduced visceral pain and prevented the development of chronic psychosocial stress-induced VHS. Administration of TLR4 antagonists, such as TAK-242 and CLI-095, counteracted chronic stress, neonatal colonic inflammation, and neonatal CRD-induced VHS (38, 40, 95). Furthermore, rats with a FODMAP diet resulted in impaired gut barrier function and increased sensitivity to colorectal distension, its LPS or fecal supernatants induced VHS, and this was blocked by small interfering RNA inhibition of TLR4 mRNA, suggesting that TLR4 activation by fecal LPS could mediate VHS (96). In conclusion, the generation of VHS is closely related to TLR4, NF-κB, and pro-inflammatory effects, which may be an essential way to improve abdominal pain in IBS patients.




4.5 TLR4 and defecation abnormalities

Abnormal defecation is one of the main symptoms of IBS, including changes in fecal water content and bowel motility. TLRs, especially TLR2 and TLR4, significantly affect post-infection and lipopolysaccharide-mediated regulation of gastrointestinal motility (97). The muscle contractility induced by acetylcholine was significantly lower in TLR2 (-/-) and TLR4 (-/-) concerning WT mice (98). Gastrointestinal motility was significantly delayed in mice that do not express TLR4 or Myd88 compared to wild-type mice (99). These studies suggest that TLR4 is involved in intestinal motility. In patients with IBS, a positive correlation was found between mRNA levels of TLR-4 and weekly stool frequency in IBS patients (30). High expression of TLR4 in the IBS model results in shorter bowel intervals, higher fecal water content, and greater urgency (13, 27).




4.6 TLR4 and psychosocial

IBS affects psychosocial factors, including general and gut-related anxiety, depression, and somatization (8, 100). Some of these affections are bidirectional, and psychosocial factors can aggravate IBS symptoms and the disease progression, and vice versa (101, 102). Up to the minute, two Mendelian randomization studies revealed a bidirectional causal relationship between IBS and cerebral cortex structures, confirming the two-way communication along the brain-gut axis (103, 104). Moreover, there are longitudinal interactions from childhood into adulthood. A Swedish prospective longitudinal birth-cohort study found that health-related quality of life deterioration and psychological distress of adolescence are associated with new cases of adult IBS, and undergoing an abdominal pain–related adolescent gut-brain interaction disorder is associated with new-onset adult psychological distress (105). Growing evidence suggests that TLRs are associated with the pathophysiology of major depressive disorder, among which multiple linear regression analysis revealed that TLR4 was an independent risk factor relating to the severity of major depression (106, 107). TLRs (including TLR4) are upregulated in major depressive disorder patients, while antidepressant treatment downregulates TLRs expression, suggesting that TLRs are critical mediators for antidepressant therapy (108). Clinical studies have found that patients with IBS and depression have higher levels of TLR4 expression and IL-6, accompanied by a decrease in IL-10, which indicates that TLR participates in the inflammation reaction in IBS and depression (31). Erick J et al. found that chronic restraint stress induces anxiety-like behaviors, while blockade of the HMGB1/TLR4 pathway reverses chronic restraint stress-induced anxiety-like behaviors (37). Some drugs can treat depression through TLR4 and its signaling pathway. XYS can improve depressive-like behavior in rats by suppressing the activation of the TLR4/NLRP3 inflammasome signaling pathway (57). In the LPS-induced depression model, the use of raspberry ketone supplementation can alleviate depressive behavior through mitigated gut inflammation by inhibiting the TLR-4/NF-κB pathway (109).




4.7 Corticotropin-releasing factor signaling systems and IBS

The development and worsening of symptoms in irritable bowel syndrome is known to be closely related to stress, which induces visceral hypersensitivity and altered colonic motility and plays a vital role in the pathophysiology of disease development (110, 111). CRF, expressed in the brain and colon, is a significant mediator of the brain-gut axis stress response and mediates stress-induced enhancement of colonic motility and VHS, suggesting that CRF is a critical component of IBS (112). CRF receptor subtype 1 (CRF1), CRF2, and TLR4 were found to be upregulated in peripheral blood samples of IBS patients, especially in patients with concomitant depression (31). Persistent activation of the CRF1 system at central or peripheral sites may be one of the underlying causes of diarrhea and abdominal pain symptoms in IBS (112). Colonic TLR4 expression is downregulated in CRF-deficient mice and is more susceptible to colitis (113). One study found that CRF induces VHS and colonic hyperpermeability via TLR4 and cytokine systems, and these changes are dependent on CRF1 (114). They also found that LPS-induced VHS is mediated through CRF, TLR4, and pro-inflammatory factor pathways (115). Moreover, LPS increases colonic CRF expression at the gene and protein level (116) and activates peripheral CRF receptors (115). The CRF-TLR4-inflammatory cytokine system also affects the gut microbiota. Evidence suggests that activation of the CRF-TLR4-inflammatory cytokine system is followed by impairment of the intestinal barrier, which may alter the microbiota (93). In conclusion, CRF and TLR4-pro-inflammatory cytokine signaling generates a vicious cycle of mutual activation, leading to intestinal barrier damage and ecological dysregulation, affecting intestinal motility, and inducing a visceral hypersensitivity response that leads to IBS symptoms.




4.8 MiRNAs involved in TLR4 regulation in IBS

MiRNAs regulate the pathophysiological mechanisms of IBS, and searching for relevant miRNA biomarkers as diagnostic and therapeutic candidates for IBS is a hot topic (117, 118). Only one publication reported that miR-16 in IBS regulates defecation intervals, stool water content, and VHS by targeting the TLR4/NF-κB/XIST pathway (13). It has been reported that miR-16 targets and inhibits TLR4 in the LPS-induced inflammatory pathway, and this alteration can be reversed by the lncRNA SNHG16 (119). In addition, miR-16 can down-regulate the expression of NF-κB, NLRP3, and other inflammatory factors by targeting TLR4, thereby attenuating inflammation in the LPS-induced acute lung injury model (120). Given that most miRNAs have many-to-many relationships with target genes, more studies are needed to clarify the molecular mechanisms of miRNAs in IBS on the TLR4 pathway.




4.9 TLR4 Single-nucleotide polymorphism and IBS

Genetics contributes to the development of IBS disease. As early as 2001, it was proposed that identical twins have a significantly higher concordance of IBS than dizygotic twins (121). SNPs are the most common type of sequence variation in genomes. It has been shown that TLR9 rs5743836 (A/g) gene polymorphism may be associated with IBS-D phenotype (122). However, this review did not retrieve complete text reports on TLR4 gene polymorphism in IBS. A study of SNPs in the TLR4 gene in inflammatory bowel disease shows that TLR4 D299G polymorphism is significantly associated with inflammatory bowel disease in North Indian populations and regulates the transcription of inflammatory cytokines during ulcerative colitis, leading to abnormal immune responses (123). The results suggest that SNPs in TLR4 are associated with immune inflammation, which is the primary pathogenesis of IBS. Its role in IBS needs to be clarified, and future studies can look for its role in IBS regarding TLR4 gene polymorphisms.




4.10 TLR4’s feasibility as a potential therapeutic target

We included 18 studies in this review, which reported specific treatments for IBS by targeting TLR4. All these studies found that inhibition of TLR4 was one of the essential mechanisms underlying the improved IBS exerted by specific treatments. Multiple studies have found that chronic psychosocial stress or early-life stress impacts susceptibility to IBS by modulating TLR4, etc. (19, 37, 124, 125). KD might be beneficial in psychiatric disorders like stress, anxiety, depression, mood disorders, etc., given its ability to remodel the gut microbiota and antioxidant and anti-inflammatory effects, consequently impacting the brain-gut axis (126, 127). Chimienti et al. found that feeding animals with KD can reduce inflammation and oxidative stress, restore mitochondrial function and baseline autophagy, and thus reduce the harmful effects of stress in an animal model of IBS (43). In addition to diet therapy, EA and moxibustion therapy also have significant therapeutic effects on IBS (128, 129). These therapies may be practical to decrease patients’ pain, and fewer side effects will be sought.

Regarding the mechanism, the study showed that moxibustion improved diarrhea symptoms and VHS and alleviated inflammation of IBS-D through inhibited TLR4/MyD88/NF-κB signaling pathway (44). At the same time, EA-reduced visceral sensitivity of IBS may be involved in the suppression of TLR4 expression in the MCs of colonic tissues, which inhibits mast cell activation in colonic tissues and reduces the levels of inflammatory factors in serum that participate in the process of VHS (58). Multiple systematic reviews and meta-analyses have shown that herbal medicine effectively relieves IBS symptoms (130–132). TLR4 was the most critical type of TLRs regulated by phytochemicals (133). Herbal compound prescriptions, such as Wumei Pill, STW 5-II, QingHuaZhiXie Prescription, Sancao Lichang Decoction, CKF, Xiaoyaosan, improvement of inflammation, defecation abnormalities, VHS and depressive behavior in IBS, via suppressed TLR4, TLR4/MyD88/NF-κB or TLR4/NF-κB/NLRP3 signal pathway (45–47, 54, 55, 57). Flavonoids, mostly found as natural pigments in fruits, vegetables, and seeds of edible plants, have significant therapeutic activities, such as anti-inflammatory and antioxidant effects, and enhance intestinal barrier function (133–135). GSE, LE, and Apigenin, natural flavonoids, could diminish inflammation, maintain tight junction integrity, and improve visceral sensitization and colonic hypermobility with IBS by inhibiting TLR4 and TLR4/MyD88/NF-κB pathway (42, 51, 53). Other herbs that act on TLR4, such as SHE and BHS, may also improve IBS symptoms (48, 56). Increasingly, evidence has shown that gut microbiota dysbiosis plays a vital role in IBS pathogenesis (86, 136). Probiotic use may offer particular utility in managing IBS through its metabolic activity, immunomodulatory, and cross-feeding effects (137). LC-DG and its PB, Sb, and probiotic combination LT could decrease TLR4, attenuate inflammation, improve colonic hypermotility, and prevent epithelial barrier impairment of IBS (24, 50, 52). In addition to probiotics, MT is also closely linked to the gut microbiota, mitigated colonic microbiota dysbiosis, and intestinal inflammation in IBS animal models by inhibiting the activation of the TLR4/NF-κB pathway (49). Overall, the 18 studies suggest that multiple therapies targeting TLR4 can reduce IBS-related symptoms. TLR4 is viable as a potential therapeutic target.




4.11 The relationship between TLR4 and IBS

TLR4 may play a vital role in the pathogenesis of IBS, and its abnormal activation may lead to dysregulation of the intestinal inflammatory response, which in turn affects the intestinal function, leading to hypersensitivity of the intestinal nervous system and aggravation of abdominal pain and discomfort. The structure of the intestinal flora of patients with BS may change, and the overgrowth of certain bacteria may lead to the activation of TLR4, which in turn may further affect the balance of the intestinal flora, forming a vicious circle and exacerbating the symptoms of IBS. Polymorphisms in the TLR4 gene may be associated with the risk of developing IBS. In addition, environmental factors such as diet and stress may also indirectly affect the development and symptoms of IBS by influencing the expression and function of TLR4. From the current evidence, changes in TLR4 and the development of IBS may be causative, and more clinical and basic studies are needed to elucidate the exact causal relationship between TLR4 and IBS.





5 Conclusion

TLR4 is significantly up-regulated in IBS, correlating with clinical manifestations, and is accompanied by up-regulation of pro-inflammatory factors and down-regulation of anti-inflammatory factors. Pathogenesis involved in IBS, such as intestinal barrier damage, intestinal dysbiosis, abnormal intestinal peristalsis, increased visceral sensitization, and anxiety behaviors, are related to the interactions among TLR4, the NF-κB pathway, the pro-inflammatory effects, and the CRFs. Various therapies such as herbs, acupuncture, probiotics, and their associated PB can treat IBS by targeting TLR4 and its pathway. In conclusion, TLR4 may be a promising target for treating IBS, and more clinical studies will be needed to evaluate therapeutic approaches targeting this pathway.
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Cynaroside ameliorates TNBS-induced colitis by inhibiting intestinal epithelial cell apoptosis via the PI3K/AKT signalling pathway
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Background and aims: Patients with Crohn’s disease (CD) exhibit excessive apoptosis of intestinal epithelial cells (IECs), which contributes to damage to the intestinal barrier structure and function, thereby playing a role in the progression of colitis. Preventing IEC apoptosis and protecting the intestinal barrier are critical to alleviating colitis. Natural plant monomers have been reported to possess multiple pharmacological properties, particularly with the potential to treat CD. This study focuses on Cynaroside (Cyn) to explore its effect on IEC apoptosis and evaluate its pharmacological impact on the intestinal barrier and colitis.Methods: The 2,4,6-trinitrobenzenesulfonic acid (TNBS)-induced CD-like colitis mice model was employed in this study. We assessed the therapeutic effect of Cyn on CD-like colitis by evaluating the disease activity index (DAI), body weight changes, intestinal tissue pathological damage, and inflammatory factor levels. Immunofluorescence and Western blotting were used to detect the expression and localization of tight junction (TJ) proteins, allowing us to analyze the intestinal barrier structure. The function of the intestinal barrier was examined using FITC-dextran (FD4), TEER values, and bacterial translocation. Network pharmacology enrichment analysis revealed that Cyn could inhibit cell apoptosis. We also explored the effect and underlying mechanism of Cyn in inhibiting IEC apoptosis on intestinal barrier function and colitis using both the TNF-α-induced colonic organoid model and the TNBS-induced mouse model.Results: Our findings show that Cyn significantly alleviates TNBS-induced colitis symptoms in mice, as evidenced by reduced body weight loss, colon shortening, DAI score, colon histopathology score, and lower levels of inflammatory factors (IL-1β, TNF-α, and IL-6) compared to the model group. Additionally, the Cyn intervention group showed significant improvements in both the intestinal barrier structure (elevated tight junction protein levels and proper localization) and function (reduced serum FD4 levels, increased intestinal TEER, and decreased bacterial translocation rates in mesenteric lymph nodes [MLNs] and livers). Combining network pharmacology prediction analysis with our validation data from animal models and colonic organoids, we demonstrated that Cyn significantly inhibits IEC apoptosis, as indicated by a decrease in the proportion of TUNEL-positive cells and changes in apoptosis-related protein levels. KEGG enrichment analysis and signaling pathway intervention experiments confirmed that Cyn inhibits the activation of PI3K/AKT signaling.Conclusion: Cyn inhibits IEC apoptosis by blocking the PI3K/AKT signaling pathway, which is the primary mechanism underlying its protective effects on the intestinal barrier and its ability to improve CD-like colitis. This study also supports the potential of the Chinese medicine monomer Cyn as a promising therapeutic agent for the treatment of CD.Keywords: Crohn’s disease, cynaroside, IECs apoptosis, colonic organoids, PI3K/AKT
1 INTRODUCTION
Crohn’s disease (CD) is a chronic inflammatory bowel disease of unknown etiology, characterized by recurrent episodes that damage the intestinal tract and significantly reduce the patient’s quality of life (Torres et al., 2017; Roda et al., 2020). Currently, clinical management of CD relies heavily on pharmacological treatments, yet long-term disease remission remains challenging. Moreover, patients frequently experience toxic side effects and drug tolerance, highlighting the urgent need for safe and effective therapeutic options (Cushing and Higgins, 2021; Parigi et al., 2023). Impaired intestinal barrier function is not only a hallmark of CD but also a contributing factor to its progression. Therefore, targeting intestinal barrier permeability represents a promising therapeutic strategy for managing the disease (Chelakkot et al., 2018; Turpin et al., 2020). Increased intestinal permeability, accompanied by elevated intestinal inflammation, has been observed in CD. Studies indicate that specifically protecting the intestinal barrier function can lead to significant improvements in colitis (Zhang HX. et al., 2022; Zhuang et al., 2022; Zhao et al., 2023; Kaminsky et al., 2021). A single layer of columnar intestinal epithelial cells (IECs) plays a crucial role in maintaining the integrity of the epithelial barrier and serves as the structural foundation for intestinal barrier function (Chelakkot et al., 2018; Ngo et al., 2022; Untersmayr et al., 2022). In both CD patients and CD-like colitis mouse models, excessive IEC apoptosis and increased intestinal permeability have been observed (Tao et al., 2021; Wen et al., 2022; Zhang M. et al., 2024). Therefore, therapeutic strategies aimed at preventing IEC apoptosis may improve intestinal barrier function and reduce symptoms associated with intestinal inflammation.
Cynaroside (Cyn), also known as luteolin-7-O-glucoside (LUT-7G), is a flavonoid compound found in plants such as snow chrysanthemum and honeysuckle. Previous studies have confirmed that Cyn exhibits various pharmacological activities, including anti-apoptotic, antioxidant, anti-tumor, and anti-inflammatory effects (De Stefano et al., 2021; Bouyahya et al., 2023). It has been reported that Cyn inhibits Staphylococcus aureus-induced apoptosis in endometrial epithelial cells (Wang et al., 2018), prevents H2O2-induced apoptosis in H9c2 cells (Sun et al., 2011), and inhibits caspase-3 activation, mitochondrial dysfunction, and apoptosis triggered by cisplatin in HK-2 cells (Nho et al., 2018). These findings suggest that Cyn has significant anti-apoptotic properties. Furthermore, studies indicate that Cyn can be absorbed through the gastrointestinal tract (Zhang J. et al., 2022). Recently, Cyn has also been shown to alleviate methotrexate (MTX)-induced intestinal inflammation in rats and increase the number of intestinal goblet cells (Lang et al., 2024). However, the effects of Cyn on IEC apoptosis in vivo models of CD and its potential for treating CD-like colitis remain unclear.
The phosphatidylinositol-3-kinase/phosphatidylserine-threonine kinase serine-threonine kinase (PI3K/AKT) signaling pathway transduces signals from various receptors and regulates biological homeostasis by modulating cell survival, growth, proliferation, and apoptosis (Cantley, 2002). Liu et al. (Liu et al., 2020) reported that inhibiting the PI3K/AKT pathway improved the intestinal barrier and anti-inflammatory properties in colitis. Furthermore, the PI3K/AKT pathway is known to play a crucial role in regulating IEC apoptosis in colitis, and targeted inhibition of this pathway can prevent apoptosis induced by TNBS or inflammatory factors (Li et al., 2024; Zhang Z. et al., 2024).
In this study, we found that Cyn improves TNBS-induced CD-like colitis in mice and helps maintain both the structure and function of the intestinal barrier. More importantly, our results confirm that Cyn inhibits IEC apoptosis in both in vivo models and the TNF-α-induced colonic organoid apoptosis model, which is linked to the inhibition of PI3K/AKT signaling activation by Cyn. In summary, our study suggests that Cyn can improve TNBS-induced colitis by inhibiting IEC apoptosis and preserving the integrity of the intestinal barrier, offering a potential new approach for developing CD therapeutics and further expanding the pharmacological effects of Cyn.
2 MATERIALS AND METHODS
2.1 Animals and in vivo studies
A specific-pathogen-free (SPF) environment was maintained for male C57BL/6J mice, aged 6–8 weeks and weighing 20 ± 2 g. All animal experimental procedures were approved by the Bengbu Medical University Animal Ethics Committee ([2023] No. 572).
Five groups of C57BL/6J mice were randomly assigned: WT, TNBS, Cyn (5 mg/kg/d), Cyn (10 mg/kg/d), and Cyn (20 mg/kg/d) (Nho et al., 2018), with six mice in each group. The TNBS-induced colitis model was applied to the TNBS and Cyn groups, as follows: Mice were anesthetized via intraperitoneal injection of 1% sodium pentobarbital, placed in a head-down position, and treated with 100 μL of 2.5% TNBS solution (Sigma-Aldrich, St. Louis, Missouri, United States; 5% TNBS mixed with anhydrous ethanol 1:1) administered rectally via a thin polyethylene catheter. Following the model induction, mice in the Cyn groups were gavaged with 200 μL of Cyn (5, 10, or 20 mg/kg; Solarbio, Beijing, China; n = 6) daily for 6 days, while mice in the other groups were gavage with an equivalent volume of saline.
To investigate the role of the PI3K/AKT signaling pathway, C57BL/6J mice were randomly assigned to four groups: WT, TNBS, Cyn (10 mg/kg), and 740Y-P (a PI3K/AKT pathway agonist, MCE, NJ, United States). The first three groups were treated as described above, while mice in the 740Y-P group received TNBS modeling followed by continuous intraperitoneal injections of 740Y-P (10 mg/kg) (Zhang M. et al., 2024) and gavage of Cyn (10 mg/kg) for 6 days. Mice in each group consisted of six animals. Additionally, C57BL/6J mice were randomly divided into five groups: WT, TNBS, Cyn (10 mg/kg), Wor (Wortmannin, a PI3K/AKT pathway inhibitor, MCE), and Cyn + Wor. The first three groups were treated as described above, while mice in the Wor group were subjected to TNBS modeling and gavaged with Wortmannin (2 mg/kg) (Ihara et al., 2020) for 6 days. Mice in the Cyn + Wor group received TNBS modeling followed by continuous gavage of Wortmannin (2 mg/kg) and Cyn (10 mg/kg) for 6 days, with six mice per group.
The mice were euthanized on the sixth day following model induction. Blood, colon, liver, and mesenteric lymph node (MLN) samples were collected and preserved for further analysis.
2.2 Mouse colonic organoid culture and intervention
Following the methodology described by Kim et al. (2018) the colons of C57BL/6J mice were carefully excised using sterilized surgical scissors. The mesentery was removed and rinsed with cold D-PBS, after which the colon was cut into pieces. These pieces were washed with pre-cooled D-PBS at least 15 times to ensure tissue sterility. After cleaning, a dissociation reagent (GCDR, STEMCELL Technologies, Vancouver, CA) was added to isolate the crypts, which were then cultured in IntestiCult™ organoid growth media (STEMCELL Technologies).
To analyze the role of Cyn in apoptosis and barrier dysfunction in colonic organoids, we utilized a TNF-α-mediated IEC apoptosis model. After 10 days of cultivation, the organoids were randomly assigned to five groups: control, TNF-α, Cyn (25 μg/mL), Cyn (50 μg/mL), and Cyn (100 μg/mL). The three experimental groups were pretreated with Cyn (25, 50, or 100 μg/mL) for 4 hours (Sun et al., 2011), followed by a 24-h stimulation with 100 ng/mL of mouse recombinant TNF-α (Sigma-Aldrich) (Zhang X. et al., 2022). The method for MTT assessment of colonic organoids is provided in Supplementary Material S1.
To further investigate the regulatory mechanism of Cyn, we randomly assigned the organoids to four groups: control, TNF-α, Cyn, and 740Y-P. The first three groups were treated as described above, while the 740Y-P group was pretreated with Cyn (50 μg/mL) and 740Y-P (20 μM) for 4 hours, followed by a 24-h stimulation with 100 ng/mL of TNF-α. Additionally, we randomly divided the organoids into five groups: control, TNF-α, Cyn, Wor, and Cyn + Wor. The first three groups followed the same treatment protocol as the previous experiments; the Wor group was pretreated with Wortmannin (2 μM) (Wang et al., 2017) for 4 hours, followed by 24-h stimulation with 100 ng/mL of TNF-α. The Cyn + Wor group was pretreated with both Wortmannin (2 μM) and Cyn (50 μg/mL) for 4 hours, followed by stimulation with 100 ng/mL of TNF-α for 24 h.
2.3 Weight change
Body weights of the mice were measured and recorded daily.
2.4 Colon length
At the time of sample collection, the length of the mouse colon was measured and recorded.
2.5 Colitis symptom assessment
The Disease Activity Index (DAI) scoring method was used to assess the colitis symptoms, following the protocol outlined by Spencer et al. (Zuo et al., 2019). In brief, the severity of colitis was evaluated on a specified date by monitoring changes in body weight, the presence of occult or macroscopic rectal bleeding, and stool consistency, with scores ranging from 0 to 4. The DAI was calculated as the mean value of the various symptoms, which represents the level of colon inflammation. Occult blood was detected in the stool samples using a Hemoccult assay kit (Beckman Coulter, Inc., Fullerton, CA) (Zhao et al., 2007).
2.6 H&E and histological score
To assess morphological changes, mouse colon tissues were dehydrated, paraffin-embedded, sectioned, and stained with haematoxylin and eosin (H&E) (Appleyard and Wallace, 1995). Based on the H&E staining, the histological inflammation score of the colon tissue was evaluated on a five-point scale (0–4). The scoring criteria were as follows: 0 points for no inflammation and normal morphology; 1 point for mild inflammatory cell infiltration in the lamina propria; 2 points for mononuclear cell infiltration leading to crypt separation and mild mucosal hyperplasia; 3 points for extensive inflammatory cell infiltration causing disruption of the mucosal structure, loss of goblet cells, and marked mucosal hyperplasia; and 4 points for all the previous signs, along with crypt swelling and ulceration.
2.7 ELISA
Frozen colon tissues were ground and homogenized with 2 mL of saline containing protease inhibitors. The homogenate was centrifuged for 30 min to extract the supernatant. The protein levels of IL-1β, TNF-α, and IL-6 were then quantified using ELISA kits (BOSTER, Wuhan, China), following the manufacturer’s instructions.
2.8 qRT-PCR
The mRNA expression levels of proinflammatory mediators were measured by qRT-PCR, as previously described. Total RNA was extracted from the mouse colon mucosa tissue using TRIzol reagent. cDNA synthesis was performed using a cDNA synthesis kit (TaKaRa, Kusatsu, Japan), followed by reverse transcription. The mRNA was detected with the TB Green® Premix Ex Taq™ II Detection System (TaKaRa), using primers specific to the target genes. The mouse-specific primer sequences used are listed in Supplementary Table S1.
2.9 In vivo FITC-dextran permeability assay
Mice were gavage with fluorescein isothiocyanate-labelled dextran (FITC-dextran 4, FD4, 4 kDa; Sigma-Aldrich) after a 4-h fasting period. Four hours later, the mice were euthanized, and 1 mL of blood was collected via heart puncture. The serum FITC-dextran fluorescence intensity was then measured.
2.10 Transepithelial electric resistance (TEER)
Fresh mouse colon tissues were thoroughly cleaned in phosphate-buffered saline (PBS) and placed in pre-warmed Krebs buffer. The tissues were cut into rectangles (2.8 mm by 11 mm) along the mesenteric axis. The samples were then inserted into the luminal system, and interepithelial resistance was measured according to the manufacturer’s guidelines.
2.11 Bacterial translocation
Liver and MLN samples from mice were aseptically collected for bacterial culture using previously described methods (Zuo et al., 2014). Briefly, two specimens of 0.1 g each were obtained from each tissue. Each specimen was homogenized in 0.9 mL of sterile saline. A 100 μL aliquot of the tissue homogenate was plated on MacConkey agar and incubated for 24 h. After incubation, the number of bacterial colony-forming units (CFUs) per Gram of tissue (Gram-negative bacteria, mainly Enterobacteriaceae) was counted. If 102 CFUs or more were found per Gram, the culture result was considered positive.
2.12 Immunofluorescence
Mouse colon tissues and organoids were dehydrated, paraffin-embedded, and sectioned at 4 μm thickness. The sections were dewaxed in water and submerged in 0.01 M sodium citrate buffer, followed by heating for 60 min. After cooling, the sections were washed and blocked for 30 min with 5% BSA, Sigma-Aldrich. The sections were incubated overnight with primary antibodies against Claudin-1 (Abcam, Cambridge, UK, Cat #: ab15098) and ZO-1 (Thermo Fisher Scientific, MA, US, Cat #: 33–9100). The next day, the sections were treated with the appropriate fluorescent secondary antibodies for 2 h before nuclear staining.
2.13 Organoid permeability to FITC-dextran
The permeability of mouse colonic organoids to FITC-dextran was assessed as follows: 500 μL of Cultrex Organoid Harvesting Solution was used to dissolve the organoid matrix gel. After shaking for 20 min, the organoid solution was centrifuged at a low temperature for 5 min, and the supernatant was discarded. The remaining organoids were resuspended in FITC-dextran. Permeability was examined under a fluorescence microscope, and imaging results were obtained.
2.14 Network pharmacology analysis
The SMILES molecular formula and 2D structure diagram of Cynaroside were obtained from the PubChem database. Four additional databases were used to retrieve protein targets related to the drug: the PharmMapper database, Swiss Target Prediction database, SEA database, and Super-PRED database.
For disease gene targets, “Crohn’s disease” was used as a keyword to query five databases: the GeneCards database, PharmGKB database, Therapeutic Target Database (TTD), DrugBank database, and Online Mendelian Inheritance in Man (OMIM) database.
The drug and disease gene targets were imported into the Weishengxin website to generate Venn diagrams for both the drug and disease targets. Redundant targets were then removed from both datasets. The common gene targets between disease-related genes and drug prediction targets were identified using the VENNY website. These common target genes were further analyzed in the DAVID database for Gene Ontology (GO) functional annotation and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis. The results were visualized using the Weishengxin website.
2.15 TUNEL staining
After deparaffinization and hydration, paraffin sections of mouse colon tissues and organoids were incubated in labelling buffer at 37°C according to the instructions of the TMR (Red) TUNEL Apoptosis Detection Kit (Servicebio, Wuhan, China). DAPI staining was subsequently performed.
2.16 Western blotting
Frozen mouse colon mucosa tissues and mouse colonic organoids were harvested and thoroughly ground using a grinder. Proteins were extracted by adding lysate, and the supernatant was collected via centrifugation. Protein concentrations were determined using the BCA protein assay. Proteins were then denatured, electrophoresed, and transferred to a PVDF membrane. Primary antibodies targeting Bcl-2 (Cat #: ab182858), Bax (Cat #: ab32503), Cleaved-Caspase-3 (C-Cas3, Cat #: ab32042), Caspase-3 (Cas3, Cat #: ab32351), PI3K (Cat #: ab302958), p-PI3K (Cat #: ab278545), AKT (Cat #: ab8805), p-AKT (Cat #: ab38449), CREB (Cat #: ab32515), p-CREB (Cat #: ab32096), RXRA (Cat #: ab125001), and GAPDH (Cat #: ab8245) (Abcam) were incubated overnight. The secondary antibody was incubated for 2 hours the following day, and images were captured using an exposure apparatus. Relative protein amounts were then analyzed using ImageJ software.
2.17 Statistical analysis
Data were analyzed using SPSS 26.0 software. Group comparisons were performed using the unpaired t-test, and the results are expressed as the mean ± standard deviation (SD). Chi-square tests were used to analyze binary and categorical data, and P values less than 0.05 were considered statistically significant.
3 RESULTS
3.1 Cyn relieves colitis in a mouse model of TNBS
To assess whether Cyn offers protective effects against colitis, we utilized a TNBS-induced CD-like colitis mouse model. A dose of 10 mg/kg of Cyn was selected based on the DAI score (Supplementary Figure S1). Compared to the TNBS-treated mice, Cyn-treated mice displayed a significant reduction in weight loss, colon shortening, and a notably lower DAI score (Figures 1A–D). Furthermore, histological analysis of the colon tissues using H&E staining revealed that the colon tissues of TNBS-induced colitis mice exhibited extensive inflammatory cell infiltration, crypt separation, colon mucosal structural disorganization, hyperplasia, goblet cell loss, and, in severe cases, crypt swelling and ulceration. In contrast, Cyn-treated mice showed reduced inflammatory cell infiltration, significant improvement in crypt separation, mucosal structural integrity, and hyperplasia, along with an increase in goblet cells. There were few crypt abscesses and ulcers, and the inflammation scores were significantly lower than those of the TNBS group (Figures 1E, F). Notably, the levels of inflammatory cytokines (IL-1β, TNF-α, and IL-6) in the colon mucosa of Cyn-treated mice were significantly lower than those in the TNBS group (Figure 1G). Additionally, qRT-PCR analysis demonstrated that Cyn treatment resulted in reduced mRNA expression of TNF-α, IL-6, and IL-1β in the colon mucosa (Figure 1H). These results suggest that Cyn protects mice from TNBS-induced colitis.
[image: Figure 1]FIGURE 1 | Cyn alleviates CD-like colitis in a TNBS-induced mouse model. (A) Changes in mouse body weight. (B, C) Mouse colon appearance and colon length. (D) DAI scores of the mice. (E, F) Colon inflammation scores and H&E staining for each mouse group. ELISA (G) and qRT‒PCR (H) analysis of proinflammatory cytokine expression in colon mucosa tissues. Data are presented as means ± standard deviations, n = 6, *p < 0.05.
3.2 Cyn enhances the intestinal barrier’s functionality in mice with TNBS-induced colitis
The structure and function of the intestinal barrier play a crucial role in the development of CD, with intestinal epithelial tight junction proteins being vital for maintaining barrier integrity (Singh et al., 2019). Immunofluorescence staining showed that Cyn significantly increased the expression of tight junction (TJ) proteins (ZO-1 and Claudin-1) in the colon tissues of TNBS-treated mice (Figures 2A, B). This was further supported by Western blot analysis of the colon mucosa, which showed similar results (Figures 2C, D). Additionally, we assessed the impact of Cyn on intestinal barrier function. In colitis models, the inflammatory response leads to dysfunction of intestinal epithelial cells and the disruption of tight junctions, allowing greater permeability to FITC-dextran. The intestinal permeability data revealed that Cyn treatment notably reduced the absorption of FITC-dextran (FD4) into the bloodstream of TNBS-induced mice (Figure 2E). Furthermore, TEER was measured to evaluate the integrity of the epithelial barrier. TEER values reflect the functional status of tight junctions, with higher values indicating better barrier integrity and lower values signifying increased permeability and impaired function. The TEER values in the Cyn-treated group were significantly higher than those in the TNBS group (Figure 2F). Moreover, increased intestinal permeability typically leads to increased bacterial translocation. Compared to the TNBS group, Cyn treatment substantially reduced bacterial translocation from the colon to organs such as the MLNs and liver (Figures 2G, H). These findings suggest that Cyn protects the intestinal barrier of mice from the disruptions induced by TNBS.
[image: Figure 2]FIGURE 2 | Cyn improves intestinal barrier function in mice with TNBS-induced colitis. (A) Immunofluorescence staining of ZO-1 and Claudin-1 in the colon of mice. (B) Relative quantification of immunofluorescence staining. (C) Western blotting analysis of ZO-1 and Claudin-1 in colon mucosa tissue from mice. (D) Relative quantification of protein levels. (E) Detection of FITC-dextran (FD4) in mouse blood absorbed into the bloodstream from the intestine. (F) Measurement of TEER values in the mouse colon. (G, H) Detection of intestinal bacterial translocation in mice. Data are presented as means ± standard deviations, n = 6, *p < 0.05.
3.3 Cyn reduces TNF-α-induced damage to the intestinal epithelial barrier in colonic organoids
In vitro, TNF-α-stimulated mouse colonic organoids were used to create an inflammation model to further investigate whether Cyn protects against intestinal barrier damage. Treatment with various concentrations (0, 12.5, 25, 50, 100, and 200 μg/mL) of Cyn did not significantly affect the activity of the colonic organoids (see Supplementary Figure S2). Cyn treatment effectively prevented the TNF-α-induced reduction in ZO-1 and Claudin-1 expression in the colonic organoids (Figures 3A, B). Western blot analysis of these organoids yielded consistent results (Figures 3C, D). Additionally, permeability assays indicated that Cyn intervention reduced the permeability of colonic organoids to FITC-dextran compared to the TNF-α-treated group (Figures 3E, F). These findings suggest that Cyn protects against TNF-α-induced barrier damage in mouse colonic organoids.
[image: Figure 3]FIGURE 3 | Cyn reduces TNF-α-induced damage to the intestinal epithelial barrier in colonic organoids. (A) Immunofluorescence staining of ZO-1 and Claudin-1 in mouse colonic organoids. (B) Relative quantification of immunofluorescence staining. (C) Protein expression of ZO-1 and Claudin-1 detected by Western blotting in colonic organoids. (D) Relative quantification of protein levels. (E, F) The permeability of mouse colonic organoids to FITC-dextran (FD4). Data are presented as means ± standard deviations, n = 3, *p < 0.05.
3.4 Cyn inhibits IEC apoptosis in TNBS-induced colitis mice
To further explore the biological pathways through which Cyn alleviates colitis and maintains intestinal barrier integrity, a network pharmacology analysis was conducted. A total of 291, 22, 22, and 2 gene targets were identified from the PharmMapper, Swiss Target Prediction, SEA, and Super-PRED databases, respectively. These were converted from protein targets to gene targets via UniProt, resulting in 318 unique Cyn-related genes (Figure 4A). Disease gene targets from GeneCards, PharmGKB, TTD, DrugBank, and OMIM databases included 1800, 12, 19, 86, and 542 genes, respectively, with GeneCards filtered for relevance scores above 6. After eliminating duplicates, 2323 colitis-related target genes were identified (Figure 4B). Of these, 158 common targets were identified as potential Cyn targets for Crohn’s disease treatment (Figure 4C). GO enrichment analysis identified the top five molecular functions (MF), cell components (CC), and biological processes (BP) based on count. These genes were primarily involved in protein hydrolysis and the negative regulation of apoptosis (Figure 4D). To validate whether Cyn affects apoptosis, TUNEL staining showed significantly fewer apoptotic cells in the intestinal epithelium of Cyn-treated mice compared to TNBS-treated mice (Figures 4E, F). Western blot analysis revealed that Cyn treatment upregulated Bcl-2 and downregulated C-cas3 and Bax compared to the TNBS group (Figures 4G, H). These results demonstrate that Cyn prevents colitis and maintains intestinal barrier function by inhibiting epithelial cell apoptosis.
[image: Figure 4]FIGURE 4 | Cyn inhibits IEC apoptosis in TNBS-induced colitis in mice. (A) Four databases enriched for target genes related to Cyn. (B) Five databases used to enrich target genes relevant to CD. (C) Venn diagram showing overlap between Cyn regulatory targets and those involved in CD. (D) GO enrichment analysis of cross-talking targets. (E) TUNEL staining of mouse colon tissues. (F) Positive cell rate determined by TUNEL staining. (G) Apoptosis-associated proteins in mouse colon mucosa tissue as determined by Western blotting. (H) Relative quantification of protein levels. Data are presented as means ± standard deviations, n = 6, *p < 0.05.
3.5 Cyn inhibits TNF-α-induced apoptosis in colonic organoids
Further evidence supporting the idea that Cyn may protect intestinal barrier function by preventing epithelial cell apoptosis was obtained using a mouse colonic organoid model induced by TNF-α. After Cyn treatment, the number of apoptotic epithelial cells in the organoids was much lower than that in the TNF-α-treated group, as observed through TUNEL staining (Figures 5A, B). Additionally, Western blot analysis revealed that, compared to the TNF-α group, Cyn treatment significantly reduced the expression of the apoptosis-related proteins C-cas3 and Bax in colonic organoids, while Bcl-2 expression was significantly increased (Figures 5C, D). Collectively, these findings suggest that Cyn preserves intestinal barrier function by preventing TNF-α-induced apoptosis in colonic organoid epithelial cells.
[image: Figure 5]FIGURE 5 | Cyn inhibits TNF-α-induced apoptosis in colonic organoid IECs. (A) TUNEL staining of paraffin sections of mouse colonic organoids. (B) Statistics for TUNEL-positive cell rate. (C) Western blot analysis of apoptosis-related proteins in mouse colonic organoids. (D) Relative protein levels. Data are presented as means ± standard deviations, n = 3, *p < 0.05.
3.6 Cyn’s inhibition of IEC apoptosis is associated with modifications in the PI3K/AKT signaling pathway
To investigate the mechanisms through which Cyn prevents IEC apoptosis and protects the intestinal barrier, KEGG enrichment analysis was conducted, highlighting gene-related pathways. The top 15 pathways were selected based on gene count. PI3K/Akt signaling was enriched for the largest number of genes (Figure 6A). Moreover, Western blot analysis revealed that Cyn treatment significantly reduced the phosphorylation levels of p-PI3K, p-AKT, p-CREB, and RXRA-key proteins involved in apoptosis within this pathway-in the colon mucosa of TNBS-induced mice (Figures 6B–D). Consistent results were obtained in vitro (Figures 6E–G). These findings suggest that Cyn’s protective effect in TNBS-induced colitis is linked to the PI3K/AKT signaling pathway.
[image: Figure 6]FIGURE 6 | Cyn’s inhibition of IEC apoptosis is linked to changes in the PI3K/AKT signalling cascade. (A) KEGG analysis. (B) Protein levels (p-PI3K, PI3K, p-AKT, AKT, p-CREB, CREB, and RXRA) in the mucosa tissues of mouse colon examined by Western blotting. (C, D) Relative quantification of phosphorylated protein levels. (E) Western blot analysis (p-PI3K, PI3K, p-AKT, AKT, p-CREB, CREB, and RXRA) in mouse colonic organoids. (F, G) Relative quantification of phosphorylated protein levels. Data are presented as means ± standard deviations, n = 6 in vivo or n = 3 in vitro, *p < 0.05.
3.7 Cyn suppresses IEC apoptosis associated with the inhibition of PI3K/AKT signalling in TNBS mice
To determine whether Cyn inhibits IEC apoptosis through a PI3K/AKT-dependent pathway, we administered 740Y-P (10 mg/kg), a cell-permeable PI3K activator that specifically stimulates mitosis (Sun et al., 2020), in vivo. The 740Y-P intervention led to significant weight loss (Figure 7A), an increase in colon length (Figures 7B, C), and an increment in DAI scores (Figure 7D) compared to Cyn treatment. Moreover, histological inflammation scores of the colon were significantly higher after 740Y-P intervention than after Cyn treatment, as indicated by H&E staining (Figures 7E, F). In addition, 740Y-P attenuated Cyn’s ability to reduce TNBS-induced intestinal permeability (Figure 7G). Immunofluorescence and Western blot analysis showed that 740Y-P treatment reduced ZO-1 and Claudin-1 expression compared to Cyn therapy (Figures 7H–J). Furthermore, TUNEL staining revealed a substantial increase in IEC apoptosis with 740Y-P treatment compared to Cyn treatment (Figure 7K). Additionally, Western blotting showed that, after 740Y-P intervention, C-cas3 and Bax expressions were upregulated, while Bcl-2 expression was downregulated in the colon mucosa compared to Cyn treatment (Figures 7L, M). In conclusion, Cyn improves intestinal barrier function by partially suppressing intestinal epithelial apoptosis in TNBS-treated mice, at least in part, through inhibition of the PI3K/AKT signaling pathway.
[image: Figure 7]FIGURE 7 | Cyn suppresses IEC apoptosis through inhibition of the PI3K/AKT signalling pathway in TNBS mice. (A) Changes in mouse weight. (B, C) Appearance of mouse colon and colon length. (D) DAI scores. (E, F) Colon inflammation scores and H&E staining for each mouse group. (G) FITC-dextran (FD4) levels in mouse blood. (H) Immunofluorescence analysis of ZO-1 and Claudin-1 in mouse colon tissues. (I, J) Western blot analysis of ZO-1 and Claudin-1 in mouse colon mucosa tissues, with relative quantification of protein levels. (K) TUNEL staining of colon tissues from mice. (L, M) Western blot analysis of apoptosis-related proteins in mouse colon mucosa tissues, with relative quantification of protein levels. Data are presented as means ± standard deviations, n = 6, *p < 0.05.
3.8 Cyn reduces IEC apoptosis in TNF-α-stimulated colonic organoids associated with the suppression of PI3K/AKT signalling
To further explore whether Cyn reduces apoptosis in IECs through suppression of the PI3K/AKT signaling pathway, we validated this in vitro using its activator 740Y-P (20 μM) (Li et al., 2024) in a colonic organoid model. Permeability assays indicated that 740Y-P intervention increased the permeability of colonic organoids to FITC-dextran compared to Cyn treatment (Figures 8A, B). Immunofluorescence results showed that 740Y-P significantly reduced the protein levels of ZO-1 and Claudin-1 in the intestinal epithelium of colonic organoids compared to Cyn treatment (Figure 8C). Western blotting confirmed these findings (Figures 8D, E). Furthermore, TUNEL staining revealed a significant increase in apoptotic IECs in colonic organoids following 740Y-P treatment compared to Cyn treatment (Figure 8F). Additionally, Western blot analysis showed that after 740Y-P intervention, the expression of C-cas3 and Bax was upregulated, while Bcl-2 expression was downregulated, compared to colonic organoids treated with Cyn (Figures 8G, H). Taken together, these results suggest that Cyn inhibits the PI3K/AKT signaling pathway in TNF-induced colonic organoids, thereby partially reducing intestinal epithelial apoptosis.
[image: Figure 8]FIGURE 8 | Cyn reduces IEC apoptosis in TNF-α-stimulated colonic organoids through suppression of the PI3K/AKT signalling pathway. (A, B) FITC-dextran (FD4) analysis in mouse colonic organoids. (C) Immunofluorescence analysis of ZO-1 and Claudin-1 in mouse colonic organoids. (D, E) Western blotting analysis of ZO-1 and Claudin-1 levels in mouse colonic organoids and relative quantification of protein levels. (F) TUNEL staining of colonic organoids in mice. (G, H) Western blotting analysis of apoptosis-related proteins in mouse colonic organoids and relative quantification of protein levels. The data are displayed as means ± standard deviations, n = 3, *p < 0.05.
3.9 Cyn exhibits similar inhibition of IEC apoptosis as PI3K/AKT inhibitors in TNBS mice and TNF-induced colonic organoids
To further clarify the role of Cyn in inhibiting PI3K/AKT signaling in IEC apoptosis, barrier damage, and colitis, we used Wortmannin, a potent, selective, and irreversible PI3K inhibitor (Moon et al., 2015). Based on the DAI scores and intestinal tissue inflammation scores derived from H&E staining, Cyn demonstrated anti-colitis effects comparable to those of Wortmannin. Importantly, the combined administration of both drugs did not result in a significant enhancement of their individual therapeutic effects (Figures 9A–C). Additionally, immunofluorescence analysis of ZO-1 and Claudin-1 expression, along with the detection of TUNEL-positive apoptotic cells, revealed that Cyn and Wortmannin similarly reduced apoptosis of intestinal epithelial cells and intestinal barrier damage in in vivo models (Figures 9D–F). Furthermore, Cyn exhibited inhibitory effects on barrier damage (Figure 9G) and IEC apoptosis (Figures 9H, I) comparable to those of PI3K/AKT pathway inhibitors in the TNF-α-induced inflammatory injury model of colonic organoids. These findings collectively confirm that Cyn inhibits IEC apoptosis in a manner similar to PI3K/AKT inhibitors in both TNBS mice and TNF-induced colonic organoids.
[image: Figure 9]FIGURE 9 | Cyn exhibits a similar inhibition of IEC apoptosis as PI3K/AKT inhibitors in TNBS mice and TNF-induced colonic organoids. (A, B) Colon inflammation scores and H&E staining for each mouse group. (C) DAI scores. (D) Immunofluorescence analysis of ZO-1 and Claudin-1 in mouse colon tissues. (E, F) TUNEL staining of colon tissues from mice. (G) Immunofluorescence analysis of ZO-1 and Claudin-1 in mouse colonic organoids. (H, I) TUNEL staining of colonic organoids in mice. The data are displayed as means ± standard deviations, n = 6 in vivo or n = 3 in vitro, *p < 0.05, ns: no significance.
4 DISCUSSION
Patients with CD often rely on long-term medications, which impose significant social and economic burdens. However, these treatments frequently come with toxic side effects, making them unsustainable for many individuals (Na and Moon, 2019; D'Amico et al., 2022; De Conno et al., 2022; Liu et al., 2023). Consequently, there is an urgent need to identify affordable, safe, and effective therapeutic agents for clinical use. Recently, an increasing number of CD patients have turned to natural remedies derived from plants and herbs (Yang et al., 2021; Yuan et al., 2022). In this study, we investigated the role and mechanism of Cyn, a natural plant extract, in TNBS-induced colitis and intestinal barrier function. Our findings suggest that by inhibiting IEC apoptosis, Cyn reduces colitis and preserves intestinal barrier integrity through the PI3K/AKT signaling pathway.
Using a mouse model of CD, we explored the effects of Cyn in reversing colitis and maintaining intestinal barrier integrity, and the results aligned with our hypotheses. In this study, Cyn alleviated colitis in TNBS model mice through various outcomes, such as increased body weight and colon length, decreased DAI scores, reduced histological inflammation scores, and lower expression of proinflammatory mediators. Impaired intestinal barrier function is a hallmark feature of CD (Noth et al., 2012; Schoultz and Keita, 2019). A growing body of research suggests that both dysfunction and disruption of the intestinal barrier contribute to the development of colitis in CD patients. To investigate this, we used TNBS model mice and TNF-α-induced colonic organoids, where TJ proteins were found to be crucial for maintaining epithelial barrier integrity (Chelakkot et al., 2018). Moreover, recent studies involving the chemotherapeutic drug methotrexate (MTX)-induced intestinal inflammation in rats further confirmed that Cyn alleviates intestinal inflammatory injury (Lang et al., 2024). Our findings revealed that Cyn significantly increased the expression of TJ proteins in both colon tissues and organoids. Intestinal permeability experiments demonstrated that Cyn effectively reduced permeability in both the intestines and organoids. These results suggest that Cyn protects intestinal barrier function by increasing the expression of structural proteins and reducing intestinal permeability. While our study confirms that Cyn helps maintain the integrity of the intestinal barrier and alleviates colitis, the precise mechanism through which it exerts these effects remains to be fully clarified.
The occurrence of apoptosis in the intestinal epithelium is crucial for the continuous renewal of the epithelium and tissue homeostasis. However, an imbalance in apoptosis can lead to increased intestinal permeability and barrier dysfunction (Subramanian et al., 2020). Studies have shown that patients with CD and compromised intestinal barrier function exhibit a higher incidence of IEC apoptosis (Günther et al., 2011; Garcia-Carbonell et al., 2019). Inhibiting IEC apoptosis has been identified as a potential strategy to protect against CD-related intestinal barrier damage. Notably, Cyn has been shown to protect against H2O2-induced apoptosis in H9c2 cells (Sun et al., 2011), and to reduce apoptosis, mitochondrial dysfunction, and caspase-3 activation in HK-2 cells exposed to cisplatin (Wang et al., 2018). In this study, we also observed that Cyn modulates apoptosis through a network pharmacology approach. Given these findings, we aimed to investigate whether Cyn could protect intestinal barrier function and alleviate colitis by inhibiting IEC apoptosis. First, we confirmed these observations in a mouse model of CD, and the results aligned with our hypothesis. Our study demonstrated that Cyn attenuates IEC apoptosis and reduces intestinal epithelial permeability, while preserving the integrity of the barrier. These results were further supported by experiments using TNF-α-induced mouse colonic organoids, which showed similar outcomes. Collectively, these findings indicate that Cyn can inhibit IEC apoptosis and contribute to the restoration of intestinal barrier function. This suppression of IEC apoptosis prompted us to explore the underlying mechanisms involved.
Network pharmacology is a powerful tool for identifying drugs, their targets, and mechanisms of action. In this study, we utilized network pharmacology to investigate the mechanism of action of Cyn against IEC apoptosis. By analyzing the KEGG pathway enrichment results, we identified the PI3K/AKT pathway as a potential mechanism. It has been reported that the PI3K/AKT signaling pathway plays a key role in regulating IEC apoptosis in CD. For instance, Magnolin blocks the PI3K/AKT pathway, reducing IEC apoptosis and alleviating CD-like colitis (Zhang Z. et al., 2024). Similarly, Ginkgetin suppresses IEC apoptosis through the EGFR/PI3K/AKT pathway, thereby improving experimental colitis (Geng et al., 2024). Based on these findings, we hypothesized that Cyn may enhance intestinal barrier function by inhibiting IEC apoptosis via regulation of the PI3K/AKT signaling pathway. Our data showed that Cyn significantly reduced PI3K and AKT phosphorylation levels, as confirmed by Western blot analysis of colon tissues and organoids from mice. Moreover, in TNBS-induced mice and TNF-α-induced colonic organoids, the inhibitory effect of Cyn on IEC apoptosis and intestinal barrier damage was attenuated by the PI3K/AKT pathway activator 740Y-P. Additionally, inhibition of the PI3K/AKT pathway by Wortmannin resulted in effects on IEC apoptosis and intestinal barrier integrity that were comparable to those observed with Cyn treatment. These findings suggest that Cyn inhibits the PI3K/AKT signaling cascade, reducing IEC apoptosis, protecting the intestinal barrier, and lowering inflammation in TNBS model mice.
In recent years, natural plant extracts have gained significant attention for their use in treating various diseases, largely due to their low toxicity, minimal side effects, resistance to drug tolerance, and stable efficacy. These characteristics make them a promising alternative for addressing the growing need for novel therapeutic agents in clinical practice (Luo et al., 2022; Sun et al., 2022; Wang et al., 2022). Therefore, we sought to identify new alternative treatments that could meet clinical needs. Cyn, a natural plant extract, exhibits a broad range of biological activities (Szekalska et al., 2020; Feng et al., 2021). In addition to its antiapoptotic effects in other disease models (Wang et al., 2018), Cyn has demonstrated significant antiapoptotic effects on IECs in a mouse model of CD, highlighting its potential therapeutic value for treating CD.
Nonetheless, our study has several limitations. First, although we used a TNBS model to simulate CD-like enterocolitis in mice, this model does not fully replicate the clinical symptoms seen in CD patients. Second, while our findings suggest that Cyn alleviates colitis in CD mice by inhibiting IEC apoptosis, other mechanisms may also contribute. Finally, PI3K/Akt is a key signaling pathway known to regulate apoptosis in intestinal epithelial cells, and it is expected to explain the mechanism by which Cyn ameliorates intestinal epithelial apoptosis in colitis mice. However, despite this, we may have overlooked other mechanisms of action of Cyn, such as its role in regulating MAPK signaling.
In conclusion, our research is the first to demonstrate that Cyn, partly through the PI3K/AKT signaling pathway, suppresses IEC apoptosis and alleviates colitis in CD mice. Based on these results, Cyn is expected to target the intestinal barrier and could emerge as a promising alternative therapeutic option for CD in clinical settings. To some extent, this approach also addresses the current challenges in the treatment of CD in clinical practice.
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Background

Obesity and metabolic syndrome (MetS) have become increasingly significant global health issues. Time-restricted feeding (TRF), as a novel dietary intervention, has garnered attention in recent years. However, there is limited research focusing on the effects of TRF on energy expenditure and systemic low-grade inflammation. This study aims to investigate the impact of TRF on weight management, glucose metabolism, insulin resistance, and lipid metabolism in male C57BL/6J mice, particularly in the context of metabolic disorders induced by a high-fat diet (HFD).





Methods

C57BL/6J mice were divided into two groups: a normal diet (ND) group and a high-fat diet (HFD) group. The study duration was 12 weeks. Key parameters observed included body weight, glucose tolerance (via glucose tolerance tests), insulin resistance (HOMA-IR), and insulin secretion under glucose stimulation. Additionally, liver tissue was subjected to Oil Red O staining to assess lipid accumulation, and white and brown adipose tissues were stained with hematoxylin and eosin (HE) to evaluate adipocyte size. The expression of hepatic lipogenesis-related genes (Srebp-c, Chrebp, Fasn, and Acc1) and thermogenic genes in brown adipose tissue (UCP1 and PGC-1α) were also measured. Furthermore, temperature changes in the interscapular brown adipose tissue (BAT) were monitored.





Results

In the ND group: TRF improved insulin resistance and reduced circulating levels of the pro-inflammatory cytokine IL-6, with a slight reduction in body weight.In the HFD group: TRF significantly mitigated weight gain, improved glucose tolerance and insulin resistance, and enhanced insulin secretion under glucose stimulation. Additionally, TRF reduced hepatic steatosis by downregulating the expression of lipogenesis-related genes in the liver. TRF also increased thermogenesis by upregulating the expression of thermogenic genes (UCP1 and PGC-1α) in BAT, while lowering serum levels of pro-inflammatory cytokines IL-6 and TNF-α, though IL-1β levels remained unchanged.





Conclusion

This study demonstrates that TRF can activate thermogenesis in brown adipose tissue and reduce inflammation maker, leading to an improvement in hepatic steatosis and a reduction in white adipose tissue accumulation. These findings suggest that TRF may be a promising intervention for mitigating metabolic disturbances associated with obesity and metabolic syndrome. The study provides mechanistic insights into the beneficial effects of TRF, highlighting its potential in modulating lipid metabolism and exerting anti-inflammatory effects.





Keywords: time-restricted feeding, inflammation, metabolic syndrome, hepatic steatosis, treatment




1 Introduction

Metabolic syndrome (MetS) is a growing global concern, leading to increased attention within the medical community on the development of innovative therapies to combat its pathophysiological effects (1, 2). MetS is characterized by a cluster of metabolic abnormalities, including central obesity, insulin resistance, hypertriglyceridemia, hypercholesterolemia, hypertension, and reduced levels of high-density lipoprotein (HDL) cholesterol (3). It is also associated with several comorbidities, including a pro-inflammatory and pro-thrombotic state, metabolic-associated fatty liver disease (MAFLD), cholesterol gallstone disease, and reproductive disorders. MetS is recognized as a major risk factor for the global epidemics of type 2 diabetes mellitus (T2DM) and cardiovascular diseases in the 21st century (4). In the United States, the prevalence of MetS is estimated to be 10.18% (5). Approximately 35% of American adults have prediabetes, and 17.8% of them, without intervention, will progress to T2DM within five years (6). The global incidence of T2DM is approaching pandemic levels and is closely linked to the rising rates of obesity. By 2030, it is projected that over 39% of adults worldwide will be overweight or obese, with around 25% falling into the category of severe obesity, defined as a body mass index (BMI) ≥35 kg/m² (7, 8). Furthermore, according to the World Health Organization (WHO), approximately 17.9 million people die each year from cardiovascular diseases related to MetS, accounting for about one-third of all deaths. These statistics underscore the urgent need for strategies to prevent or treat MetS.

While recent advances in obesity therapies have been promising, there is also a growing interest in improving dietary patterns through various nutritional interventions. Time-restricted feeding (TRF), a form of intermittent fasting, has gained significant attention, with the 16:8 model (where food intake is limited to an 8-hour window each day) being a popular subject of research. In this model, food can be consumed during the 8-hour window, with only water allowed during the remaining 16 hours (9). Recent clinical studies have shown that early TRF, starting at 06:00 AM, can further improve metabolic parameters such as fasting glucose and insulin sensitivity (10, 11). TRF has been highlighted by health professionals as an effective dietary approach for weight management, cardiovascular health, and reducing oxidative stress (12). This fasting regimen has been shown to induce favorable metabolic changes, including improved glycemic control, reduced glycogen stores, increased fatty acid and ketone body release, decreased leptin levels, and elevated adiponectin levels (13–16). In overweight or obese adults, fasting has been reported to lead to reductions in BMI, body weight, waist circumference, and fat mass (17–21).

Despite these benefits, much of the research to date has focused on the reduction in caloric intake as the primary mechanism behind these positive outcomes, with less attention given to the potential increase in energy expenditure. Recent studies have found that a 5:2 TRF model, which involves five days of ad libitum feeding and two days of fasting, can increase exercise-induced energy expenditure (22). Although this model differs from typical healthy eating patterns, it suggests that TRF (16:8) may also enhance energy expenditure. Additionally, some studies have noted that regular fasting can reduce circulating inflammatory markers, which could contribute to improved health outcomes.

There are various TRF patterns, including 4:3, 5:2, and 16:8. The 16:8 or 16 + 8 TRF model is the most popular, but there is limited research focusing on fat thermogenesis and systemic inflammation regulation (23, 24). Therefore, the primary aim of this study is to investigate the effects of the 16 + 8 TRF model on fat thermogenesis and inflammation maker. Using mice as the model organism, we will focus on how fasting regulates thermogenesis in brown adipose tissue (BAT) and the inflammatory maker response, thus offering new insights into TRF as a potential therapeutic strategy for MetS.




2 Materials and methods



2.1 Animal experiment and study design

A total of 56 male C57BL/6J mice, aged 6–8 weeks, were purchased from Jackson Laboratory (Bar Harbor, Maine) for this study. All mice were housed in a clean and ventilated environment and fed with standard diet (4–5% calories, SPFW01, SCBS, China) and high-fat diet (60% calories, D12492, research diet, USA). During the initial 2-week acclimation period, all animals were trained under controlled conditions: 12 hours of light and 12 hours of darkness, with ad libitum access to food and water. After two weeks, the animals were randomly assigned to one of two groups for 12 weeks: (i) a control group with free access to food and water during the 12-hour light and 12-hour dark cycles (Control), and (ii) a time-restricted feeding (TRF) group, where food was restricted to an 8-hour window (8:00 AM to 4:00 PM) under the same light/dark cycle. The feeding times were controlled by trained personnel. The experimental protocol was approved by the Ethics Committee of the First Affiliated Hospital of Gannan Medical University. After completing the experiments, tissue samples were collected and processed for biological analysis in an environmentally safe manner.




2.2 Assessment of glucose tolerance, insulin secretion, and insulin sensitivity

At 8:00 AM, glucose tolerance and insulin secretion were assessed in all mice after a 16-hour fasting period. For the glucose tolerance test, the mice received an intraperitoneal injection of 20% glucose (2 g/kg body weight). Blood glucose levels were measured at baseline and 15, 30, 45, 60, and 120 minutes post-injection. Plasma samples were collected at baseline and at 2.5, 5, and 15 minutes post-injection to assess insulin levels. For the insulin tolerance test, insulin sensitivity was assessed after a 6-hour fast at 10:00 PM. The mice were injected intraperitoneally with insulin (0.55 mU/g body weight), and blood glucose levels were measured at baseline and 15, 30, 45, 60, and 120 minutes post-injection.




2.3 RNA isolation and quantitative RT-PCR

Total RNA was extracted from freshly collected mouse liver and adipose tissues using the RNeasy Mini Kit (Qiagen, Hilden, Germany). For quantitative real-time PCR, mRNA was reverse-transcribed to complementary DNA (cDNA) using the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA), and qRT-PCR was performed on a StepOnePlus machine (Applied Biosystems, Carlsbad, CA) under default thermal cycling conditions. The 2−ΔΔCT method was used for data analysis, and mRNA levels were normalized to β-actin expression for each sample. The primer sequences are presented in Table 1.


Table 1 | Primer information table.






2.4 Blood glucose and insulin analysis

Blood glucose was measured using a Sinocare glucose meter (GA-3, China). Plasma insulin levels were determined using an ultrasensitive mouse insulin ELISA kit (ab277390, USA) according to the manufacturer’s instructions.




2.5 Body temperature measurement system

Mouse body temperature was measured using a small animal temperature analyzer. Specifically, temperature probes were placed near the oral cavity and interscapular brown adipose tissue (BAT), with readings taken for at least 10 seconds to allow stabilization. Two types of temperature conditions were used: first, room temperature (RT) conditions without any manipulation; and second, cold-induced conditions where mice were acclimated at 4°C for 6 hours before temperature measurement.




2.6 Measurement of inflammatory markers

Inflammatory markers were measured from mouse serum samples. Plasma IL-6, IL-1β, and TNF-α levels were determined using enzyme-linked immunosorbent assays (ELISA) according to the manufacturer’s instructions.




2.7 HE staining and Oil Red O staining

Fresh tissues were fixed in 4% paraformaldehyde for 24 hours, then sectioned at 5 μm thickness. After hydration in distilled water, sections were stained with hematoxylin for a few minutes, differentiated in acid water and ammonia water, rinsed in running water for 1 hour, and dehydrated in 70% and 90% alcohol for 10 minutes each. Sections were then counterstained with eosin for 2-3 minutes, cleared in xylene, and mounted for microscopic observation. For Oil Red O staining, sections were washed in 60% isopropanol, stained with 0.5% Oil Red O solution for 10 seconds, differentiated again in 60% isopropanol, and mounted for microscopy.




2.8 Statistical analysis

Results are presented as mean ± SE. Statistical analyses were performed using GraphPad Prism v8.4 (San Diego, CA). Comparisons between two groups were made using two-tailed Student’s t-tests, while one-way or two-way ANOVA was used for comparisons among three or more groups. Unless otherwise specified, P < 0.05 was considered statistically significant.





3 Results



3.1 Time-restricted feeding improves insulin sensitivity and reduces serum inflammation in mice on a normal diet

To investigate the effects of time-restricted feeding (TRF) on metabolism and inflammation, we first used mice on a normal diet as the study subjects. The experimental group underwent a 16-hour fasting period with unrestricted access to water (8:00 AM to 12:00 AM) and an 8-hour feeding window, while the control group had free access to food and water. The observation period lasted 12 weeks (Figure 1A). Results showed that during the 12-week observation, there was no significant difference in body weight between the TRF group and the control group initially. However, by weeks 11 and 12, the TRF group showed a significantly lower body weight compared to the control group, with a reduction of approximately 15% (Figure 1B). This suggests that TRF (16:8) can reduce body weight in mice on a normal diet. To further evaluate the effects of TRF on glucose metabolism, we conducted glucose tolerance tests (GTT) and insulin sensitivity tests (ITT). The results revealed that TRF mice exhibited significantly improved glucose tolerance compared to the control group, as evidenced by a lower area under the glucose tolerance curve. Moreover, TRF enhanced insulin sensitivity, particularly at the 15- and 30-minute time points during the insulin test (Figures 2A–D). These findings indicate that TRF improves both glucose tolerance and insulin sensitivity in mice on a normal diet. The underlying mechanism for this improvement in glucose tolerance is unclear, but we hypothesize that TRF may activate pancreatic β-cells to release insulin rapidly upon glucose stimulation. To test this, we performed glucose-stimulated insulin secretion assays. The results showed that, 2.5 minutes after glucose injection, TRF mice exhibited a significantly higher insulin release compared to the control group. This enhanced insulin secretion persisted at 5 and 15 minutes post-injection (Figure 2F). This suggests that TRF positively regulates insulin secretion by pancreatic β-cells, possibly by increasing the number or function of β-cells. Additionally, to assess the impact of TRF on inflammation, we measured serum levels of IL-6, IL-1β, and TNF-α. The results showed that TRF significantly reduced serum IL-6 levels, while no significant changes were observed for IL-1β and TNF-α, which may be due to the relatively low baseline inflammation in mice on a normal diet (Figure 2E). These findings suggest that TRF (16:8) improves insulin sensitivity and mildly reduces serum inflammation in normal-diet mice.




Figure 1 | Time-restricted feeding (TRF) experimental design for mice on normal and high-fat diets. (A) Schematic representation of the TRF regimen for normal diet (ND) and high-fat diet (HFD) groups. Control represents the control group, TRF represents the time-restricted feeding group, with “normal diet” indicating the standard chow diet and “HFD diet” indicating the high-fat diet. (B) Effect of TRF on body weight regulation in mice on a normal diet, with a 12-week observation period, n=6. The bar graph shows the body weight differences at the 12-week endpoint, n=6. *P<0.05, **P<0.01, ***P<0.001.






Figure 2 | TRF improves glucose tolerance and insulin sensitivity in mice on a normal diet. (A) Glucose tolerance in TRF mice on a normal diet and (B) comparison of area under the curve (AUC). (C) Insulin sensitivity in TRF mice on a normal diet and (D) comparison of AUC. (E) TRF reduces serum inflammatory cytokines (IL-6, IL-1β, TNF-α) in mice on a normal diet. (F) TRF enhances glucose-stimulated insulin secretion in mice on a normal diet.A-D, n=6. E-F, n=4. *P<0.05, **P<0.01, ***P<0.001.






3.2 Time-restricted feeding improves insulin sensitivity, reduces inflammation, and exhibits anti-obesity effects in mice on a high-fat diet

Since TRF improved insulin sensitivity and reduced serum inflammation in normal-diet mice, we further explored its effects on metabolic syndrome in pathological states by using mice on a high-fat diet (HFD). We designed an experiment similar to that for the normal-diet mice, but replaced the standard diet with a high-fat diet (Figure 1A). Over the 12-week period, we found that TRF significantly slowed weight gain in HFD-fed mice compared to the control group, with the first significant difference appearing in week 9, and the difference becoming more pronounced by week 12 (Figures 3A, B). To assess the impact of TRF on glucose metabolism in HFD-fed mice, we performed GTT and ITT. TRF improved glucose tolerance, with the most significant effect observed at 30 minutes post-glucose injection, and a sustained effect through 120 minutes. Insulin sensitivity was also improved, with TRF mice showing significantly lower blood glucose levels 15 minutes after insulin injection compared to the control group, and this difference persisted through 120 minutes (Figures 3C–F). Additionally, glucose-stimulated insulin secretion assays showed that TRF enhanced insulin release in HFD-fed mice, with a significant increase in insulin secretion 2.5 minutes after glucose injection, and this effect persisted through 15 minutes (Figure 3G). These results suggest that TRF enhances the responsiveness of pancreatic β-cells to glucose, possibly by increasing their number or insulin secretion capacity. To investigate the effect of TRF on inflammation in HFD-fed mice, we measured serum levels of IL-6, IL-1β, and TNF-α. TRF significantly reduced serum levels of IL-6 and TNF-α, but no significant change was observed for IL-1β (Figure 3H). These findings suggest that TRF reduces inflammation in HFD-fed mice, alongside improving insulin sensitivity and attenuating obesity.




Figure 3 | TRF improves glucose tolerance and insulin sensitivity in mice on a high-fat diet (HFD). (A) Body weight regulation in HFD mice under TRF during a 12-week observation period. (B) Body weight differences at the 12-week endpoint for HFD mice. (C) Glucose tolerance in TRF HFD mice and (D) comparison of AUC. (E) Insulin sensitivity in TRF HFD mice and (F) comparison of AUC. (G) TRF reduces serum inflammatory cytokines (IL-6, IL-1β, TNF-α) in HFD mice. (H) TRF enhances glucose-stimulated insulin secretion in HFD mice.A-F, n=6. G-H, n=4. *P<0.05, **P<0.01, ***P<0.001.






3.3 Time-restricted feeding reduces hepatic lipid accumulation by downregulating lipogenic genes

We further explored whether TRF improves hepatic lipid accumulation. Using Oil Red O staining, we examined lipid accumulation in the livers of HFD-fed mice. Results showed that sustained HFD feeding induced substantial lipid accumulation and vacuolar degeneration in the liver, while TRF significantly reduced both hepatic lipid accumulation and vacuolar degeneration, with a reduction of approximately 30% in lipid content compared to the control group (Figures 4A, B). These results suggest that TRF can reverse hepatic steatosis induced by a high-fat diet. To further understand the mechanism, we measured serum lipid levels, including triglycerides (TG), total cholesterol (TC), low-density lipoprotein (LDL), and apolipoprotein A1 (ApoA-1). TRF significantly reduced serum TG, TC, and ApoA-1 levels but had no effect on LDL levels (Figure 4C), indicating that TRF lowers serum lipid levels, which may contribute to its protective effect against hepatic steatosis. To investigate whether TRF reduces hepatic lipid accumulation by downregulating lipid synthesis, we measured the expression of lipogenic genes (Fasn, Acc1, Srebp1c, and Chrebp). TRF significantly downregulated the expression of Fasn and Acc1, both of which are closely related to lipid synthesis, as well as Srebp1c, a key gene associated with non-alcoholic fatty liver disease (Figure 4D). These findings suggest that TRF ameliorates hepatic steatosis by reducing the expression of lipogenic genes.




Figure 4 | TRF improves lipid metabolism in HFD mice. (A) Oil Red O staining of liver sections from HFD mice following TRF. (B) Quantification of lipid content from liver sections stained with Oil Red O. (C) Effect of TRF on serum lipid levels (TG, TC, LDL, and ApoA1) in HFD mice. (D) TRF reduces the expression of hepatic lipogenic genes (Fasn, Acc1, Srebp1c, and Chrebp) in HFD mice.n=4. TG, triglycerides; TC, total cholesterol; LDL, low-density lipoprotein; ApoA1, apolipoprotein A1. *P<0.05, **P<0.01, ***P<0.001.






3.4 Time-restricted feeding regulates brown adipose tissue thermogenesis and reduces white adipose tissue accumulation

Fasting has been found to improve glucose and lipid metabolism in mice fed a high-fat diet (HFD), particularly by reducing hepatic steatosis. Previous studies have shown that the effects of fasting on lipid accumulation are not limited to reducing lipid intake but also include increasing energy expenditure. Therefore, we further investigated the thermogenic effects of brown adipose tissue (BAT), which is a key organ involved in systemic energy metabolism.First, we performed histological staining of BAT from HFD-fed mice to observe changes in BAT size and the whitening effect of BAT under HFD challenge. The results showed that in the control group, BAT exhibited typical whitening under prolonged HFD feeding, characterized by the appearance of large lipid vacuoles, resembling those of white adipose tissue (Figure 5A). In contrast, fasting reversed this whitening phenomenon in the fasting group, where BAT remained denser, without large lipid vacuoles. This indicates that fasting has a protective effect against the whitening of BAT. However, the protective mechanism of fasting on BAT remains unclear.Literature suggests that BAT, as a thermogenic organ, has a heat-generating capacity closely related to its brown phenotype, and increased thermogenesis can result in elevated body temperature. To investigate further, we measured the oral and interscapular BAT temperatures in mice using a small animal temperature monitoring device. The results indicated that, in normal diet-fed mice, fasting had minimal impact on BAT thermogenesis under either room temperature (RT) or cold-induced (cold shock) conditions. However, in HFD-fed mice, fasting enhanced thermogenesis in the interscapular BAT region following cold shock, though no significant differences in thermogenesis were observed between the groups under RT conditions (Figures 5B, C).To verify these phenotypic observations, we measured the expression levels of key thermogenic genes and proteins (UCP1 and PGC-1α) in BAT. Our results demonstrated that time-restricted fasting increased the expression of both UCP1 and PGC-1α at the gene and protein levels in BAT (Figures 5D–F), which could explain the observed rise in BAT temperature in the fasting group. These findings suggest that fasting can regulate BAT thermogenesis, potentially contributing to its therapeutic effects on metabolic syndrome.Additionally, epididymal white adipose tissue (WAT), a representative of white fat, was used to assess fasting’s effects on lipid accumulation. We performed histological staining of epididymal WAT from HFD-fed mice and measured adipocyte diameter. The results showed that fasting reduced adipocyte diameter in epididymal WAT (Figure 5G). We hypothesize that this change may be due to a combination of reduced serum lipid levels and increased BAT thermogenesis induced by fasting.




Figure 5 | TRF enhances brown adipose tissue (BAT) thermogenesis in HFD mice. (A) HE staining of frozen BAT sections from HFD mice after TRF. (B) Effect of TRF on oral and interscapular BAT temperature at room temperature in HFD mice. (C) Effect of TRF on oral and interscapular BAT temperature under cold-induced conditions in HFD mice. (D–F) TRF increases the expression of thermogenic genes and protein(Ucp1 and PGC-1α) in BAT of HFD mice. (G) TRF reduces white adipose tissue (WAT) cell size in HFD mice. The bar graph shows differences in adipocyte diameter. n=4-5. *P<0.05, **P<0.01, ***P<0.001.



These results provide insight into the mechanisms by which fasting influences fat thermogenesis and lipid accumulation, offering a potential explanation for its beneficial effects in the treatment of metabolic syndrome (Figure 6).




Figure 6 | Conceptual diagram illustrating the metabolic benefits of TRF in mice.







4 Discussion

Preclinical and clinical studies have shown that intermittent fasting has broad benefits for many diseases, including obesity, type 2 diabetes, and hypertension, as well as improving cardiovascular risk factors (25). In our study, we found that time-restricted fasting (16 + 8 mode) can improve metabolic syndrome by activating brown fat thermogenesis and reducing inflammatory markers.

In this study, we used mice fed a normal diet as a surrogate for the general population. Through 12 weeks of time-restricted fasting, we found that time-restricted fasting can improve insulin sensitivity and reduce serum inflammation in mice on a normal diet, but the change in body weight is very weak. Our findings are different from (26), who found that time-restricted fasting can reduce the body weight of mice on a normal diet. But the fasting mode they adopted is also different from ours. Li et al. adopted fasting every other day, and they improved metabolic syndrome by affecting intestinal microbial metabolism. The weight phenotype of mice on a normal diet was not found in the fasting mode we adopted. However, our findings on improving insulin sensitivity and serum inflammation are consistent with Li (26). This also further suggests that the improvement of metabolic syndrome by the 16 + 8 fasting mode may be related to the abundance and metabolism of intestinal microorganisms, although this item was not involved in our study. In addition, related studies have also suggested that time-restricted fasting has inconsistent effects on weight loss in different diets (high-fat or normal) (27). This may be because a high-fat diet can amplify the weight phenotype. As for the reason why time-restricted fasting improves insulin resistance, we believe that time-restricted fasting may have an activating effect on insulin receptor targets in skeletal muscle and related organs, which requires further study. Recent studies have also explained the beneficial effects of time-restricted fasting on insulin resistance, believing that time-restricted fasting may regulate phenotypic changes caused by fat metabolism through the PPAR pathway (28). Zhang et al. believe that time-restricted fasting reduces insulin resistance by activating the SIRT3 pathway (29). In this study, we are more convinced that PPAR activation activates insulin resistance caused by fat metabolism, so we observed changes in adipocyte size. Although we did not detect the protein level of PPAR, the level of UCP1 thermogenic protein similar to PPAR was found to be increased in our study.

We further used high-fat diet mice as a substitute for obese or Western diet people. We found that time-restricted fasting not only reduced the weight of high-fat diet mice, but also improved glucose tolerance and insulin resistance in mice. We further found that time-restricted fasting reduced low-grade inflammation in high-fat diet mice and improved liver fat accumulation and white adipocyte size. Our results are consistent with those of Reinisch (30) and other studies. As for the improvement of liver fat accumulation, related studies (31) believe that it is mediated by cup apoptosis, although we did not explore this point in depth. But importantly, we found that fasting can increase the brown fat heat production in mice. At room temperature, the brown fat temperature of time-restricted fasting mice was slightly higher than that of the control group, and after cold induction, this phenomenon was very obvious. This change may be related to the activation of brown fat heat production genes (Ucp1 and PGC-1α). In the study of Li (26), it was found that time-restricted fasting may promote the browning of white fat by reshaping intestinal microorganisms, further improving the obese phenotype. As a new explanation, this provides a new idea for time-restricted fasting to improve metabolic syndrome. Other studies have shown that intermittent fasting promotes fat thermogenesis and metabolic homeostasis through VEGF-mediated alternative activation of macrophages (32). However, in further studies, we found that time-restricted fasting can also reduce the expression level of hepatic lipid production genes, which may be beneficial for the treatment of non-alcoholic fatty liver disease. In short, our findings provide another new perspective on time-restricted fasting, which can increase brown fat thermogenesis. In addition, we also observed that after time-restricted fasting, the insulin secretion of mice after glucose stimulation increased significantly, which may be related to the increase in the number of pancreatic β cells or the enhancement of secretory function. This phenomenon has been reported by researchers such as Matthew (33). In addition, relevant researchers (34) also proposed that time-restricted fasting can alleviate metabolic syndrome by regulating bile acid, but this direction was not explored in this study. Although time-restricted fasting has been used clinically as a powerful and simple dietary regulation method, it can prolong the lifespan and health lifespan of model organisms and improve various diseases (35). However, it is necessary to clarify the internal preparations involved in order to recommend corresponding benefits for treatment. Nevertheless, our study did not observe or detect the number of calories consumed by mice with time-restricted fasting every day. This requires further study in our subsequent studies to further study whether the weight loss is the result of the combined effect of reduced calorie intake and energy expenditure while controlling calorie intake. Although this study suggests that the 16 + 8 fasting mode can improve metabolic syndrome by activating brown fat thermogenesis and reducing inflammatory markers, these studies are limited to animals and these results have not been observed in humans. We expect that subsequent studies will make up for this limitation.

In conclusion, in this study, we found that time-restricted fasting can activate brown fat thermogenesis and reduce inflammatory markers, and this effect will be beneficial to improve hepatic steatosis and reduce white fat accumulation.




5 Conclusion

In conclusion, we found that TRF improves metabolic health by enhancing BAT thermogenesis and reducing inflammatory markers, offering potential benefits for managing hepatic steatosis and reducing white adipose tissue accumulation.
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Background

Abdominal aortic aneurysm (AAA) is a degenerative disease with high mortality. Chronic inflammation plays a vital role in the formation of AAA. Atractylenolide-I (ATL-I) is a major bioactive component of Rhizoma Atractylodis Macrocephalae that exerts anti-inflammatory effects in various diseases. The purpose of this study is to investigate the role of ATL-I in the progression of AAA.





Methods

AAA was constructed in C57BL/6 mice by porcine pancreatic elastase (PPE)-incubation, and the diameter of the aorta was measured by ultrasound. ATL-I was administered by gavage on the second day after modeling to explore its significance in AAA. The pathological and molecular alteration was investigated by immunostaining, ELISA, qRT-PCR and Western blotting.





Results

ATL-I inhibited the dilatation of the abdominal aorta and decreased the incidence of AAA. ATL-I alleviated the infiltration of macrophages in the adventitia and reduced the levels of proinflammatory factor IL-1β and IL-6 in the aorta and circulatory system, while increasing the expression of anti-inflammatory factor IL-10. Moreover, ATL-I restrained loss of smooth muscle cells and elastic fiber degradation by suppressing MMP-2 and MMP-9 expression. Mechanistically, phospho-AMPK expression was elevated in AAA groups, and ATL-I administration suppressed its expression to improve the pathological damage of aorta.





Conclusions

ATL-I meliorated vascular inflammation by targeting AMPK signaling, ultimately inhibiting AAA formation, which provided an alternative agent for AAA treatment.





Keywords: abdominal aortic aneurysm, atractylenolide-I, inflammation, AMPK, treatment




1 Introduction

Abdominal aortic aneurysm (AAA) is a severe vascular disease characterized by focal dilation of the abdominal aorta (1). Once AAA ruptures, the mortality rate is as high as 65-85% (2–4). With the development of open repair and endovascular aneurysm repair (EVAR) therapy, patients with diameters greater than 5.5 cm (women > 4.5 cm) can be effectively treated (5, 6). However, patients with small AAA or those deemed unfit for AAA repair criteria will gradually deteriorate. There is no successful pharmacological treatment to delay expansion or prevent rupture of AAA in humans (7). It highlights an emergent need to discover effective drugs to limit AAA growth.

In AAA development, the arterial wall suffers a destructive remodeling, including upregulation of matrix metalloproteinases (MMPs), loss of vascular smooth muscle cells (VSMCs), and degradation of elastic fibers (8). Chronic inflammation is closely related to vascular remodeling (9, 10). Infiltrated macrophages and VSMCs can secrete various proinflammatory cytokines, such as interleukin-1β (IL-1β) and IL-6, thereby activating more immune cells to aggravate the vascular injury, eventually resulting in probable rupture of AAA (11, 12).

Atractylenolide-I (ATL-I), a major bioactive component of Rhizoma Atractylodis Macrocephalae, exerts anti-oxidant, anti-inflammatory, and anti-tumor effects (13–15). Li et al. demonstrated that ATL-I had an intensely inhibitory effect on ox-LDL-induced inflammatory responses and a protective role in anti-atherosclerosis (16). Wang et al. observed that ATL-I inhibited the osteogenic differentiation of valve interstitial cells through blocking phosphatidylinositol-3-kinase (PI3K)/AKT pathway (17). Furthermore, Wang et al. discovered the promising therapeutic potential of ATL-I for sepsis-induced cardiomyopathy by suppressing macrophage polarization (18). Based on previous reports, we speculated that ATL-I might affect the formation of AAA by exerting anti-inflammatory effects.

In this study, we confirmed that ATL-I could alleviate the pathological lesion and lumen dilatation of AAA by targeting AMPK signaling, which provided a novel therapeutic strategy for patients with AAA.




2 Materials and methods



2.1 Animal experiments

Eight-week-old male C57BL/6J mice were obtained from the laboratory of Jinan University’s animal center and used in this study. All animals were fed in cages and bred in a temperature-controlled room maintained at 22 ± 1°C on a 12-h light-dark cycle with standard food and water. All animal experimental procedures complied with Institutional Animal Care and Use Committee of Jinan University.




2.2 Porcine Pancreatic elastase-induced AAA model

According to previously reported surgical methods (19), a mouse model of AAA or sham was induced by perivascular application of PPE (Sigma-Aldrich; 4 U/mg protein) or saline. Briefly, after induction of anesthesia with 3% isoflurane, the lower three-fourths of the infrarenal abdominal aorta was exposed and isolated from the vena cava. 30uL elastase was applied to exposed aortic adventitia and infiltrated for 30 minutes. Then, the abdominal cavity, especially the adventitia, needed to be rinsed with saline. Finally, the abdomen was closed routinely with 6-0 silk sutures. After 14 days, all mice were sacrificed by carbon dioxide inhalation, while the aortas were isolated for pathological examination.




2.3 Grouping and treatment of animals

To investigate the effect of ATL-I on AAA, a total of 18 mice were divided by random number table into sham group, AAA group, and ATL-I group with 6 samples in each group. After modeling, mice in ATL-I groups received the ATL-I (20mg/kg/day, 73069-13-3, MCE) by gavage daily for the next 14 days, and mice in AAA group were given the same amount of sterile PBS (20–23). The molecular structure of ATL-I was shown in Figure 1A.




Figure 1 | Effect of ATL-I on the abdominal aortic diameter. (A) Molecular structure of ATL-I. (B) Surgical anatomy diagram among the three groups. (C) Representative ultrasonography images of the three groups on the 0 and 14 days after modeling. (D) The diameter of abdominal aorta on the 0 and 14 days after modeling. (E) Incidence of AAA (represented by percentages). (F, G) Adventitial thickness of aorta and representative images of HE staining. *P < 0.05, ***P < 0.001, ****P < 0.0001 vs. the sham group; ##P < 0.01 vs. the AAA group.



To investigate whether ATL-I affects AAA through AMP-activated protein kinase (AMPK) signaling pathway, 24 mice were randomly divided into four groups of six mice in each group. The treatment of the sham group, AAA group and ATL-I group was the same as the groups mentioned above. In the ATL-I+CC group, mice were simultaneously given compound C (CC, 300mg/kg/day, 866405-64-3, MCE) and ATL-I (20mg/kg/day).




2.4 Aneurysm quantification

The diameter of the subrenal abdominal aorta was measured by B-ultrasound imaging (Vevo 2100, Visual Sonic Inc.) before and 14 days after modeling. After anesthesia with 1.5% isoflurane, the aorta of mouse was detected during systole by a blinded investigator. AAA was defined as the maximum diameter of the subrenal aorta that dilates more than 50% of its baseline (The diameter of the abdominal aorta examined before modeling) (24).




2.5 Histological analysis

Aortic samples isolated from the mice were fixed with 4% paraformaldehyde for 24h and embedded in paraffin. Serial sections (5μm each) were used for HE staining, elastic fiber staining (G1596, Solarbio) and immunofluorescence staining. The severity of elastic fiber degradation was evaluated on a standard described in a previous study: score 1, <25% degradation; score 2, 25% to 50% degradation; score 3, 50% to 75% degradation; score 4, >75% degradation (25).




2.6 Immunofluorescence staining

Paraffin slides were incubated in xylene and alcohol of different gradients for deparaffin and rehydration. The slides were placed in 10 mM sodium citrate buffer (pH 6, BL619A, Biosharp) at 85°C for 30 minutes and cooled at room temperature for 20 minutes. Then, the slides were incubated in 5% horse serum for 30 minutes at room temperature. Next, the slides were incubated at 4°C overnight with the following primary antibodies: CD68 (1:200, ab125212; Abcam), CD80 (1:200, ab254579, Abcam), CD206 (1:200, AF2535, R&D Systems), α-SMA (1:500, ab5694, Abcam). The following day, the slides were incubated with the corresponding secondary antibodies and DAPI at room temperature for 30 minutes. Immunofluorescence images were obtained using confocal laser scanning microscopy (Leica) and analyzed using Image-J software.




2.7 Enzyme-linked immunosorbent assay

Serum was obtained by centrifugation after blood collection through inferior vena cava. The content of IL-1β, IL-6, IL-10, alanine aminotransferase (ALT), aspertate aminotransferase (AST), creatine, and blood urea nitrogen (BUN) was analyzed using a commercially available ELISA kit (ml098416; ml098430; mIC50274-1; SP30122; CSB-E12649m; LE-M0613; RF8291; MLbio; Spbio; Cusabio; Isite; Ruifan) according to the manufacturer’s protocol. The results were calculated using the standard curve method and expressed as pg/ml.




2.8 Quantitative real-time polymerase chain reaction

Total RNA was extracted from the subrenal abdominal aorta using Trizol Reagent (155960-18, Ambion). Then, 1ug of total RNA was subjected to reverse transcription based on the manufacturer’s instructions. The mRNA expression of IL-1β, IL-6 and IL-10 in aorta was analyzed through PCR system (BIO-RAD). The primer sequences are shown in Table 1.


Table 1 | Primer information table.






2.9 Western blotting

Total protein was extracted with RIPA lysate. Protein concentration was quantified by bicinchoninic acid (BCA) protein assay kit (P0010, Beyotime). The protein was separated by 10% SDS-PAGE, transferred to a polyvinylidene difluoride (PVDF) membrane, and incubated in 5% BSA for 1 hour at room temperature. Then, the membranes were incubated overnight with primary antibodies AMPK (1:1000, 2365, CST), p-AMPK (1:1000, 2535, CST), MMP-9 (1:1000, ab283575, Abcam), MMP-2 (1:1000, ab86607, Abcam), β-actin (1:1000, ab8226, Abcam) at 4°C. The membranes were incubated with secondary antibodies for 1 hour at room temperature the next day. Finally, the protein bands were visualized with the ECL system (BIO-RAD).




2.10 Statistical analysis

All data were presented as the mean ± SD and executed using GraphPad Prism 8.0 software. Statistical differences between groups were performed by one-way ANOVA. P<0.05 was considered as statistically significant.





3 Results



3.1 ATL-I inhibited PPE-induced AAA formation

To explore whether ATL-I could restrain AAA progression, we first detected the diameter of the infrarenal abdominal aorta on the 14th day after modeling. As revealed by Figure 1B, the aorta diameter in the AAA group was significantly increased, which was reversed after ATL-I treatment. At the same time, ultrasound data showed that the infrarenal aorta was dilated with a maximum diameter of 1.23 ± 0.21 mm in the AAA group. However, the baseline of its diameter was 0.57 ± 0.02 mm, and the maximum infrarenal aortic diameter was only slightly increased to 0.91 ± 0.02 mm in the ATL-I group (Figures 1C, D). Ultimately, ATL-I decreased the incidence of AAA (Figure 1E). Additionally, we observed that ATL-I couldn’t change the levels of ALT, AST, creatine and BUN, indicating that it had no obviously toxic side effects on liver and renal function in vivo (Supplementary Figures S1A–D). HE staining results displayed that the adventitia was thicker, accompanied with recruitment of vast inflammatory cells in AAA, and the terrible condition was improved following ATL-I treatment (Figures 1F, G). Taken together, ATL-I administration inhibited the progression of AAA.




3.2 ATL-I suppressed inflammatory responses of AAA

Inflammation has been considered as a central player in the progression of AAA. There were a large number of macrophages (CD68+) in the adventitia of AAA (Figures 2A, D). To examine whether the inhibitory effects of ATL-I on AAA progression were associated with changes in M1 or M2 macrophages, we subjected abdominal aortic tissue for immunostaining using CD80 to stain M1 macrophages and CD206 to identify M2 macrophages. As shown in Figures 2B, E the significantly increased CD8 staining was observed in the adventitial region of the aneurysm, which was markedly reduced following ATL-I administration. Nevertheless, ATL-I treatment significantly augment aggregation of M2 macrophages in adventitia (Figures 2C, F). Subsequently, we compared the differences in the levels of inflammatory cytokines among three groups using ELISA and qPCR experiments. As illustrated in Figures 2G–J, the expression of proinflammatory cytokines, such as IL-1β and IL-6, was elevated in the aneurysm and circulating system of mice with AAA, which was restrained after ATL-I treatment. By comparison, decreased anti-inflammatory cytokine IL-10 expression in AAA were reversed by ATL-I (Figures 2K, L). As such, our results demonstrated the anti-inflammatory activity of ATL-I on AAA.




Figure 2 | Effect of ATL-I on inflammatory responses in AAA. (A) Representative immunofluorescent images of CD68. (B) Representative immunofluorescent images of CD80. (C) Representative immunofluorescent images of CD206. (D-F) Densitometric analysis of CD68, CD80 and CD206. (G) Changes in circulating levels of IL-1β. (H) Relative mRNA expression of IL-1β in aorta. (I) Changes in circulating levels of IL-6. (J) Relative mRNA expression of IL-6 in aorta. (K) Changes in circulating levels of IL-10. (L) Relative mRNA expression of IL-10 in aorta. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. the sham group; ##P < 0.01, ####P < 0.0001 vs. the AAA group.






3.3 ATL-I attenuated the damage of the aorta by inhibiting MMP-2 and MMP-9

Macrophages and VSMCs generate MMP-2 and MMP-9, therefore triggering steady destruction of extracellular matrix (ECM). We next examined α-SMA expression and elastin alteration. As shown in Figures 3A, B, a large amount of VSMCs was lost and remaining VSMCs were disordered in aneurysm, whereas the VSMCs disruption was markedly ameliorated after ATL-I supplement. Similarly, ATL-I administration improved the condition of elastin that showed obvious fracture and degradation in AAA tissue (Figures 3C, D). We further verified the levels of MMP-2 and MMP-9 using western blotting. MMP-2 and MMP-9 were elevated in the AAA group, which was mitigated after ATL-I therapy (Figures 3E, F). Collectively, these results suggested that ATL-I inhibited MMP-2 and MMP-9 expression, thereby attenuating pathological lesions of aorta.




Figure 3 | Effect of ATL-I on the histopathological lesion of the aortic wall. (A) Representative images of immunofluorescence. (B) Densitometric analysis of α-SMA. (C) Representative images of elastin staining. (D) Elastin degradation score. (E, F) Representative blots and semiquantitative analysis of MMP-2 and MMP-9. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. the sham group; #P< 0.05, ##P< 0.01 vs. the AAA group.






3.4 ATL-I retarded the progression of AAA by targeting AMPK

Though there was no difference in AMPK expression in three groups, the expression of phospho- AMPK (p-AMPK) was downregulated in AAA tissues, which was upregulated following ATL-I treatment (Figure 4A). Therefore, we speculated that ATL-I might exert its inhibitory effect on AAA by activating AMPK phosphorylation. As expected, the administration of compound C, an inhibitor of AMPK, abolished the salutary effects of ATL-I on AAA. It was found that the diameter of aneurysm and adventitial thickness were apparently increased in the ATL-I+CC group (Figures 4B–D). Compound C reduced the phosphorylation level of AMPK, and led to a larger diameter of abdominal aorta and a higher incidence of AAA, compared with ATL-I group (Figures 4E, F). Thus, ATL-I treatment retarded AAA formation partially by targeting AMPK.




Figure 4 | Effect of ATL-I on restraining the progression of AAA through AMPK pathway. (A) Representative blots and semiquantitative analysis of p-AMPK and AMPK. (B) Surgical anatomy diagram. (C) Representative images of HE staining. (D) Adventitial thickness of aorta. (E) Representative blots and semiquantitative analysis of p-AMPK and AMPK. (F) Representative ultrasonography images, the diameter of abdominal aorta, and the incidence of AAA. **P < 0.01, ***P < 0.001, ****P< 0.0001vs. the sham group; ##P < 0.01, ###P < 0.001, ####P < 0.0001 vs. the AAA group.






3.5 ATL-I alleviated the inflammatory response via activating AMPK signaling

Subsequently, we examined the levels of macrophages and inflammatory cytokines after the application of compound C. Compared with the ATL-I group, the fluorescence intensity of CD68 was robustly increased in ATL-I+CC group (Figures 5A, D). Similarly, compound C reduced the inhibitory effect of ATL-I on M1 macrophages (Figures 5B, E). In contrast, increased CD206 expression was observed in the adventitia in the ATL-I group, which was restricted by compound C administration (Figures 5C, F). Meanwhile, ATL-I-induced decreased levels of IL-1β and IL-6 in the aorta and circulating system were reraised after the administration of compound C (Figures 5G–J). Our data also demonstrated that ATL-I-triggered the activation of IL-10 was significantly decreased following compound C treatment (Figures 5K, L). Taken together, our results supported the notion that AMPK was required for ATL-I to exert its anti-inflammatory effects on AAA.




Figure 5 | Effect of ATL-I on inhibiting inflammatory response of AAA through AMPK pathway. (A) Representative immunofluorescent images of CD68. (B) Representative immunofluorescent images of CD80. (C) Representative immunofluorescent images of CD206. (D-F) Densitometric analysis of CD68, CD80 and CD206. (G) Changes in circulating levels of IL-1β. (H) Relative mRNA expression of IL-1β in aorta. (I) Changes in circulating levels of IL-6. (J) Relative mRNA expression of IL-6 in aorta. (K) Changes in circulating levels of IL-10. (L) Relative mRNA expression of IL-10 in aorta. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. the sham group; #P < 0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001 vs. the AAA group; $P < 0.05, $$P < 0.01 vs. the ATL-I group.






3.6 ATL-I reduced the pathological injury by activating AMPK signaling pathway

Using immunostaining and elastic fiber staining, we observed that the α-SMA expression was dampened in the ATL-I+CC group, accompanied by the aggravated deterioration of elastic fibers, which was in line with pathological injury results of AAA as described above (Figures 6A–D). Furthermore, we noticed that the supplement of compound C impaired the inhibitory effects of ATL-I on MMP-2 and MMP-9 expression, as displayed in Figures 6E, F. Collectively, these findings suggested that ATL-I mitigated the pathological lesion of AAA by activating AMPK signaling pathway.




Figure 6 | Effect of ATL-I on suppressing histopathological lesion of AAA through AMPK pathway. (A) Representative images of immunofluorescence. (B) Densitometric analysis of α-SMA. (C) Representative images of elastin staining. (D) Elastin degradation score. (E, F) Representative blots and semiquantitative analysis of MMP-2 and MMP-9. *P < 0.05, **P < 0.01, ****P < 0.0001 vs. the sham group; ###P< 0.001, ####P < 0.0001 vs. the AAA group; $P < 0.05, $$$P< 0.001, $$$$P< 0.0001 vs. the ATL-I group.







4 Discussion

AAA is a severe disease affecting human health. With the improvement of living standards and the aggravation of the aging population, the incidence of AAA has increased yearly and is up to 4-8% in elderly people over 50 years old (26, 27). The development of AAA is very insidious, and the early patients have no apparent symptoms (28). Once the aneurysm is ruptured, patients present with severe abdominal pain, only 50% of which have the opportunity for emergency treatment. Even so, the 30-day mortality rate is as high as 30%-70% (29, 30). The clinical treatment and management of AAA remains quite a considerable challenge. Therefore, it is of great significance for early diagnosis and intervention of these patients.

Currently, drug therapy using natural substances has received increasing attention (31). Traditional Chinese medicines (TCMs) are considered a promising future for disease therapy by virtue of minimal side effects, low costs, and high efficiency. Prior studies have found that ATL-I, a biologically active herb known as Baizhu, exerts protective effects in a variety of diseases (32–34). ATL-I ameliorated cancer cachexia through decreased the phosphorylation levels of STAT3 and PKM2 (33). ATL-I acted as an inhibitor of TLR4, NF-κB, and MAPK signaling pathways, alleviating acetaminophen-induced acute liver injury (35). Additionally, ATL-I elevated the contents of neurotransmitters (5-HT, dopamine, and norepinephrine) through binding to 5-HT2A, thus improving depression-like phenotypes (36). However, there is no study on the ATL-I on AAA progression.

The pathogenesis of AAA is usually relevant to inflammation and ECM remodeling. A waterfall-like inflammation cascade ascribes to secretion of proinflammatory factors, which recruit more macrophages and lymphocytes to the adventitia (10, 37). Macrophages, VSMCs and fibroblasts secrete large amounts of MMP-9 and MMP-2 to aggravate ECM breakdown (11, 38). Many TCMs have been proven to inhibit the pathological progression of AAA. Paeonol, a peony bark extract, prevented experimental AAA progression by inhibiting the NF-κB pathway (39). Betanin exerted anti-inflammatory activity and ROS scavenging ability in AAA progression (40). At present, many experiments in vivo and in vitro have demonstrated the remarkable anti-inflammation efficacy of ATL-I, and revealed that its mechanism of action was associated with inhibition of inflammatory cells and medium. It was reported that ATL-I dose-dependently inhibited a variety of inflammatory mediator, such as nitric oxide (NO), tumor necrosis factor-α (TNF-α), IL-1β, IL-6, vascular endothelial growth factor (VEGF), and placental growth factor (PlGF) (41–43). Li et al. showed that ATL-I inhibited the proliferation and migration of VSMCs induced by oxidized low density lipoprotein (ox-LDL), and simultaneously reduced the production of mononuclear chemotactic protein 1 (MCP-1) to ameliorate the development of atherosclerotic (16). We thought that ATL-I had anti-AAA potential. As anticipated, ATL-I reduced the degeneration of elastic fibers in the aorta caused by PPE, and inhibit the lumen dilatation, thereby curbing AAA formation. Further researches confirmed that the infiltration of M1 macrophages was reduced, and the M2 differentiation of macrophage was increased following ATL-I administration. At the same time, the levels of pro-inflammatory factors (IL-1β and IL-6) decreased, and the expression of anti-inflammatory factor IL-10 upregulated. More importantly, ATL-I decreased the secretion of MMP-2 and MMP-9, thereby weakening the ECM degeneration. Whether ATL-I has inhibitory effect on lymphocytes deserves further investigation. Collectively, the protective effect of ATL-I on AAA was attributed partially to its anti-inflammatory activity.

AMPK is a serine/threonine kinase in which α subunits (α1 and α2 subtypes) have catalytic activity, while β and γ subunits are involved in maintaining the stability of the heterotrimer complex (44). AMPK, as an energy sensor, plays a role in regulating intracellular energy balance. AMPK is also responsible for influencing the biological process of autophagy, cell proliferation and ECM anabolism (45–47). However, AMPK dysfunction exists in a variety of diseases, including obesity, diabetes, and cardiovascular diseases. Studies have shown that the expression of p-AMPK is decreased in AAA, which contributes to the elevation of MMP-2/9 (48, 49). Mammalian target of rapamycin (mTOR), as a downstream molecule of AMPK, was elevated in AAA, but an inhibitor of mTOR was demonstrated to restrain the progression of AAA. Given the crucial role of AMPK in the biological activity of VSMCs, AMPK might act as a promising intervention target for the prevention and treatment of AAA. In this study, ATL-I could activate AMPK signaling and down-regulated MMP-2/9 levels to inhibit AAA progression, which was rescued after supplementing with AMPK inhibitor. Some studies have shown that JAK2/STAT3 and TLR4 are molecular targets of ATL-I and are also key molecules in AAA progression (35, 50–54). Therefore, when exploring the mechanism of ATL-I regulation of AAA, we try to find other molecular targets to improve the innovation of this study. In subsequent studies, we will continue to explore whether ATL-I also inhibits AAA progression through JAK2/STAT3 or TLR4 pathway in AAA, so as to further clarify the molecular mechanism of ATL-I on AAA. Although ATL-I interrupts the inflammatory cascade, the origin of the initial inflammation in the AAA needs to be further investigated. Moreover, developing ATL-I based on Chinese herbal extracts or active ingredients for clinical application is another strategy worthy of attention.
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Background: Although blood urea nitrogen and albumin alone are well-known clinical indicators, combining them as the blood urea nitrogen-to-albumin ratio (BAR) may provide additional prognostic information because they reflect the complex interplay between renal function, nutritional status, and systemic inflammation—all of which are key factors in the pathogenesis of acute pancreatitis (AP). Therefore, the objective of this study was to investigate the relationships between BAR and short- and long-term all-cause mortality (ACM) in patients with AP and to assess the prognostic significance of the BAR in AP.

Methods: This retrospective investigation utilized information extracted from the Medical Information Mart for Intensive Care-IV (MIMIC-IV, Version 2.2) database. BAR was calculated using the BUN/ALB ratio obtained from the first measurement within 24 h of admission. R software was used to identify the optimal threshold for the BAR. The Kaplan–Meier (K–M) analysis was performed to compare mortality between the two groups. Multivariate Cox proportional hazards regression models and restricted cubic splines (RCS) were used to evaluate the association between BAR and 14-day, 28-day, 90-day, and 1-year ACM. The receiver operating characteristic curves were used to investigate the predictive ability, sensitivity, specificity, and area under the curve (AUC) of the BAR for short- and long-term mortality in AP patients. Subgroup analysis was performed to illustrate the reliability of our findings.

Results: This study comprised a total of 569 patients. The R software determined the optimal threshold for the BAR to be 16.92. The K–M analysis indicated a notable rise in ACM in patients with higher BAR (all log-rank p < 0.001). Cox proportional hazard regression models revealed independent associations between higher BAR and ACM before and after adjusting for confounding variables at days 14, 28, 90, and 1 year. The RCS analysis revealed J-shaped correlations between the BAR and short- and long-term ACM. The AUCs of the BAR for predicting ACM at days 14, 28, 90, and 1 year were 73.23, 76.14, 73.49, and 71.00%, respectively, which were superior to those of BUN, ALB, creatinine, Sequential Organ Failure Assessment, and Acute Physiology and Chronic Health Evaluation-II. Subgroup analyses revealed no significant interaction between BAR and the vast majority of subgroups.

Conclusion: This study revealed, for the first time, the unique prognostic value of BAR in ICU-managed AP patients. Higher levels of BAR were associated with higher short- and long-term ACM in ICU-managed AP patients.
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1 Introduction

Acute pancreatitis (AP) is a globally prevalent gastrointestinal disease characterized by the premature activation of a variety of digestive enzymes, leading to self-digestion by the pancreas; most patients with AP experience abdominal pain as the first symptom (1). AP imposes a heavy burden on the healthcare system, with a reported annual incidence of approximately 34 cases per 100,000 people and an associated mortality rate of approximately 1–5% (2). Approximately 20% of patients with AP are severely ill, often experiencing dysfunction of other organs and systems, and require hospitalization in the intensive care unit (ICU) (3). Despite tremendous progress that has been made in the management of intensive care, the mortality rate of patients with severe AP remains high, and this population tends to face a higher number of complications, including pancreatic necrosis, pancreatic pseudocysts, and chronic pancreatitis (4). Therefore, the identification of robust prognostic indicators for stratifying high-risk individuals with adverse outcomes holds pivotal clinical significance.

In recent years, the role of some common laboratory parameters, such as calcitoninogen, C-reactive protein, blood urea nitrogen (BUN), albumin (ALB), creatinine (Crea), and serum calcium, has been investigated in predicting the prognosis of patients with AP (5). For example, BUN primarily reflects changes in renal function and protein metabolism, as well as subtle variations in cardiac output and neurohumoral activity. Elevated BUN levels are associated with poor prognosis in a variety of diseases, including heart failure, renal disease, and other critical illnesses, and similar associations have been found in critically ill AP patients (6, 7). ALB primarily reflects the nutritional status of the body and plays important physiological roles, including maintenance of osmotic balance, promotion of molecular transport, antioxidant and anti-inflammatory effects, and stabilization of vascular endothelial function (8). While hypoalbuminemia is a marker of malnutrition, systemic inflammation, and abnormal liver function (8), all of which can severely affect the prognosis of patients with AP. However, although BUN and ALB are valuable for prognostication in patients with AP, their use as a combination of blood urea nitrogen-to-albumin ratio (BAR) may provide additional prognostic information because together they reflect a complex interplay between renal function, nutritional status, and systemic inflammation, all of which are key factors in the pathogenesis of AP. Prior research has established a robust correlation between BAR and various medical conditions, including pneumonia, sepsis, chronic obstructive pulmonary disease, cancer, gastrointestinal bleeding, and cardiovascular disease (9–14). However, its specific role in AP has not been fully explored, especially in patients hospitalized in the ICU. Given the high mortality rate in ICU-managed AP patients and the need for reliable and easy-to-use prognostic markers, we hypothesized that BAR could serve as a practical and easily calculated marker to help clinicians assess the short- and long-term risk of death in these patients.

Hence, the objective of this investigation was to examine the correlation between BAR and prognosis among AP patients, utilizing the Medical Information Mart for Intensive Care-IV database (MIMIC-IV, version 2.2). Specifically, we assessed the relationships between the BAR and short- and long-term all-cause mortality (ACM) in AP patients, as well as the predictive value of the BAR for short- and long-term ACM within this cohort. By elucidating the prognostic value of the BAR in AP, our results may contribute to early risk stratification and optimization of clinical management strategies, ultimately improving patient prognosis.



2 Methods


2.1 Data source

The data utilized in this study were sourced from the MIMIC-IV (v 2.2) database. This database is a comprehensive repository maintained by the Massachusetts Institute of Technology Computational Physiology Laboratory, providing public access. It encompasses the medical records of all patients admitted to the Beth Israel Deaconess Medical Center (15). For the protection of patient confidentiality, all personal data underwent de-identification, and randomized codes were assigned in place of patient identifiers. As a result, this study did not necessitate informed consent or ethical approval. The research team underwent training through the Collaborative Institutional Training Initiative and completed the “Conflict of Interest” and “Study Data or Specimens Only” exams, thereby gaining access to the database. Remarkably, several validation procedures were used to guarantee the precision of the extracted data, including independent reviews of critical data points, consistency assessments, and the utilization of statistical software to detect and rectify potential input errors or disparities.



2.2 Study population

Based on the International Classification of Diseases, Revision 9 (ICD-9) code 577.0 and International Classification of Diseases, Revision 10 (ICD-10) code K85–K85.92, hospitalization records for all AP patients were extracted from the MIMIC-IV (v 2.2) database. Strict exclusion criteria were applied to ensure the accuracy and robustness of the study results, as follows: (1) patients under 18 years old at their initial admission; (2) patients with recurrent ICU admissions for AP, with only data from their first admission retained; (3) patients with end-stage renal disease, cirrhosis, or malignant tumors; (4) patients with ICU stays of less than 24 h; and (5) patients for whom no information on BUN and/or ALB were recorded within 24 h of admission. Finally, this study included 569 patients (Figure 1).

[image: Figure 1]

FIGURE 1
 Flowchart for participants in MIMIV-IV (v 2.2).




2.3 Data extraction

The data extraction tools included PostgresSQL (version 13.7.2), Navicate Premium (version 16), and Structured Query Language (SQL). Data were extracted from the following major domains in this study: demographic variables, vital signs, clinical treatments, comorbidities, laboratory results, and clinical outcomes. Table 1 presents more details on data extraction.



TABLE 1 Covariates extracted in detail.
[image: Table1]



2.4 Handling of abnormal and missing values

Using the STATA winsor2 command, the outlier variables were processed using the winsorization method at the 1 and 99% cutoffs. The research team used multiple estimation methods to address missing values. Variables with >15% of the values missing, such as height, C-reactive protein levels, and procalcitonin levels, were excluded.



2.5 Outcome indicators

In this study, the endpoints consisted of ACM at 14-, 28-, and 90-day, as well as 1-year post-admission, among patients diagnosed with AP.



2.6 Statistical analysis

Continuous variables were expressed as means ± standard deviation (SD) for normally distributed data and as medians (interquartile range [IQR]) for skewed distributions. Normally distributed continuous variables were analyzed using the t-test or analysis of variance (ANOVA), whereas skewed variables were analyzed using the Mann–Whitney U-test or Kruskal–Wallis test. Categorical data were expressed as numbers (%) and were compared using either the chi-square test or Fisher’s exact test. The optimal cutoff point for BAR in this study was determined using R software (version 4.3.2; Supplementary Figure 1). According to the determined optimal BAR cutoff, the study cohort was segregated into two cohorts: lower BAR and higher BAR. The Cox proportional hazards models were used to assess the association between BAR and study endpoints, yielding hazard ratio (HR) and 95% confidence interval (CI). Three models were utilized to adjust for confounding factors: Model 1 (baseline model), Model 2 (adjusted for age, sex, and ethnicity), and Model 3 (adjusted for age, sex, ethnicity, hypertension, diabetes, heart failure, respiratory failure (RF), sepsis, white blood cell count, platelet count, Crea level, vasopressin level, continuous renal replacement therapy (CRRT), and Sequential Organ Failure Assessment [SOFA]). The Kaplan–Meier (K–M) survival analysis was used to evaluate ACM across the two groups, with the log-rank test utilized to compare the survival curves. The restricted cubic spline (RCS) curves were used to investigate potential dose–response associations between BAR and ACM at different time points. The receiver operating characteristic (ROC) analyses were used to evaluate the predictive performance of BAR, BUN, ALB, Crea, SOFA, and Acute Physiology and Chronic Health Evaluation-II (APACHE-II) for ACM at different time points, and the area under the curve (AUC) was calculated. Finally, subgroup analyses were conducted to examine the consistency of BAR prognostic values across various subgroups. The subgroups were defined by age, sex, hypertension, diabetes, and RF. All analyses required a significance threshold of p < 0.05 (two-tailed). Data analysis was conducted using R software (version 4.3.2), STATA software (version 16.0), and IBM SPSS software (version 22.0).




3 Results


3.1 Baseline characteristics of the participants

Following stringent inclusion and exclusion criteria, a total of 569 patients diagnosed with AP were incorporated into this study (Figure 1). According to the identified optimal cutoff for BAR, participants were categorized into lower BAR (<16.92) and higher BAR (≥16.92) groups. Table 2 displays the baseline characteristics of the patients. Patients with higher BAR were usually older, with higher prevalences of acute kidney injury (AKI), sepsis, and RF. Red blood cell counts, hemoglobin levels, ALB levels, and total serum calcium levels were lower in patients with higher BAR compared to those with lower BAR, whereas the red blood cell distribution widths, anion gap levels, blood glucose levels, Crea levels, BUN levels, prothrombin times, and serum potassium ion levels were higher in the higher BAR group. Moreover, patients in the higher BAR group had higher ACM, as follows: 14-day mortality (5.33% vs. 21.00%, p < 0.001), 28-day mortality (7.89% vs. 32.00%, p < 0.001), 90-day mortality (13.65% vs. 43.00%, p < 0.001), and 1-year mortality (18.34% vs. 48.00%, p < 0.001).



TABLE 2 Baseline characteristics in patients with acute pancreatitis.
[image: Table2]



3.2 The K–M curve analysis

In this study, 46 of the 569 patients with AP died within 14 days, 69 died within 28 days, 107 died within 90 days, and 134 died within 1 year. The K–M curves demonstrated notable disparities in ACM between the two groups at days 14, 28, 90, and 1 year (Figure 2). At these time points, patients in the higher BAR group exhibited notably higher ACM compared to those in the lower BAR group (all log-rank p < 0.001).

[image: Figure 2]

FIGURE 2
 Kaplan–Meier curves and cumulative incidence of 14-day (A), 28-day (B), 90-day (C), and 365-day (D) all-cause mortality stratified by BAR groups.




3.3 Association between ACM and BAR

By constructing multivariate Cox regression models, we further evaluated the association between BAR and 14-day, 28-day, 90-day, and 1-year ACM among patients diagnosed with AP. In unadjusted Model 1, a higher BAR correlated significantly with an elevated risk of mortality over time, as follows: day 14 (HR, 4.37; 95% CI, 2.44–7.80; p < 0.001), day 28 (HR, 4.69; 95% CI, 2.92–7.53; p < 0.001), day 90 (HR, 3.92; 95% CI, 2.66–5.78; p < 0.001), and 1 year (HR, 3.41; 95% CI, 2.39–4.85; p < 0.001). Model 2 was adjusted for age, sex, and ethnicity. The findings indicated that individuals with elevated BAR continued to exhibit heightened mortality risks, as follows: day 14 (HR, 3.27; 95% CI, 1.81–5.90; p < 0.001), day 28 (HR, 3.67; 95% CI, 2.26–5.96; p < 0.001), day 90 (HR, 3.12; 95% CI, 2.10–4.64; p < 0.001), and 1 year (HR, 2.72; 95% CI, 1.90–3.9; p < 0.001). Model 3 was adjusted for additional potential confounders, including age, sex, ethnicity, hypertension, diabetes, heart failure, RF, sepsis, white blood cell count, Crea level, platelet count, vasopressin level, CRRT, and SOFA score. The results similarly confirmed that patients with higher BAR were still at a higher risk of ACM at days 14, 28, 90, and 1 year. Table 3 provides the detailed results.



TABLE 3 Cox proportional hazard ratios (HR) for all-cause mortality.
[image: Table3]



3.4 Non-linear relationship detection

RCS analyses revealed a J-shaped correlation between the BAR and ACM at days 14, 28, 90, and 1 year in AP patients (Figure 3). Specifically, the mortality risk among patients with AP exhibited a gradual increase when the BAR was <16.92; after exceeding 16.92, the risk of mortality increased significantly and rapidly (P for non-linear = 0.52 at day 14, P for non-linear = 0.21 at day 28, P for non-linear = 0.39 at day 90, and P for non-linear = 0.46 at 1-year).

[image: Figure 3]

FIGURE 3
 Restricted cubic spline curves of BAR with all-cause mortality in patients with acute pancreatitis.




3.5 Forecasting ACM in AP patients using BAR

By plotting ROC curves for BAR, BUN, ALB, Crea, SOFA, and APACHE-II, we evaluated their predictive values for ACM in patients at days 14, 28, 90, and 1 year. The results are shown in Figure 4. The results of our study revealed that BAR was superior to BUN, ALB, Crea, SOFA, and APACHE-II in predicting ACM at days 14, 28, 90, and 1 year in patients with AP in terms of AUC values. For example, compared with BUN [69.73% (95% CI, 61.88–77.57)], ALB [64.29% (95% CI, 54.07–74.50)], Crea [66.58% (95% CI, 58.05–75.11)], SOFA [58.50% (95% CI, 48.11–68.90)], and APACHE-II [73.16% (95% CI, 65.23–81.09)], BAR had a significantly improved AUC on day 14 [73.23% (95% CI, 66.18–80.28)]. In addition to this example, more detailed results are shown in Figure 4. The data depicted in Figure 4 are summarized in Table 4. Our findings highlight the exceptional predictive capacity of BAR for ACM among AP patients, highlighting its significant clinical utility.

[image: Figure 4]

FIGURE 4
 Receiver operating characteristic curves for predicting all-cause mortality in patients with acute pancreatitis.




TABLE 4 Information of ROC curves in Figure 4.
[image: Table4]



3.6 Subgroup analysis

We further investigated the correlation between BAR and ACM at days 14, 28, 90, and 1 year across various subgroups of AP patients. When stratified by age, sex, hypertension, diabetes mellitus, and RF, the forest plots revealed non-significant interactions between BAR and the majority of subgroups (p > 0.05). Except for the day 14, we observed a minor interaction between BAR and age subgroups (p = 0.04), and at 1-year, a minor interaction was observed between BAR and diabetes subgroups (p = 0.04). More detailed results are presented in Figure 5. These results confirmed the robustness of our conclusions.

[image: Figure 5]

FIGURE 5
 Forest plots of stratified analyses of BAR and 14-day (A), 28-day (B), 90-day (C), and 365-day (D) all-cause mortality.





4 Discussion

AP is a gastrointestinal disorder characterized by elevated morbidity and mortality rates, particularly in patients admitted to the ICU. Despite improvements in intensive care management, prognostic markers of mortality in patients with AP continue to be explored. In this retrospective cohort analysis, we explored the correlation between BAR and ACM among ICU patients diagnosed with AP. Our findings revealed that elevated BAR levels independently correlated with an increased risk of ACM at 14-day, 28-day, 90-day, and 1-year post-admission. This relationship remained unchanged even after adjusting for potential confounders. The K–M survival analyses demonstrated a notable distinction: patients diagnosed with AP exhibiting BAR exceeding 16.92 exhibited considerably elevated levels of ACM at days 14, 28, 90, and 1 year compared to those with BAR of 16.92 or lower. Additionally, the BAR served as a reliable predictor of ACM among patients with AP. The AUC values demonstrated that the BAR had higher accuracy than BUN, ALB, Crea, SOFA, and APACHE-II. The subgroup analyses further confirmed the robustness of our conclusions. Hence, this study introduces a new, straightforward, and efficient biomarker for assessing mortality risk in AP patients.

BUN is a nitrogen-containing compound in the plasma that can be used to assess not only renal function but also the body’s nutritional status, blood volume, and protein metabolism (16). The BUN levels are often elevated in critically ill patients (e.g., those with acute heart failure and diabetes) (17, 18). Dai et al. (19) found that elevated BUN levels within 24 h of admission were independently associated with a higher risk of 30-day ACM in individuals diagnosed with AP. Our results further confirmed the significant increase in BUN levels in AP patients hospitalized in the ICU. Elevated BUN in AP patients is a multifactorial process that is closely related to the systemic inflammatory response and organ dysfunction that characterize severe AP (20). One of the main mechanisms is reduced renal perfusion due to hypovolemia and shock, which often accompany AP patients managed in ICU (21, 22). Hypovolemia may result from fluid loss into the third space, capillary leakage syndrome, or intravascular volume depletion, which leads to a decrease in glomerular filtration rate (GFR) and the subsequent accumulation of nitrogenous waste products such as urea in the blood (21, 22). In addition, a systemic inflammatory response characterized by elevated levels of cytokines, such as tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6), exacerbates renal dysfunction by promoting vascular permeability and fluid shifts, leading to prerenal azotemia (23, 24). Furthermore, during the entire pathological course, the pancreas releases large amounts of digestive enzymes that can damage the surrounding tissues and blood vessels. The body responds to tissue damage by synthesizing and releasing additional proteins as raw materials for repair and regeneration. The decomposition of these additional proteins increases the production of BUN, resulting in elevated BUN levels in the blood (25). Next, patients may experience symptoms such as vomiting and diarrhea, leading to fluid loss and dehydration, and the insufficient blood volume further activates the renin–angiotensin–aldosterone system to increase the reabsorption of BUN in the body (26–28). Moreover, patients with AP may simultaneously develop AKI. When the kidneys do not function properly, BUN excretion is reduced, leading to higher blood BUN levels (29, 30).

ALB serves not only as an indicator of the body’s nutritional status but also performs crucial functions in maintaining intravascular colloid osmolality and exerting anti-inflammatory and antioxidant effects (31). ALB is also commonly used to evaluate the severity of AP and the efficacy of treatment (32). Patients with AP are often hypoproteinemic, which is the result of a combination of decreased synthesis of ALB, increased catabolism, and redistribution of ALB due to inflammatory responses and altered vascular permeability (33). First, during the acute phase of pancreatitis, ALB production is frequently suppressed as the liver shifts to synthesize acute-phase proteins (e.g., C-reactive protein (CRP)) due to a systemic inflammatory response driven by cytokines (e.g., IL-6) (34, 35). At the same time, the increased vascular permeability resulting from the inflammatory cascade causes leakage of ALB into the interstitial space, leading to a decrease in circulating serum ALB (27, 34, 36). The development of AP is intricately linked to oxidative stress. In addition, inflammatory response activation and inflammatory cell recruitment lead to tissue damage, and ALB increases the generation of anti-inflammatory agents (such as lipoxins, hemopexins, and protective proteins), facilitating the restoration of injured tissue (32). This depletion of ALB is attributed to substantial utilization during this process, which could elucidate the frequently observed low ALB levels in AP patients. Moreover, AP often triggers a hypermetabolic state that leads to increased proteolysis, further reducing serum albumin levels. The combination of decreased synthesis, increased extravasation, and increased catabolism results in hypoalbuminemia, which in turn is associated with a worse clinical prognosis and higher mortality in patients with AP.

BAR integrates the clinical values of BUN and ALB for AP and is a comprehensive parameter that reflects renal function, liver function, inflammation, nutritional status, endothelial function, and blood volume. In recent studies, the BAR has been used to assess the prognoses of critically ill patients. Zhang et al. (37) found that an increased BAR predicted mortality in ICU patients with severe coronary artery disease. The AUC of BAR in predicting hospitalization, 28-day, and 1-year mortality were 0.671, 0.673, and 0.685, respectively, and its predictive performance was better than that of BUN or ALB alone. In another cohort study including 12,125 patients, Shi et al. (38) found a significant association between elevated BAR levels and heightened ACM among patients with AKI. Meanwhile, the ROC curve results suggested that BAR predicted 28-day and 365-day ACM, with an AUC of 0.649 and 0.662, respectively, which were superior to those of BUN and SOFA. Similarly, Nam et al. (39) observed a robust correlation between BAR and various types of cerebral small-vessel disease in individuals undergoing health screening. BAR is a more reliable predictor than BUN or ALB alone. In our study, the relationship between BAR and short- and long-term ACM in AP patients was influenced by the interplay between renal function, systemic inflammation, and nutritional status. BAR effectively integrates these two key metrics: serum BUN, which reflects the severity of renal impairment and systemic inflammatory response, and ALB, which reflects the nutritional and hepatic functional status of the patient. A higher BAR indicates elevated BUN and lower ALB, both of which are associated with a worse prognosis in critically ill AP patients. BAR is a reliable prognostic tool because it captures the cumulative burden of systemic inflammation, organ dysfunction, and malnutrition in patients with AP, which explains its strong association with short- and long-term mortality.

Similar results have been obtained by our research team. ACM significantly increased in AP patients at days 14, 28, 90, and 1 year when the BAR was >16.92. The ROC curves demonstrated that the AUC values of the BAR were higher than those of ALB, BUN, Crea, SOFA, and APACHE-II. While SOFA is frequently used as a scoring system for ICU patients and demonstrates favorable predictive efficacy for mortality in critically ill individuals (40, 41), our investigation revealed that BAR exhibited superior AUC values compared to SOFA in forecasting ACM among AP patients at days 14, 28, 90, and 1 year. APACHE-II is also one of the most widely used critical illness evaluation systems in the current ICU, which can objectively assess the severity of the patient’s condition and provide a scientific basis for the rational utilization of medical resources and the improvement of medical quality (1). Meanwhile, APACHE-II is also a commonly used prognostic evaluation tool for AP patients. According to our results, we believe that BAR has an advantage over more complex scoring systems (e.g., SOFA or APACHE-II) in evaluating the prognosis of AP (especially critically ill patients hospitalized in ICU). Although these scoring systems are valuable, they typically require the integration of multiple clinical variables and are not readily available for use in all clinical settings. For example, the APACHE-II scoring system consists of three main components: the Acute Physiology Score (APS), the Age Score, and the Chronic Health Score (CHS). The APS, in turn, contains 12 physiologic indicators, and the CHS contains 5 components. Thus, the APACHE-II is complicated to calculate. In contrast, the BAR provides a simple, readily available, and cost-effective tool that can be calculated using two routine laboratory measurements (BUN and ALB), making it a practical option for clinicians in both resource-rich and resource-limited settings. More importantly, our study demonstrated that BAR has a higher predictive accuracy compared to BUN, ALB, Crea, SOFA, and APACHE-II, as reflected by the AUC values for short- and long-term ACM. This finding emphasizes the potential clinical utility of BAR as an independent and easily implemented prognostic marker for patients with AP in the ICU.

A major advantage of this study is that it is the first to propose that BAR is an independent predictor of short- and long-term ACM in ICU-managed AP patients. The extensive and diverse population data in the MIMIC-IV database allowed us to make comprehensive statistical adjustments, effectively control for potential confounding variables, and ensure the reliability of our findings. Our findings have important clinical implications. Early assessment of the BAR can help clinicians identify patients at high risk for poor outcomes in AP and enable timely interventions to improve prognosis. Compared with other complex scoring systems, the BAR has the advantage of being simple, economical, and easy to calculate, and it can be used in a variety of healthcare settings, including resource-limited healthcare organizations.

While our study offers valuable insights into the prognostic significance of the BAR in AP patients, it is important to acknowledge several limitations. First, our study was limited by its retrospective nature and single-center design, which may restrict the generalizability of our findings. Therefore, prospective multicenter studies are warranted. Second, due to constraints inherent to the MIMIC-IV database, the precise causes of mortality among patients with AP remain indeterminate, thereby constraining our capacity to evaluate the BAR’s prognostic utility in AP-specific mortality. The inclusion of detailed etiological data is necessary for future studies. Third, our analyses focused on initial BAR levels at the time of patient admission; therefore, the dynamic alterations in BAR over time were beyond our scope of assessment. Future studies on the predictive value of dynamic BAR measurements are required to elucidate their clinical utility. In addition, malnutrition has a significant impact on serum BUN and ALB levels. However, we were unable to assess the extent to which prehospital malnutrition affects the predictive value of BAR in AP patients hospitalized in the ICU because of the inability to know the nutritional level of the patients before admission. Therefore, future studies are necessary to further explore the potential impact of nutritional status on the predictive value of BAR. Finally, despite multivariate adjustments and subgroup analyses, several other potential confounders may have affected the results.



5 Conclusion

Our research revealed a notable correlation between BAR and ACM among ICU patients with AP. The BAR stands out as a promising prognostic biomarker, offering clinicians a straightforward and efficient tool to stratify risk and promptly identify patients with a heightened risk of mortality. Future prospective studies are necessary to validate our findings and elucidate the intrinsic association between BAR and AP mortality outcomes.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material; further inquiries can be directed to the corresponding authors.



Author contributions

JW: Conceptualization, Funding acquisition, Methodology, Project administration, Resources, Software, Supervision, Visualization, Writing – original draft, Writing – review & editing. HnL: Conceptualization, Formal analysis, Writing – original draft, Writing – review & editing. PY: Conceptualization, Writing – original draft. XCh: Data curation, Funding acquisition, Resources, Software, Writing – original draft. SC: Visualization, Writing – original draft. LD: Formal analysis, Writing – original draft. XZ: Formal analysis, Writing – review & editing. HiL: Formal analysis, Investigation, Validation, Writing – review & editing. DZ: Investigation, Visualization, Writing – review & editing. XCa: Data curation, Funding acquisition, Resources, Software, Writing – original draft. HaL: Conceptualization, Formal analysis, Investigation, Validation, Writing – review & editing. DW: Project administration, Software, Supervision, Validation, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This study was supported by National Natural Science Foundation of China (NSFC) (Grant no. 82400758), NHC Key Laboratory of Nuclear Technology Medical Transformation (Mianyang Central Hospital) (Grant no. 2023HYX032 and 2023HYX029), Health Commission of Sichuan Province Medical Science and Technology Program (Grant no. 24QNMP028), Clinical Special Project of Mianyang Central Hospital (Grant no. 2024LC007), Incubation Project of Mianyang Central Hospital (Grant no. 2023FH005), House-level Project of Mianyang Central Hospital (Grant no. 2021YJ011), and Medical Research Youth Innovation Project of Sichuan Province, China (Grant no. Q23046).



Acknowledgments

We are grateful to the MIMIV-IV participants and staff. We appreciate all the reviewers who participated in the review, as well as Editage for providing English editing services during the preparation of this study.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnut.2025.1435356/full#supplementary-material



References

 1. Mederos, MA, Reber, HA, and Girgis, MD. Acute pancreatitis: a review. JAMA. (2021) 325:382. doi: 10.1001/jama.2020.20317 

 2. Petrov, MS, and Yadav, D. Global epidemiology and holistic prevention of pancreatitis. Nat Rev Gastroenterol Hepatol. (2019) 16:175–84. doi: 10.1038/s41575-018-0087-5 

 3. Krishna, SG, Kamboj, AK, Hart, PA, Hinton, A, and Conwell, DL. The changing epidemiology of acute pancreatitis hospitalizations: a decade of trends and the impact of chronic pancreatitis. Pancreas. (2017) 46:482–8. doi: 10.1097/MPA.0000000000000783 

 4. Trikudanathan, G, Wolbrink, DRJ, van Santvoort, HC, Mallery, S, Freeman, M, and Besselink, MG. Current concepts in severe acute and necrotizing pancreatitis: an evidence-based approach. Gastroenterology. (2019) 156:1994–2007.e3. doi: 10.1053/j.gastro.2019.01.269 

 5. Hu, JX, Zhao, CF, Wang, SL, Tu, XY, Huang, WB, Chen, JN , et al. Acute pancreatitis: a review of diagnosis, severity prediction and prognosis assessment from imaging technology, scoring system and artificial intelligence. World J Gastroenterol. (2023) 29:5268–91. doi: 10.3748/wjg.v29.i37.5268 

 6. Haines, RW, Zolfaghari, P, Wan, Y, Pearse, RM, Puthucheary, Z, and Prowle, JR. Elevated urea-to-creatinine ratio provides a biochemical signature of muscle catabolism and persistent critical illness after major trauma. Intensive Care Med. (2019) 45:1718–31. doi: 10.1007/s00134-019-05760-5 

 7. Aronson, D, Hammerman, H, Beyar, R, Yalonetsky, S, Kapeliovich, M, Markiewicz, W , et al. Serum blood urea nitrogen and long-term mortality in acute ST-elevation myocardial infarction. Int J Cardiol. (2008) 127:380–5. doi: 10.1016/j.ijcard.2007.05.013 

 8. Belinskaia, DA, Voronina, PA, Shmurak, VI, Jenkins, RO, and Goncharov, NV. Serum albumin in health and disease: esterase, antioxidant, transporting and signaling properties. Int J Mol Sci. (2021) 22:10318. doi: 10.3390/ijms221910318 

 9. Peng, X, Huang, Y, Fu, H, Zhang, Z, He, A, and Luo, R. Prognostic value of blood urea nitrogen to serum albumin ratio in intensive care unit patients with lung Cancer. Int J Gen Med. (2021) 14:7349–59. doi: 10.2147/IJGM.S337822 

 10. Han, T, Cheng, T, Liao, Y, Tang, S, Liu, B, He, Y , et al. Analysis of the value of the blood urea nitrogen to albumin ratio as a predictor of mortality in patients with Sepsis. J Inflamm Res. (2022) 15:1227–35. doi: 10.2147/JIR.S356893 

 11. Bae, SJ, Kim, K, Yun, SJ, and Lee, SH. Predictive performance of blood urea nitrogen to serum albumin ratio in elderly patients with gastrointestinal bleeding. Am J Emerg Med. (2021) 41:152–7. doi: 10.1016/j.ajem.2020.12.022 

 12. Alirezaei, T, Hooshmand, S, Irilouzadian, R, Hajimoradi, B, Montazeri, S, and Shayegh, A. The role of blood urea nitrogen to serum albumin ratio in the prediction of severity and 30-day mortality in patients with COVID-19. Health Sci Rep. (2022) 5:e606. doi: 10.1002/hsr2.606 

 13. Sevdımbas, S, Satar, S, Gulen, M, Acehan, S, Acele, A, Koksaldı Sahin, G , et al. Blood urea nitrogen/albumin ratio on admission predicts mortality in patients with non ST segment elevation myocardial infarction. Scand J Clin Lab Invest. (2022) 82:454–60. doi: 10.1080/00365513.2022.2122075 

 14. Lin, Z, Zhao, Y, Xiao, L, Qi, C, Chen, Q, and Li, Y. Blood urea nitrogen to serum albumin ratio as a new prognostic indicator in critical patients with chronic heart failure. ESC Heart Fail. (2022) 9:1360–9. doi: 10.1002/ehf2.13825 

 15. Johnson, AEW, Bulgarelli, L, Shen, L, Gayles, A, Shammout, A, Horng, S , et al. MIMIC-IV, a freely accessible electronic health record dataset. Sci Data. (2023) 10:1. doi: 10.1038/s41597-022-01899-x 

 16. Tanaka, S, Ninomiya, T, Taniguchi, M, Tokumoto, M, Masutani, K, Ooboshi, H , et al. Impact of blood urea nitrogen to creatinine ratio on mortality and morbidity in hemodialysis patients: the Q-cohort study. Sci Rep. (2017) 7:14901. doi: 10.1038/s41598-017-14205-2 

 17. Miura, M, Sakata, Y, Nochioka, K, Takahashi, J, Takada, T, Miyata, S , et al. Prognostic impact of blood urea nitrogen changes during hospitalization in patients with acute heart failure syndrome. Circ J. (2013) 77:1221–8. doi: 10.1253/circj.cj-12-1390 

 18. Zhong, JB, Yao, YF, Zeng, GQ, Zhang, Y, Ye, BK, Dou, XY , et al. A closer association between blood urea nitrogen and the probability of diabetic retinopathy in patients with shorter type 2 diabetes duration. Sci Rep. (2023) 13:9881. doi: 10.1038/s41598-023-35653-z 

 19. Dai, M, Fan, Y, Pan, P, and Tan, Y. Blood urea nitrogen as a prognostic marker in severe acute pancreatitis. Dis Markers. (2022) 2022:7785497–10. doi: 10.1155/2022/7785497 

 20. Wang, Z, Wang, W, Wang, M, He, Q, Xu, J, Zou, K , et al. Blood urine nitrogen trajectories of acute pancreatitis patients in intensive care units. J Inflamm Res. (2024) 17:3449–58. doi: 10.2147/JIR.S460142 

 21. He, K, Gao, L, Yang, Z, Zhang, Y, Hua, T, Hu, W , et al. Aggressive versus controlled fluid resuscitation in acute pancreatitis: a systematic review and meta-analysis of randomized controlled trials. Chin Med J. (2023) 136:1166–73. doi: 10.1097/CM9.0000000000002684 

 22. De-Madaria, E, Buxbaum, JL, Maisonneuve, P, García García De Paredes, A, Zapater, P, Guilabert, L , et al. Aggressive or moderate fluid resuscitation in acute pancreatitis. N Engl J Med. (2022) 387:989–1000. doi: 10.1056/NEJMoa2202884

 23. Xu, L, Wang, T, Xu, Y, and Jiang, C. Investigation of the pharmacological mechanisms of Shenfu injection in acute pancreatitis through network pharmacology and experimental validation. Heliyon. (2024) 10:e37491. doi: 10.1016/j.heliyon.2024.e37491 

 24. Mititelu, A, Grama, A, Colceriu, MC, Benţa, G, Popoviciu, MS, and Pop, TL. Role of interleukin 6 in acute pancreatitis: a possible marker for disease prognosis. Int J Mol Sci. (2024) 25:8283. doi: 10.3390/ijms25158283 

 25. Lee, DW, Kim, HG, Cho, CM, Jung, MK, Heo, J, Cho, KB , et al. Natural course of early detected acute Peripancreatic fluid collection in moderately severe or severe acute pancreatitis. Medicina (Kaunas). (2022) 58:1131. doi: 10.3390/medicina58081131 

 26. Cen, ME, Wang, F, Su, Y, Zhang, WJ, Sun, B, and Wang, G. Gastrointestinal microecology: a crucial and potential target in acute pancreatitis. Apoptosis. (2018) 23:377–87. doi: 10.1007/s10495-018-1464-9 

 27. Bush, N, and Rana, SS. Ascites in acute pancreatitis: clinical implications and management. Dig Dis Sci. (2022) 67:1987–93. doi: 10.1007/s10620-021-07063-6 

 28. Nassar, TI, and Qunibi, WY. AKI associated with acute pancreatitis. Clin J Am Soc Nephrol. (2019) 14:1106–15. doi: 10.2215/CJN.13191118 

 29. Scurt, FG, Bose, K, Canbay, A, Mertens, PR, and Chatzikyrkou, C. Pankreatitisbedingte akute Nierenschädigung (AP-AKI): definition, Pathophysiologie, Diagnostik und Therapie [acute kidney injury following acute pancreatitis (AP-AKI): definition, pathophysiology, diagnosis and therapy]. Z Gastroenterol. (2020) 58:1241–66. doi: 10.1055/a-1255-3413

 30. Fanali, G, di Masi, A, Trezza, V, Marino, M, Fasano, M, and Ascenzi, P. Human serum albumin: from bench to bedside. Mol Asp Med. (2012) 33:209–90. doi: 10.1016/j.mam.2011.12.002 

 31. Hong, W, Lillemoe, KD, Pan, S, Zimmer, V, Kontopantelis, E, Stock, S , et al. Development and validation of a risk prediction score for severe acute pancreatitis. J Transl Med. (2019) 17:146. doi: 10.1186/s12967-019-1903-6 

 32. Lu, Y, Guo, H, Chen, X, and Zhang, Q. Association between lactate/albumin ratio and all-cause mortality in patients with acute respiratory failure: a retrospective analysis. PLoS One. (2021) 16:e0255744. doi: 10.1371/journal.pone.0255744 

 33. Ni, T, Wen, Y, Wang, Y, Jiang, W, Sheng, H, Chen, E , et al. Association between albumin or prealbumin levels at different stages and prognosis in severe acute pancreatitis: a 5-year retrospective study. Sci Rep. (2022) 12:16792. doi: 10.1038/s41598-022-21278-1 

 34. Staubli, SM, Oertli, D, and Nebiker, CA. Laboratory markers predicting severity of acute pancreatitis. Crit Rev Clin Lab Sci. (2015) 52:273–83. doi: 10.3109/10408363.2015.1051659

 35. Pavlidis, TE, Pavlidis, ET, and Sakantamis, AK. Advances in prognostic factors in acute pancreatitis: a mini-review. Hepatobiliary Pancreat Dis Int. (2010) 9:482–6.

 36. Caruso, M, Rinaldo, C, Iacobellis, F, Dell'Aversano Orabona, G, Grimaldi, D, Di Serafino, M , et al. Abdominal compartment syndrome: what radiologist needs to know. Radiol Med. (2023) 128:1447–59. doi: 10.1007/s11547-023-01724-4 

 37. Zhang, L, Xing, M, Yu, Q, Li, Z, Tong, Y, and Li, W. Blood urea nitrogen to serum albumin ratio: a novel mortality indicator in intensive care unit patients with coronary heart disease. Sci Rep. (2024) 14:7466. doi: 10.1038/s41598-024-58090-y 

 38. Shi, Y, Duan, H, Liu, J, Shi, X, Zhang, Y, Zhang, Q , et al. Blood urea nitrogen to serum albumin ratio is associated with all-cause mortality in patients with AKI: a cohort study. Front Nutr. (2024) 11:1353956. doi: 10.3389/fnut.2024.1353956 

 39. Nam, KW, Kwon, HM, Jeong, HY, Park, JH, and Min, K. Blood urea nitrogen to albumin ratio is associated with cerebral small vessel diseases. Sci Rep. (2024) 14:4455. doi: 10.1038/s41598-024-54919-8 

 40. Ohland, PLS, Jack, T, Mast, M, Melk, A, Bleich, A, and Talbot, SR. Continuous monitoring of physiological data using the patient vital status fusion score in septic critical care patients. Sci Rep. (2024) 14:7198. doi: 10.1038/s41598-024-57712-9 

 41. Ferreira, FL, Bota, DP, Bross, A, Mélot, C, and Vincent, JL. Serial evaluation of the SOFA score to predict outcome in critically ill patients. JAMA. (2001) 286:1754–8. doi: 10.1001/jama.286.14.1754 



Glossary

AKI - acute kidney injury

ALB - albumin

ANOVA - analysis of variance

AP - acute pancreatitis

AUC - area under the curve

BAR - blood urea nitrogen to albumin ratio

BUN - blood urea nitrogen

CI - confidence interval

Crea - creatinine

HR - hazard ratio

ICD-10 - International Classification of Diseases, Revision 10

ICU - intensive care unit

IQR - interquartile range

MIMIC-IV - Medical Information Mart for Intensive Care-IV

RF - respiratory failure

K–M - Kaplan–Meier

ROC - receiver operating characteristic

RCS - restricted cubic spline

SD - standard deviation

SOFA - Sequential Organ Failure Assessment

SQL - Structured Query Language

CRRT - continuous renal replacement therapy

APACHE-II - Acute Physiology and Chronic Health Evaluation-II.
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Human-Bmall sense: 5'-AAGGGAAGCTCACAGTCAGAT-3’
Human-Bmall antisense: 5'-GGACATTGCGTTGCATGTTGG-3
Human-Claudin-1 sense: 5-CCTCCTGGGAGTGATAGCAAT-3
Human-Claudin-1 antisense: 5'-GGCAACTAAAATAGCCAGACCT-3'
Human-Occludin sense: 5'-ACAAGCGGTTTTATCCAGAGTC-3’
Human-Occludin antisense: 5'-GTCATCCACAGGCGAAGTTAAT-3'
Human-ZO-1 sense: 5'-CAACATACAGTGACGCTTCACA-3’
Human-ZO-1 antisense: 5'-CACTATTGACGTTTCCCCACTC-3’
Human-Actin sense: 5-CACTCTTCCAGCCTTCCTTC-3’
Human-Actin antisense: 5-GTACAGGTCTTTGCGGATGT-3
Mouse-Bmall sense: 5'-ACAGTCAGATTGAAAAGAGGCG-3’
Mouse-Bmall antisense: V 5-GCCATCCTTAGCACGGTGAG-3’
Mouse-Clock sense: 5-ATGGTGTTTACCGTAAGCTGTAG-3’
Mouse-Clock antisense: 5-CTCGCGTTACCAGGAAGCAT-3’
Mouse-Cryl sense: 5'-CACTGGTTCCGAAAGGGACTC-3’
Mouse-Cryl antisense: 5'-CTGAAGCAAAAATCGCCACCT-3'
Mouse-Cry2 sense: 5'-CACTGGTTCCGCAAAGGACTA-3'
Mouse-Cry2 antisense: 5'-CCACGGGTCGAGGATGTAGA-3’
Mouse-Perl sense: 5'-GAATTGGAGCATATCACATCCGA-3’
Mouse-Perl antisense: 5'-CCCGAAACACATCCCGTTTG-3’
Mouse-Per2 sense: 5'-CTCCAGCGGAAACGAGAACTG-3’
Mouse-Per2 antisense: 5-TTGGCAGACTGCTCACTACTG-3’
Mouse-Actin sense: 5-CAGCCTTCCTTCTTGGGTATG-3’
Mouse-Actin antisense: 5-GGCATAGAGGTCTTTACGGATG-3
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Name Betweenness Closeness Degree Eigenvector (€
STAT3 3022558652 0.833333333 4 0256566882 1595454545
EGFR 188.2908494 0.763888889 38 02333235 15
JUN 1622961842 0.763888889 38 0241509199 1631578947
MYC 133.5845134 0.743243243 36 0.222588494 1561111111
ILIB 115329795 0714285714 3 020133093 1454545455
HIFIA 8205545782 0.6875 30 0.194912553 1326666667
CONDI 67.55248011 0.679012346 2 0.185118765 1448275862
STATL 9142234214 0.679012346 2 0.185630053 1303448276
RELA 79.19973195 0.670731707 2 0.184223786 I
HSPs0AAL 69.52500193 0.670731707 2 0.181013584 1321428571
HSPYOABL 6163084992 0.654761905 2 0.168600813 1215384615
pros2 52.69804701 0.647058824 2 0.159129694 1224
CDKN1A 5972528166 0.639534884 u | oasmianss 1216666667
CxCL8 3598724716 0.625 2 0.143987074 1313043478
BCL2LL 3242837425 0.625 2 0150561318 1163636364
» EGF 34.16226028 0.617977528 [ 21 0.142841339 [ 10.57142857
NG 27.43490033 [UGTITINY B L onres s

Note: LAC, local average connectivity.
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Name/Chemical formula MOL ID Corresponding composition OB (%. DL umber of targets
quercetin MOL000098 Baijiangcao/Honghua/Huangqi 4643 028 102
luteolin MOL000006 Baijiangcao/Honghua 3616 025 45

ursolic acid MOL000511 Baitouweng/Baijiangcao 1677 075 12
daidzein MOL000390 Huanggi 1944 019 39
kaempferol MOL000422 Baijiangcao/Honghua/Huangqi 4188 024 36
wogonin MOL000173 Cangzhu 3068 023 30
CISHI4N4058 NR SASP NR NR 29
myricetin MOL002008 Honghua 1375 031 2
formononetin MOL000392 Huanggi 69.67 021 21
indirubin MOL002309 Qingdai 4859 026 21

Note: OB, oral bioavailability

D dawliks saoportios. N, fist retosted:
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Chinese pinyin name Latin name Family Genus Part used
Baizhu Atractylodes Macrocephala Koidz Compositae Atractylodes Root
Baijiangcao Herba Patriniae Valerianaceae Patrinia ‘The whole herb
Huangqi Hedysarum Multijugum Maxim Leguminosae Astragalus L Root

Qingdai Indigo Naturalis Brassicaceae Isatis L Stem and leaf
Honghua Carthami Flos Compositae Carthamus L Flower
Huhuanglian Picrorhizae Rhizoma Plantaginaceae Juss Coptis Salish Root
Baitouweng Pulsatilliae Radix Ranunculaceae Juss | Pulatill Adans Root

Cangzhu Atractylodes Lancea (Thunb)Dc Compositae Atractylodes Root

Danggui Angelicae Sinensis Radix Apiaceae Angelica L Root
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antimycin-a antibiotic, electron transfer inhibitor -99.53
pyroxamide HDAC inhibitor, cell cycle inhibitor -99.24
BAY-36-7620 glutamate receptor antagonist -99.15
procarbazine DNA alkylating drug, transmethylation inhibitor -99.02
dasatinib KIT inhibitor, src inhibitor, Bcr-Abl kinase inhibitor, ephrin receptor inhibitor -98.60
BRD-A17664363 steroidogenic factor antagonist -98.33
vemurafenib RAF inhibitor, protein kinase inhibitor -98.10
reversine Aurora kinase inhibitor, adenosine receptor antagonist -98.00
tacedinaline HDAC inhibitor, cell cycle inhibitor -97.95
PP-1 src inhibitor, Abl kinase inhibitor -97.50
AZ-628 RAF inhibitor -97.33
OBAA phospholipase inhibitor -97.31
WYE-354 MTOR inhibitor -97.26
NU-7441 DNA dependent protein kinase, DNA dependent protein kinase inhibitor -96.66
PLX-4720 RAF inhibitor -96.48
valdecoxib cyclooxygenase inhibitor -96.03
trichostatin-a HDAC inhibitor, CDK expression enhancer, ID1 expression inhibitor -95.59
fostamatinib syk inhibitor, FLT3 inhibitor -95.58
PD-0325901 MEK inhibitor, MAP kinase inhibitor, protein kinase inhibitor | - -95.18
0-1918 cannabinoid receptor antagonist ' -95.09
MEK1-2-inhibitor MEK inhibitor -95.06
loratadine histamine receptor antagonist -95.03
W CP I 1

type SIOE0 median_tau_score
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ly No. Dataset Small/Large Intestine Sample Size CD Control

1 GSE101794 Small 157 135 = 22

2 GSE137344 Small 1 1 = =

3 GSE83687 Small/Large 123 28/11 -127 11/46

4 GSE107593 Large 12 - 12 -

5 GSE108746 Large 18 - 18 -

6 GSE109142 Large 226 - 206 20

7 GSE117993 Large 41 - 16 25

8 GSE130038 Large 25 = 25 =

9 GSE66207 Large 4 - - 4

10 GSE72819 Large 66 - 66 -

11 EMTAB7845 Large 24 8 16 -
Total 697 183 386 128
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Zhu Wistar rats Gavage of Berberis Inhibited Reduced VHS, NF-kB, TLR2 BHS downregulated the mRNA
etal. (56)  (both genders | senna heteropoda improved abnormal expression of TLR2, TLR4, and
at a ratio decoction plus  Schrenk defecation and NF-KB in brain and colon tissues,
of 1:1) restraint stress roots (BHS) intestinal flora improving IBS-D.
Zhu SD rats (M) Chronic Xiaoyaosan (XYS)  Inhibited Improved depressive- = TLR4, MyD88, XYS can improve depressive-like
etal. (57) restraint stress like behavior and NF-kB, NLRP3 behavior in rats by suppressing the
weight loss activation of the TLR4/NLRP3
inflammasome signaling pathway.
Yang SD rats Acetic EA Inhibited Decreased VSH IL-8, IL-1B The potential mechanism
et al. (58) (newborn M) acid instillation underlying the reduction in

visceral hypersensitivity through
the stimulation of Zusanli using
EA involves suppressing TLR4
expression in the MCs of
colonic tissues.

‘The fields in parentheses in this column for the study object refer to gender and age. F represents females, and M represents males. COX-2, cyclooxygenase; SOD, superoxide dismutase; NA,
Not available.
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Bao et al. (34)

Chen et al. (35)

He et al. (36)

Rodriguez-Palma
etal. (37)

Wu et al. (38)

*Xi et al. (13)

Xu et al. (39)

Yuan et al. (40)

Zhang et al. (41)

Tang et al. (12)

Wistar rats (F)

SD rats (M and F)

Wistar rats (F)

Swiss webster mice
(M and F)

SD rats (M)

NCM460 cell/NTH
mice (both genders
equally divided)

SD rats

SD rats (M)

SD rats (M)

C57BL/10]Nju
(TlIr4) and
C57BL10/ScNJNju
(Tlr4) mice

Acute and chronic
stress (3 weeks)

Neonatal colorectal
distension (CRD)

Acute and chronic
stresses (4 weeks)

Chronic
restraint stress

Neonatal rats
underwent CRD

LPS 2ug/ml/acetic
acid instillation

Neonatal maternal
separation (NMS)
and Water
avoidance

stress (WAS)

10-d-old pups
acetic
acid instillation

Neonatal CRD

NMS

Activated

Activated

Activated

Activated

Activated

Activated

Activated

Activated

Activated

Activated

Promoted inflammation

Promoted inflammation,
mediated VHS

Promoted inflammation

Promoted VHS, anxiety-
like behaviors

Promoted VHS

Inhibited enterocyte
viability, promoted
apoptosis and
inflammation, decreased
tight junction integrity/
shortened defecation
intervals, raised water
content in stool,
promoted VHS

Promoted VHS

Promoted VHS

Promoted VHS

Promoted VHS

pathways

Activated the
expression of
MyD88, NF-kB, IL-
1B, IL-6

TLR4/MyD88/NF-
KB pathway, IL-1B
and TNF-o.

Upregulated NF-kB
(p65), MyD88, IL-8,
TNF-0t,

downregulated IL-10

HMGBI1

NF-KB, Pellino-1

miR-16, XIST, IL-1B,

and IL-6

OT receptor, TLR4/
MyD88/NE-KB,
TNF-ot and IL-1B

NF-kB, CBS

MyD88/NF-kB
signaling, TNF-o.
and IL-1B

MyDS88, IL-1B and
TNF-0, CRF, CRF1

IBS-D may increase
inflammatory factors through
activating the TLR4/MyD88/
NF-kB signaling pathway,
resulting in disease progression.

Neonatal colonic irritation (CI)
stimulated the production of
IL-1B and TNF-o through the
TLR4/MyD88/NF-KB signaling
pathway in the spinal cord,
contributing to the VHS
response induced by neonatal
Cl in rats.

TLR4/NF-KB signal pathway

played an essential role in the
modulation of inflammatory

responses in IBS-D.

Highlight the significant role of
the HMGB1/TLR4 pathway in
chronic stress-induced VHS,
anxiety-like behaviors.

The downregulation of Pellino-
1 in the fastigial nucleus acted
through the TLR4/NF-xB
pathway to protect against
chronic VSH in a CRD

rat model.

In vitro and in vivo experiments
have validated that miR-16
inhibited the TLR4/NF-kB/
XIST axis to relieve IBS-D.

Exogenous OT attenuated

stress-induced VHS and Enteric
glial cell activation, mediated by
TLR4/MyD88/NF-KB signaling.

Activation of TLR4 by neonatal
CI upregulated CBS expression,
which is mediated by the NF-
KB signaling pathway, thus
contributing to VHS.

Activation of CRF neurons and
microglia in the hypothalamic
paraventricular nucleus
participates in the pathogenesis
of VHS through TLR4/MyD88/
NE-«B signaling,

NMS-induced VHS is
associated with increased TLR4
signaling in the PVN.

The fields in parentheses in this column for the study object refer to gender. F represents females, and M represents males. * The literature includes both cell and animal experiments, separated by
a slash, with the results of the cell experiments before the slash and the results of the animal experiments after the slash. OT, Oxytocin; CBS, Cystathionine beta synthetase; CRF, Corticotropin-

releasing factor; PVN, Paraventricular nucleus.
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Main findings

Belmonte 2012 48 IBS patients (37 F, mean = Rome Activated Increased TLR2, = Increased expression of TLR4 and

et al. (22) age 49 + 14 years) and 31 III criteria 1L-8, and IL-1B, TLR?2 in the descending colon was
HCs (17 F, mean age 57 + impaired PPARY = observed in IBS-M patients alone,

14 years) neither IBS-D nor IBS-C, resulting in
enhanced expression of mucosal
proinflammatory cytokines and
impaired PPARY expression.

Brint et al. (23) = 2011 26 IBS patients (all F, mean ~ Rome II criteria = Activated Increased TLR5 The expression of TLR4 and TLR5 in
age 37.9 years) and 19 HCs IBS patient’s colon mucosal showed
(all F) up-regulation.

Compare 2017 10 post-infectious IBS-D Rome Activated Increased IL-10,, ~ TLR-4 protein expression was

et al. (24) (PI-IBS D) patients (4 F, 1T criteria IL-6, and IL-8, significantly higher in PL-IBS D patients
mean age 52 years), 10 HCs decreased IL-10  than HC in both ileal and
(5 F, mean age 48 years) colonic mucosa.

Dlugosz 2017 22 IBS patients (17 F, Rome Il criteria | Activated Increased TLRS ~ The higher mRNA expression of TLR4,

et al. (25) median age, 39 [18-66] and TLRY TLRS, and TLRY in jejunum mucosa
years), 14 HCs (12 F, suggests the involvement of bacteria or
median age, 42 [22- dysregulation of the immune response

61] years) to commensal flora in small bowel
mucosa in IBS patients.

Guo et al. (26) 2016 20 IBS-D patients (13 F, Rome Activated Increased TLR2 Increased expression of TLR4 and
mean age 42.9 + 12.5 III criteria TLR2 in the IBS-D’s descending colon
years), 20 HCs (15 F, mean mucosal may be related to
age 41.1 + 11.5 years) Bacteroidetes and Clostridium.

‘ Jalanka 2021 43 IBS-D patients (26 F, Rome Activated Increased Elevated TLR4 in IBS-D sigmoid colon
etal. (27) mean age 40.85 [19-69] 1II criteria Mydss tissue significantly correlated

years) and 21 HCs (16 F, with MYDS88.

mean age 42.8 [20-

75 years)

Kogak 2016 51 IBS patients (43 F, mean = Rome Activated Increased The colonic tissue levels of TLR4 in the

et al. (28) age 38.90 + 10.42 years) III criteria TLR2, NO IBS-D and IBS-C subgroups were

and 15 HCs (11 F, mean significantly higher, and IBS had

age 37.90 + 10.47 years) immune dysregulation and
oxidative stress.

Linsalata 2018 39 IBS-D patients (33 F, Rome unchanged Increased IL-6 There was no significant difference in

et al. (29) mean age 39.7 + 7.2 years) 1II criteria and IL-8, LPS the concentrations of LPS and TLR-4 in
and 20 HCs (13 F, mean not changed the plasma of IBS-D patients compared
age 40.05 + 12.2 years) to the control group.

Lobo et al. (20) | 2017 25 IBS-D patients (17 F, Rome Il criteria | Activated TLR2 has no TLR4 is upregulated in the jejunal
mean age 37.4 £ 2.1 years) significant mucosa of IBS-D patients, and its
and 16 HCs (7 F, mean age difference expression is correlated with the
32.1+2.3 years) intensity of abdominal pain in

these patients.

Shukla 2018 47 IBS patients (8 F, Rome Activated Increased TLR4 was upregulated in IBS patients,

et al. (30) median age,34 [19-68] 1II criteria CXCL-11 and particularly in patients with IBS-D, and
years) and 25 HCs (3 F, CXCR-3, TLR2 there was a positive correlation between
median age, 40 [20- not changed TLR4 mRNA levels and weekly stool

68] years) frequency in IBS patients.

Jizhong 2016 102 IBS patients (39 F) and  Rome Activated Increased TLR2, = TLR4 and TLR2 were upregulated in

etal. (31) 102 HCs (45 F), I criteria CRF1, CRE2, peripheral blood samples of IBS
age-matched IL-6, decreased | patients, especially in IBS patients

IL-10 with depression.

Wang 2008 30 IBS-D patients (16 F, Rome Activated Increased TLR4/NF-x B signaling pathway was

et al. (32) mean age 47 + 14 years) 1II criteria NF-kB activated in the intestinal mucosa of
and 12 HCs (7 F, mean age IBS-D patients.

41 + 4 years)

Yoshimoto 2022 31 IBS patients (17 F, mean = Rome unchanged Increased There was no significant difference in

etal. (33) age 47.0 + 182 years) and 11T criteria CXCL-11 in the  the expression levels of TLR4 in the

31 HCs (18 F, mean age duodenum, duodenum, ileum, cecum, and rectum.

58.0 + 12.0 years) TLRS5, CXCR-3,

and IL-6

not changed

‘The fields in parentheses in this column for the study object refer to gender and age. The F represents females. PPARY, Peroxisome proliferator-activated receptor-y; NO, Nitric oxide; CXCL-11,
C-X-C motif chemokine ligand 11; CXCR-3, C-X-C motif chemokine receptor 3.
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NLRP1 ATACGAAGCCTTTGGGGACT AGCCAGCTACAGGGAAGTGA

Caspase-1 CCACAATGGGCTCTGTTTTT CATCTGGCTGCTCAAATGAA

GSDMD GGTTCTGGAAACCCCGTTAT GGCATCGTAGAAGTGGAAGC

IL-1B CCAGCTACGAATCTCGGACCACC TTAGGAAGACACAAATTGCATGGTGAAGTCAGT
1L-6 GTTGTGCAAGGGTCTGGTTT TTCCCTCAGGATGGTGTCTC

1L-8 GCAGCCTTCCTGATTTCTGCAGCTC ACTTCTCCACAACCCTCTGCACCCA

TNF-o. CAGCC TCTTCTCCTTCCTGAT GCCAGAGGGCTGATTAGAGA

NLRP3 TCTGCTCATCACCACGAGAC CTTGGGCCTCATCAGAGAAG

NLRC4 GCAAGGCTCTGACCAAGTTC TGTCTGCTTCCTGATTGTGC

AIM2 TGGCAAAACGTCTTCAGGAGG AGCTTGACTTAGTGGCTTTGG

GAPDH CCGGGAAACTGTGGCGTGATGG AGGTGGAGGAGTGGGTGTCGCTGTT
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IL-6 CCGGAGAGGAGACTTCACAGA AGAATTGCCATTGCACAACTCTT
IL-1B GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT
1L-10 GCTCTTACTGACTGGCATGAG CGCAGCTCTAGGAGCATGTG

B-actin GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT
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Gene name

rwar

GGAGGTGGTGATAGCCGGTAT

ATGGGCGGAATGGTCTCTTTC

TGACCCGGCTATTCCGTGA

AGATGGAGAACCGACGTATCA

AGGCTTCCAGTACCATTAGGT

TATGGAGTGACATAGAGTGTGCT

GGCTGTATTCCCCTCCATCG

REVES
TGGGTAATCCATAGAGCCCAG
TGGGGACCTTGTCTTCATCAT
CTGGGCTGAGCAATACAGTTC
ACTGAGCGTGCTGACAAGTC
CTGAGTGAGGCAAAGCTGATTT
CCACTTCAATCCACCCAGAAAG

CCAGTTGGTAACAATGCCATGT
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pes model effects Related chanisms Refs.
Rg3 OXA-induced mice colitis model Regulating the 1. Upregulating the number of immune cell subtypes of CD4* | (57)
immune balance T-helper cells, CD19" B-cells, and CD4" and CD25"

regulatory T cells (Tregs)
2. Suppressing the expression level of NLRP3 and NF-kB

PNS DSS-induced mice colitis mice model Regulating the 1. Increasing M1 macrophages, while decreasing M2 (67)
immune balance macrophages both in spleen and colon tissues
2. Suppressed activation of the PI3K/AKT signaling pathway

FRG Cyclophosphamide-induced Regulating the 1. Inhibiting macrophage activation (117)
immunosuppression and TNBS-induced colitis = immune balance 2. Regulating Th1 and Treg cell differentiation
in mice model

GBE DSS-induced rat colitis model Regulating the 1. Inhibited the activation of colon-infiltrating T cells, (118)
immune balance neutrophils, intestinal CD103”CD11c¢* dendritic cells (cDCs),
and macrophages
2. Promoted the migration of CD103*CD11c" ¢DCs and
expansion of Foxp3" regulatory T cells in the colons

RP DSS-induced rat colitis model Regulating inflammatory 1. Downregulating colon inflammatory cytokine levels such as  (58)
mediators and cytokines IL-1B, IL-2, IL-6, and IL-17
2. Blocking the TLR4/MyD88/NF-KB-signaling pathway
Rd TNBS induced rat colitis model Regulating inflammatory 1. Downregulating proinflammatory cytokines (TNF-o, (59)
mediators and cytokines IL-1PB, and IL-6) expression levels

2. Blocking the activity of p38 and JNK

Rd DSS-induced mice colitis model Regulating inflammatory 1. Inhibiting proinflammatory cytokines expression (TNF-ct, (60)
mediators and cytokines IFN-y, IL-6, IL-12/23p40, and IL-17A)
2. Inhibiting NF-xB and P38MAPK signaling pathways
GRE DSS-induced mice colitis model Regulating inflammatory 1. Inhibit expression levels of inflammatory factors (TNE-0,  (61)
mediators and cytokines IL-6, and IL-1B)

2. Blocking NF-kB and p62-Nrf2-Keap1 pathways activity
3. Suppressing the phosphorylation of MAPKs (JNK, ERK-1/

2, and p38)
OPanaxadiol | DSS-induced mice colitis model Regulating inflammatory 1. Suppressing IL-1 secretion (62)
mediators and cytokines 2. Blocking non-canonical caspase-8 inflammasome
and MAPKs
Rk2 Caco-2 cells and THP-1 cells Regulating inflammatory 1. Block the secretion of pro-inflammatory cytokines (IL-1B, (63)
mediators and cytokines IL-6, IL-10, and TNF-ot)

2. Inactivating ERK/MEK signaling through promoting the
dephosphorylation of ERK/MEK and upregulating
SIRTI pathway

Rk3 Obesity-induced colonic inflammation- Regulating inflammatory 1. Upregulating the secretion of multiple tight junction (64)
stimulated colitis in mice model mediators and cytokines proteins
2. Suppressing the expression levels of inflammatory cytokine
(TNF-0, IL-1B, and IL-6) and oxidative stress cytokine
3. Blocking the TLR4/NF-xB signaling pathway

Rb1 DSS-induced mice colitis model Regulating inflammatory 1. Inhibiting inflammatory responses (53)
mediators and cytokines 2. Activating Hrdl signaling pathway

Rh2 DSS-induced mice colitis model Regulating inflammatory 1. Inducing reactive oxygen species (ROS) (65)
mediators and cytokines 2. Activating NF-kB survival pathway

3. Activating p53 pathway

PNS DSS-induced mice colitis model Regulating inflammatory 1. Regulating secretion levels of proinflammatory. cytokines (66)
mediators and cytokines (TNF-0, IL-6, and MCP-1)
2. Blocking the activity of MAPK and NF-xB
signaling pathway

PNS DSS-induced rat colitis model Regulating inflammatory 1. Upregulating apoptotic cell numbers and blocking PI3K/ (67)
mediators and cytokines AKT signaling pathway

PNS DSS- or IA-induced rat colitis model Regulating inflammatory 1. Downregulating serum concentrations of VEGFA isoforms (68)
mediators and cytokines IL-6, and TNF-0.

2. Upregulating IL-4 and IL-10

R1 DSS-induced mice colitis model Regulating inflammatory 1. Suppressing the secretion levels of cytokine and. related (69)
mediators and cytokines proinflammatory genes expression

Rg3-RGE DSS-induced mice colitis model Regulating inflammatory 1. Inhibit inflammation responses of RAW 264.7 cells (70)
mediators and cytokines through promoting protein kinase and NF-kB pathways

2. Exhibiting strong anti-inflammatory effects
3. Suppressing expression levels of NLRP3 inflammasome
4. Blocking NF-xB and MAPK pathways

KRG DSS-induced rat colitis model Regulating inflammatory 1. Ameliorating gastrointestinal inflammation through (72)
mediators and cytokines suppressing MPO activity
2. Upregulating COX-1 protein expression level
3. Restoring ZO-1 and occludin secretion to normal. levels

AG DSS-induced mice colitis model Regulating inflammatory 1. Suppressing leukocyte activation and subsequent epithelial | (74)
mediators and cytokines cell DNA damage

AG DSS-induced mice colitis model Regulating inflammatory 1. Promoting inflammatory cell apoptosis (75)
mediators and cytokines 2. Regulating the activation of P53

AG AOM/DSS -induced mice colitis model Regulating inflammatory 1. Suppressing the expression levels of ROS and. primary (76)
mediators and cytokines proinflammatory markers

1. Activating nuclear factor erythroid-2-related factor 2
(Ntf2) pathway

AG High fat diet-fed AOM/DSS -induced mice Regulating inflammatory 1. Restoring intestinal microbiota function (78)
colitis model mediators and cytokines
Rgl DSS-induced mice colitis model Regulating inflammatory 1. Downregulating proinflammatory cytokines secretion (79)
mediators and cytokines (IL-1B and TNF-0)
Rgl TNBS-induced mice colitis model Regulating inflammatory 1. Suppressing the secretion levels of inflammatory. factors (80)
mediators and cytokines (IL-1B, IL-17, and TNF-o)

2. Restoring Th17/Treg imbalance
3. Blocking the binding of LPS to TLR4 on. macrophages

PFRG DSS-induced mice colitis model Regulating inflammatory 1. Downregulating the serum levels of inflammatory factors (81)
mediators and cytokines (IL-6 and TNF-o)

FWG DSS-induced mice colitis model Regulating inflammatory 1. Inhabiting secretion level of pro-inflammatory cytokines (82)
mediators and cytokines (IL-1B, IL-6, IL-12p40, TNF-0, and IFN-y)

2. Blocking NF-xB signaling pathway

Rbl TNBS-induced rat colitis model Promoting intestinal 1. Regulating extracellular signal-regulated kinase and. Rho (83)
mucosal wound healing signaling pathway

PNS DSS- or IA-induced rat colitis models Promoting intestinal 1. Blocking VEGFA isoforms and RaplGAP/TSP1 pathway (68)
mucosal wound healing

PNS DSS- or IA- induced rat colitis models Promoting intestinal 1. Alleviating inflammation responses and oxidative stress (84)
mucosal wound healing 2. Downregulating proinflammatory cytokine

3. Regulating apoptotic related gene expression

GP DSS-induced rat colitis model Regulating gut microbiota 1. Increasing the relative abundance of probiotics (92)
and metabolism 2. Imbibing the abundance of pathogenic bacteria

GP DSS-induced rat colitis model Regulating gut microbiota 1. Restoring the diversity and composition of gut. microbiota (58)
and metabolism 1. Upregulating the relative abundance of Ruminococcus

PG DSS-induced rat colitis model Regulating gut microbiota 1. Upregulating beneficial bacteria such as (93)
and metabolism Muribaculaceae_norank, Lachnospiraceae NK4A136 group

and Akkermansia
2. Downregulating pathogenic bacteria such as Bacteroides,
Parabacteroides and Desulfovibrio

GP CTX-induced intestinal immune disorders and  Regulating gut microbiota 1. Upregulating the relative abundance of probiotics 94)
gut barrier dysfunctions in mice model and metabolism (Clostridiales, Bifidobacterium, and Lachnospiraceae)
2. Regulating mitochondrial-related pathway
3. Downregulating harmful bacteria (Escherichia-Shigella
and Peptococcaceae)

RK3 High-fat diet-induced mice colitis model Regulating gut microbiota 1. Alleviating metabolic dysbiosis of gut microbiota (64)
and metabolism 2. Suppressing the ratios of Firmicute/Bacteroidete

KRG TBSA-induced rat ulcerative colitis model Regulating gut microbiota | 1. Increasing the abundance of probiotics (Bifidobacterium (96)
and metabolism and Lactobacillus)

2. Inhibiting the growth of some pathogen strains

AG AOM/DSS-induced mice colitis model Preventing colitis- 1. Downregulating inflammatory factors secretion (97)
associated colorectal cancer | 2. Restoring the metabolomics and intestinal homeostasis

AG AOM/DSS-induced mice colitis model Preventing colitis- 1. Downregulating inflammatory cytokine gene expression (98)
associated colorectal cancer (IL-10t, IL-1B, IL-6, IFN-y, G-CSF, and GM-CSF)

PNS AOM/DSS-induced colitis-associated Preventing colitis- 1. Regulating the abundance and diversity of gut microbiota  (100)
CRC model associated colorectal cancer | 2. Increasing the abundance of Akkermansia spp.
GCK AOM/DSS-induced colitis-associated Preventing colitis- 1. Upregulating the relative abundance of A. muciniphila (101)
CRC model associated colorectal cancer 2. Inducing cytoplasmic Ca®*
FG Antibiotic-rat diarrhea model Alleviating antibiotic- 1. Regulating inflammation-related factors such as TNF-a, (102)
induced diarrhea and IL-1B, IL-6, and IL-10
colon inflammation 2. Recovering the alterations of gut microbiota returned to

normal level

FG Antibiotic- induced rat diarrhea model Relieve the symptoms of 1. Downregulating colon inflammation factors and immune (103)
antibiotic- factors (TLR4 and NF-xB)
associated diarrhea 2. Restoring the gut flora to original intestinal homeostasis
KRG Intracolonic-zymosan-induced post-infectious  Improving various 1. Downregulating expression level of IL-1B and c-fos (110)
human IBS-like symptoms mice model symptoms of irritable 2. Regulating the plasma levels of corticosterone
bowel syndrome 3. Restoring the abundance of gut microbiota

4. Increasing the growth of probiotics microbes (Lactobacillus
Jjohnsonii, Lactobacillus reuteri, and
Parabacteroides goldsteinii)

KRGP RAW264.7 cells Improving intestinal 1. Increasing the activity of macrophage and promoting (120)
immune disorders Peyer’s patches secretion levels both in vitro and in
animal model

GP Irradiation-induced immune dysfunction and Improving intestinal 1. Upregulating concentrations of lymphocytes (CD3", CD4" (123)
subsequent intestinal injury both in vitroand | immune disorders and CD8")
in vivo models 2. Restoring normal baseline intestinal permeability

Rg3, ginsenoside Rg3; PNS, Panax notoginseng saponin; FRG, fermented Red Ginseng; GBE, ginseng berry extract; GP, ginseng polysaccharides; Rd, ginsenoside Rd; GRE, ginseng root extract;
RK2, ginsenoside Rk2; Rk3, ginsenoside Rk3; Rb1, ginsenoside Rb1; Rh2, ginsenoside Rh2; R1, ginsenoside R1; Rg3-RGE, red ginseng extract enriched with Rg3; KRG, Korean Red Ginseng; AG,
American ginseng; Rgl, ginsenoside Rgl; PERG, probiotic-fermented red ginseng; FWG, fermented wild ginseng; PG, Panax ginseng; GCK, ginsenoside compound K; FG, fermented ginseng;
KRGP, Korea red ginseng-derived polysaccharides; OXA, oxazolone; DSS, dextran sulfate sodium; TNBS, 2,4,6-trinitrobenzenesulfonic acid; 1A, iodoacetamide; AOM, azoxymethane; CTX,
Cyclophosphamide; TBSA, trinitro-benzene-sulfonic acid; CRC, colorectal cancer.
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Unadjusted, Model 1, HR  Model 2, HR
HR (95%Cl) (95%Cl) (95%Cl)
7-d
CAR<0.446 1 1 1
CAR>0.446 | 3.98 (1.40-11.28) 3.82(1.33-1094)  3.63 (1.19-11.04)
P for trend | 0.010 0.013 0.023
14-d
CAR<0.446 1 1 1
CAR>0446 | 3.40 (1.70-6.80) 2.99 (1.48-6.04) 3.11 (1.52-6.36)
P for trend | 0.001 0.002 0.002
21-d
CAR<0.446 1 1 1
CAR>0.446 | 3.68 (1.99-6.79) 3.11 (1.67-5.81) 3.34 (1.77-6.30)
P for trend | <0.001 <0.001 <0.001
28-d
CAR<0.446 1 1 1
CAR>0.446 = 3.91 (2.17-7.05) 3.39 (1.86-6.16) 358 (1.95-6.59)
P for trend <0.001 <0.001 <0.001
90-d
CAR<0.446 1 1 1
CAR>0.446 = 3.04 (1.97-4.68) 2.67 (1.72-4.15) 2.77 (1.77-4.34)
P for trend <0.001 ‘ <0.001 <0.001
1-year
CAR<0.446 1 1 1
CAR>0.446 = 2.70 (1.85-3.93) 2.33 (1.59-3.43) 239 (1.61-3.54)
P for trend <0.001 <0.001

Model 1: Adjusted age and gender.
Model 2: Model 1+ Spo2+Temperature+Vasopressin+Betablockers+Plt+HCT.

<0.001
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Variables C (%) 95%Cl (%) Threshold

7-d
CAR 70.68 58.77-82.59 0.486 0.706 0.668
SOFA 69.90 55.35-84.44 2500 0.706 0.720
cr 7049 59.81-81.18 1750 0.588 0.775
Alb 4154 24.52-58.56 3250 0.353 0.718
TCa 39.14 23.15-55.12 9.350 0.118 0.962
GCs 4852 38.69-58.35 13.500 1.000 0.072
SIRS 5926 46.87-71.64 3.500 0.471 0.672

14-d

CAR 69.13 61.33-76.94 0317 0.861 0.446
SOFA 57.19 46.86-67.53 2500 0.472 0.719
cr 66.74 58.37-75.11 1.050 0.806 0.523
Alb 3741 27.01-47.81 1450 1.000 0.006
TCa 48.13 37.59-58.66 8050 0.500 0.578
GCs 14685 39.05-54.12 8500 1.000 0.019
SIRS 6051 52.19-68.84 3.500 0.472 0.678

21-d
CAR 69.65 62.53-76.77 0.446 0.681 0.649
SOFA 59.81 50.53-67.82 2,500 0.426 0.719
cr 6671 59.42-74.00 1.050 0.787 0.529
Alb 3457 25.28-43.86 1450 1.000 0.006
TCa 4835 39.14-57.56 8050 | os11 0581
GCs 46.07 39.34-52.80 8500 1.000 0019
SIRS 58.04 50.57-65.50 2500 0894 0226

28-d

CAR 7098 64.26-77.69 | outs 0692 0.654
SOFA 6106 52.68-69.44 1,500 0538 0.630
Cr 6791 60.98-74.84 1.050 0788 0.532
Alb 3408 2534-42.83 1450 1.000 0.006
TCa 4659 37.99-55.19 8050 0481 0578
GCs 4743 4121-53.65 8500 1.000 0.019
SIRS 56.89 49.74-64.04 2,500 0885 0.226

90-d

CAR 67.23 61.17-73.30 0465 0614 0.688
SOFA 6247 55.91-69.03 1500 0568 0650
cr 6477 58.53-71.01 1.050 0727 0546
Alb 3633 29.41-43.24 1250 1.000 0.002
TCa 4681 4021-53.41 5.800 0977 0046
GCS 44556 39.39-49.72 3.500 0989 0.012
SIRS 5278 46.85-58.70 2.500 0852 0229

‘ 1-year

CAR 6639 60.85-71.93 ' 0465 0580 0.696
SOFA 6053 54.53-66.53 1500 0527 0.652
Cr 64.65 58.98-70.32 1.050 0714 0559
Alb 3870 32.42-44.99 1250 1.000 0.002
TCa 4897 42.92-55.02 7.950 0491 0538
GCs 4532 40.76-49.88 3.500 0991 0012
SIRS 5233 47.01-57.65 2500 0857 0235

ROG, receiver operating characteristic; AUC, area under the curve; CI, confidence interval; CAR, serum creatinine to albumin ratio; Cr, creatinine; Alb, albumin; TCa, serum total calcium; SOFA,
Sepsis-related Organ Failure Assessment score; GCS, Glasgow Coma Scale; SIRS, Systemic Inflammatory Response Syndrome score.
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Items Composition

Demographic Age, Gender, Race

variables

Vital Signs HR, SBP, DBP, MAP, RR, SpO2, Temperature
Clinical Vasopressin, Octreotide, Statins, Betablockers, MV,
Treatments CRRT, ERCP

Comorbidities | AKI, Sepsis, RF, HF, AF, Hypertension, Diabetes, Obesity

Laboratory Neutrophil counts, Nymphocyte counts, Eosinophil counts,
variables RBC, WBC, RDW, PIt, Hb, Lymphocyte percentage, HCT, Cr,
Alb, BUN, TB, AST, ALT, Glucose, TC, TG, HDL-C, LDL-C,
PT, INR, Blood amylase, Blood lipase, K, Na, TCa, AG, Lac

Clinical LOS ICU, LOS hospital, ICU mortality, In-hospital mortality,
Outcomes 7-day mortality, 14-day mortality, 21-day mortality, 28-day
mortality, 90-day mortality, 1-year mortality

MIMIC-1V, the Medical Information Mart for Intensive Care database; HR, heart rate; SBP,
systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure; RR,
respiratory rate; MV, mechanical ventilation; CRRT, continuous renal replacement therapy;
ERCP, endoscopic retrograde cholangiopancreatography; AKI, acute kidney injury; RF,
respiratory failure; HF, heart failure; AF, atrial fibrillation; RBC, red blood cell; WBC, white
blood cell; RDW, erythrocyte distribution width; Plt, platelet; Hb, hemoglobin; HCT,
hematocrit; Cr, creatinine; Alb, albumin; BUN, blood urea nitrogen; TB, total bilirubin;
AST, aspartate aminotransferase; ALT, alanine aminotransferase; TC, total cholesterol; TG,
triglyceride; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein
cholesterol; PT, prothrombin time; INR, international normalized ratio; K, serum potassium;
Na, serum sodium; TCa, serum total calcium; AG, anion gap; Lac, lactate; CAR, serum
creatinine to albumin ratio; LOS ICU, length of ICU stay; LOS hospital, length of hospital stay.
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<0.446 (n=322) >0.446 (n=198)

Variable Total (n=520)

Demographics

Age 59.00 (46.00, 74.00) 55.00 (43.00, 70.00) 65.00 (53.25, 76.00) <0.001
Gender 0.057
Male 289 (55.6) 168 (52.2) 121 (61.1)
Female 231 (444) 154 (47.8) 77 (38.9)
Race, n (%) 0.399
Asian 20 (3.8) 9 (2.8) 11 (5.6)
White 324 (623) 205 (63.7) 119 (60.1)
Black 38 (7.3) 22 (68) 16 (8.1)
Other 138 (26.5) 86 (26.7) 52 (26.3)
Vital Signs
HR 100.00 (84.00, 116.00) 101.00 (85.00, 116.75) 99.00 (83.00, 115.00) 0.356
SBP 127.00 (109.75, 144.25) 131.00 (114.00, 150.75) 120.50 (101.00, 140.00) <0.001
DBP 72.00 (60.00, 85.00) 75.00 (63.00, 88.00) 66.00 (56.00, 80.00) <0.001
MAP 90.67 (78.00, 103.83) 94.33 (80.42, 107.00) 85.33 (73.42, 97.83) <0.001
Respiratory rate 21.00 (17.00, 26.00) 21.00 (18.00, 25.00) 21.00 (17.00, 26.00) 0.988
Spo2 96.00 (94.00, 99.00) 95.88 (94.00, 99.00) 96.00 (94.00, 98.00) 0.255
Temperature 36.89 (36.44, 37.39) 36.94 (36.56, 37.56) 36.67 (36.34, 37.22) <0.001

Clinical Treatment

Vasopressin 79 (15.2) 23 (7.1) 56 (28.3) <0.001
Octreotide 29 (5.6) 17 (53) 12 (6.1) 0.857
Statins 171 (32.9) 99 (30.7) 72 (36.4) 0219
Betablockers 308 (59.2) 179 (55.6) 129 (65.2) 0.039
MV 460 (88.5) 280 (87.0) 180 (90.9) 0.219
CRRT 61 (11.7) 10 (3.1) 51(25.8) <0.001
ERCP 31 (6.0) 26 (8.1) 5(25) 0.016

Comorbidities

AKI 360 (69.2) 195 (60.6) 165 (83.3) <0.001
Sepsis 381 (73.3) 209 (64.9) 172 (86.9) <0.001
RF 234 (45.0) 117 (36.3) 117 (59.1) <0.001
HF 93 (17.9) 52 (16.1) 41 (20.7) 0230
AF 115 (22.1) 65 (20.2) 50 (25.3) 0214
Hypertension 252 (4855) 181 (56.2) 71 (35.9) <0.001
Diabetes 164 (31.5) 95 (29.5) 69 (34.8) 0239
Obesity 69 (13.3) 41 (127) 28 (14.1) 0744

Laboratory Indicators

Neutrophil counts 9.08 (5.27, 14.52) 841 (4.92, 14.27) 9.99 (6.46, 15.55) 0053
Nymphocyte counts 1.03 (059, 1.73) 111 (063, 1.73) 0.90 (0.5, 1.76) 0378
Eosinophil counts 001 (0.00,0.11) 0.01 (0.00, 0.10) 001 (0.00, 0.12) 0714
RBC 371 (320, 4.23) 3.76 (3.25,4.22) 359 (3.13,4.23) 0256
WBC 13.50 (9.40, 18.70) 13.30 (935, 18.55) 13.80 (943, 19.17) 0656
RDW 14.50 (13.60, 15.70) 1430 (13.50, 15.50) 14.70 (13.93, 15.97) <0001
PLT 194.00 (135.00, 275.00) 205.00 (146.00, 287.00) 176,50 (125.00, 239.50) 0.002
Hb 11.30 (9.70, 13.00) 1140 (9.90, 12.93) 11.00 (960, 13.17) 0226
Lymphocyte percentage 8.00 (4.00, 13.57) 8.10 (432, 14.20) 685 (3.68, 12.00) 0011
HCT 34.00 (29.60, 38.80) 34.30 (29.98, 38.40) 33.30 (2940, 39.50) 0744
Cr 105 (0.70, 1.70) 0.80 (0.60, 1.00) 2.05 (1.50, 3.40) <0.001
Alb 2.90 (2,50, 3.30) 3.00 (2.62, 3.40) 270 (230, 3.18) <0.001
BUN 20.00 (1200, 33.00) 15.00 (10.00, 20.00) 37.50 (25.25, 56.00) <0.001
TB 100 (0.60, 2.60) 0.90 (0.60, 2.32) 1.10 (0.60, 2.90) 0672
AST 62.00 (33.00, 158.00) 57.00 (32.00, 149.50) 71.00 (38.00, 181.00) 0088
ALT 54.00 (24.00, 152.00) 51.00 (24.00, 141.00) 59.00 (24.75, 160.00) 0523
Glucose 134.00 (105.00, 174.50) 13000 (106.00, 164.75) 137.00 (105.00, 188.00) 0.105
TC 155.50 (11600, 199.50) 17000 (127.75, 206.25) 139.50 (107.00, 181.25) 0.008
TG 183.00 (107.00, 326.00) 163.50 (103.00, 293.75) 201.00 (126.00, 366.00) 0.101
HDL-C 26.00 (1475, 35.25) 30.00 (23.00, 38.00) 21.00 (12.00, 32.00) 0018
LDL-C 58.50 (38.75, 89.75) 66.00 (3875, 98.25) 52.00 (40.50, 84.25) 0317
PT 14.30 (12.90, 16.20) 14.10 (12.70, 15.70) 14.90 (13.00, 17.50) <0.001
INR 1.30 (1.20, 1.50) 1.30 (1.10, 1.40) 130 (1.20, 1.60) <0.001
Blood amylase 131.00 (53.00, 375.75) 101.00 (50.00, 285.00) 176.00 (63.00, 482.00) 0.008
Blood lipase 223.00 (61.00, 1222.00) 166.00 (50.50, 1010.00) 356.50 (87.25, 1522.00) 0.001
K 4.00 (3.60, 4.60) 3.90 (3.60, 4.30) 430 (3.82, 4.90) <0.001
Na 138.00 (135.00, 142.00) 138.00 (136.00, 141.00) 139,00 (135.00, 142.75) 0.199
TCa 7.90 (7.30, 8.40) 8.00 (7.40, 8.50) 7.70 (7.00, 8.28) <0.001
AG 14.00 (12.00, 16.00) 13.00 (11.00, 15.00) 15.00 (12:00, 18.00) <0.001
Lac 1.70 (1.20, 2.70) 160 (1.10, 2.30) 2.10 (1.30, 3.20) <0.001
CAR 0.35 (0.25, 0.60) 027 (021, 0.33) 0.78 (0.53, 1.33) <0.001

Clinical Outcomes

LOS ICU 3.77 (1.96, 8.98) 3.18 (1.86, 6.66) 5.84 (2.37, 13.16) <0.001
LOS hospital 13.71 (7.71, 23.76) 11.33 (6.96, 21.34) 16.71 (9.90, 28.76) <0.001
Hospital mortality 58 (11.2) 20 (6.2) 38 (19.2) <0.001
ICU mortality 39(7.5) 13 (4.0) 26 (13.1) <0.001
7-day mortality 17 (3.3) 5(1.6) 12 (6.1) 0.011

14-day mortality 36 (6.9) 12 (37) 24 (12.1) <0.001
21-day mortality 47 (9.0) 15 (4.7) 32 (16.2) <0.001
28-day mortality 52 (10.0) 16 (5.0) 36 (18.2) <0.001
90-day mortality 88 (16.9) 33 (10.2) 55 (27.8) <0.001
1-year mortality 112 (21.5) 46 (14.3) 66 (33.3) <0.001

HR, heart rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure; RR, respiratory rate; MV, mechanical ventilation; CRRT, continuous renal replacement
therapy; ERCP, endoscopic retrograde cholangiopancreatography; AKI, acute kidney injury; RF, respiratory failure; HF, heart failure; AF, atrial fibrillation; RBC, red blood cell; WBC, white blood
cell; RDW, erythrocyte distribution width; Plt, platelet; Hb, hemoglobin; HCT, hematocrit; Cr, creatinine; Alb, albumin; BUN, blood urea nitrogen; TB, total bilirubin; AST, aspartate
aminotransferase; ALT, alanine aminotransferase; TC, total cholesterol; TG, triglyceride; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; PT,
prothrombin time; INR, international normalized ratio; K, serum potassium; Na, serum sodium; TCa, serum total calcium; AG, anion gap; Lac, lactate; CAR, serum creatinine to albumin ratio;
LOS ICU, length of ICU stay; LOS hospital, length of hospital stay.
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Microarray dataset GSE75214 Ulcerative colitis involved Microarray dataset GSE151158 MASLD involved liver
intestinal tissue compared with non-IBD control intestinal tissue biopsy samples compared with healthy controls

DEGs of two datasets were identified(P-value<0.01,[log2FC|>0.5),26
common DEGs were obtained by the intersection of the Venn diagram

Obtained the same expression trend of GO and KEGG enrichment analysis
common DEGs and
Candidate hub genes obtained by Identified the hub genes by expression
Cytoscape software in external datasets

Hub genes were obtained

Diagnostic efficacy of hub genes examined in all UC
and MASLD datasets by ROC curves

Gene mania co-expression analysis CIBERSORT immune infiltration GSEA enrichment analysis was Immunohistochemistry and
was performed analysis was performed performed Clinical Relevance analysis
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Variables C (%) 95% ClI (%) Threshold Sensitivity Septicity
14-day mortality

BAR 7323 66.18-8028 746 085 055
BUN 69.73 61.88-77.57 2550 072 064
ALB 6129 5.07-7450 255 050 073
R 6658 5805-75.11 105 085 048
SOFA 5850 48.11-68.90 250 052 070
APACHE-II 7316 65.23-81.09 1450 068 076
28-day mortality

BAR 76.14 7035-81.93 848 078 0.63
BUN 7266 66377894 2650 074 069
ALB 6721 58.60-75.82 255 049 074
R 67.72 60.71-7473 105 084 049
SOFA 6210 5373-7047 450 036 088
APACHE-TI 7382 66.96-80.67 1450 069 071
90-day mortality

BAR 7349 68.27-78.71 936 0.66 070
BUN 7086 65347639 2450 065 071
ALB 6387 56.89-70.84 255 046 076
R 6192 5854-7130 105 078 050
SOFA 6290 56.25-69.56 150 063 064
APACHE-II 69.46 63717521 1450 070 060
365-day mortality

BAR 7100 65727628 936 063 071
BUN 68.89 63.46-74.33 2650 063 072
ALB 6170 55.34-68.07 255 043 076
R 6458 58.78-70.37 105 076 052
SOFA 6041 54.33-66.50 150 058 064

APACHE-IT 67.34 6190-72.78 1450 070 056
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Model 1 Model 2 Model 3

HR (95% CI) p value HR (95% CI) p value HR (95% ClI) p value
14-day ACM
BAR (continuous) 107 (1.05-1.09) <0.001 106 (1.04-1.08) <0.001 108 (1.05-1.12) <0.001
Lower BAR Reference Reference Reference
Higher BAR 437 (244-7.80) <0.001 3.27(1.81-590) <0.001 3.06 (1.45-6.45) <0.001
28-day ACM
BAR (continuous) 1.06 (1.05-1.08) <0.001 106 (1.04-1.08) <0.001 107 (1.05-1.10) <0.001
Lower BAR Reference Reference Reference
Higher BAR 469 (292-7.53) <0.001 3.67(226-5.96) <0.001 3.16(1.71-582) <0.001
90-day ACM
BAR (continuous) 1,06 (1.04-1.07) <0.001 1.05 (1.04-1.06) <0.001 1.06 (1.04-1.08) <0.001
Lower BAR Reference Reference Reference
Higher BAR 392(266-5.78) <0.001 3.12(210-464) <0.001 254 (1.55-4.18) <0.001
1-year ACM
BAR (continuous) 105 (1.04-1.07) <0.001 105 (1.03-1.06) <0.001 106 (1.03-1.08) <0.001
Lower BAR Reference Reference Reference
Higher BAR 341(239-4.85) <0.001 272(1.90-390) <0.001 2.24(1.43-3.50) <0.001

Model 1: Unadjusted; Model 2: Adjusted age, gender, and ethnicity; Model 3: Adjusted age, gender, ethnicity, Sequential Organ Failure Assessment, creatinine, ed blood cell platelet, sepsis,
hypertension, heart failure, respiratory failure, diabetes, vasopressin, continuous renal replacement therapy.
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Variable Overall (n = 569) Lower BAR (<16.92, Higher BAR (>16.92, p value

n = 469) n=100)
BAR 73 (42-129) 62(38-92) 236 (206-298) <0.001
Demographics
Age, years 59 (46-73) 56 (45-71) 66(57-77) <0.001
Men, n (%) 327 (57.47) 268 (57.14) 59(59.00) 073
Ethnicity, n (%) 079

Asian 21(3.69) 17(362) 4(4.00)

White 352 (61.86) 292(62.26) 60/(60.00)

Black 44(7.73) 38 (8.10) 6(6.00)

Others 152 (26.71) 122(26.01) 30(30.00)

Comorbidities

Acute kidney injury, n (%) 405 (71.18) 321 (68.44) 84(84.00) 0.002
Sepsis, n (%) 426 (74.87) 339 (72.28) 87 (87.00) 0002
Respiratory failure, n (%) 258 (45.34) 197 (42.00) 61(61.00) <0.001
Heart failure, n (%) 98(17.22) 75(15.99) 23(23.00) 009
Atrial fibrillation, n (%) 127 (22.32) 101 (21.54) 26 (26.00) 033
Hypertension, n (%) 278 (48.86) 239 (50.96) 39(39.00) 003
Diabetes, n (%) 180 (31.63) 143 (30.49) 37(37.00) 0.20
Obesity, n (%) 75(13.18) 65(13.86) 10(10.00) 030
Vital sign

Heart rate, beats/min 101 (84-117) 101 (85-118) 975 (82-112) 012
SBP mmHg 126 (108-144) 129 (110-147) 118.5 (102-138.5) 0002
DBR, mmHg 72 (59-86) 74 (61-89) 62(52-72) <0001
MAP, mmHg 90.5(77.7-103.7) 923 (78.7-106.3) 813 (73-927) <0.001
RR, times/min 21(17-25) 21(17-25) 215(165-26) 088
PO, % 96 (94-99) 96 (94-99) 97(94.5-100) 006
Temperature, °C 368 (36.4-37.3) 369 (36.5-37.4) 36,5 (36.2-36.9) <0.001
Laboratory parameters

RBC 37(32-42) 37(3.2-42) 34(30-4.1) 002
WBC 13.0(9.0-18.6) 129 (8.9-18.5) 145 (9.4-19.5) 030
RDW 145 (136-15.8) 144 (13.6-15.7) 15.2(14.25-16.2) 0.001
PLT 187 (130-271) 190 (130-275) 1760 (128.5-241.5) 030
Hb 112(9.7-13.0) 113 (9.8-13.0) 107 (9.2-12.6) 002
HCT 340(29.4-389) 343(29.7-39.0) 323 (28.6-38.1) 006
AG 14(12-17) 14(12-16) 160 (125-2055) <0.001
ALB 29(25-33) 30(26-34) 26(22-3.1) <0.001
TBil 11(0.6-29) 11(0.6-27) 10(0.4-39) 054
ALT 54 (25-147) 55(25-152.5) 50(25-97) 043
AST 69 (34-177) 62(34-172.5) 89 (36-181) 037
GLU 133 (105-175) 129 (105-169) 148 (104-206) 0.03
Crea 10(0.7-1.7) 09(07-13) 32(18-52) <0.001
BUN 21 (12-35) 17(11-26) 635 (51-85) <0.001
PT 144 (129-167) 143 (129-16.3) 150 (132-19.8) 001
INR 13(1.2-15) 13(1.2-15) 13(1.2-18) 0.02
K 40(36-46) 40 (36-44) 44(40-50) <0.001
Na 138 (135-141) 138 (135-141) 138.5 (133-143.5) 0.97
TCa 79(7.2-84) 79(73-84) 7.6(69-8.45) 0.02
LAC 1801.2-28) 18(1.2-28) 19(13-28) 017
Blood lipase 232(61-1,223) 214 (59-1,144) 286 (72-1,501) 019
Treatment

Vasopressin, n (%) 97(17.05) 64(13.65) 33(33.00) <0.001
Octreotide, n (%) 50 8.79) 35(7.463) 15(15.00) 0.02
Statins, n (%) 304 (53.43) 249(53.09) 55 (55.00) 073
Betablockers, n (%) 505 (88.75) 417 (88.91) 88 (88.00) 079
Ventilation, n (%) 76 (13.36) 46 (9.81) 30(30.00) <0.001
CRRT, n (%) 38 (6.68) 34(7.25) 4(4.00) 024
ERCR n (%) 97(17.05) 64(13.65) 33(33.00) <0.001
Clinical Outcomes

14-day ACM, n (%) 46 (8.08) 25(5.33) 21(21.00) <0.001
28-day ACM, n (%) 69(1213) 37(7.89) 32(32.00) <0.001
90-day ACM, n (%) 107 (18.80) 64(13.65) 43(43.00) <0.001
365-day ACM, n (%) 134 (23.55) 86(18.34) 48 (48.00) <0.001

BAR, blood urea nitrogen to albumin ratio; SBP,systolic blood pressure; DB, diastolic blood pressure; MAP, mean arterial pressure; RR, respiratory rate; RBC, red blood cell; WBC, white
blood cell; RDW, red blood cell distribution width; PL, platelet; Hb, hemoglobin; HCT, hematocrit; AG, anion gap; ALB, albumin; TBil, total bilirubin; AL, alanine aminotransferase; AST,
aspartate aminotransferase; GLU, Glucose; Crea, creatinine; BUN, blood urea nitrogen; P, prothrombin time; INR, international normalized ratio; K, serum potassium; Na, serum sodiu
TCa, serum total calcium; LAC, lactate; CRRT, continuous renal replacement therapy; ERC, endoscopic retrograde cholangiopancreatography: ACM, all-cause mortality.
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Items Compositi

Demographic variables  Age, Gender, Ethnicity

Vital Signs HR, SBE, DBP, MAP, RR, SpO2, Temperature

| Treatments Vasopressin, Octreatide, Statins, Betablockers,
Ventilation, CRRT, ERCP

Comorbidities AKI, Sepsis, RE, HE, AF, Hypertension, Diabetes, Obs

Laboratory variables  RBC, WBC, RDW, PLT, Hb, HCT, Crea, ALB, BUN,
TBil, AST, ALT, GLU, PT, INR, Blood lipase, K, Na,
TCa, AG, LAC

Clinical Outcomes 14-day ACM, 28-day ACM, 90-day ACM, 1-year ACM

HR, heart rate; SB, systolic blood pressure; DB, diastolic blood pressure; MAR, mean
arterial pressure; R, respiratory rate; CRRT, continuous renal replacement therapy; ERCE,
endoscopic retrograde cholangiopancreatography: AKI, acute kidney injury: RF, respiratory
failure; HE, heart falure; AF,atral fibrillation; RBC, red blood cell; WBC, white blood cell
RDW, erythrocyte distribution width; PLT, platelet; Hb, hemoglobin; HCT, hematocrit; Crea,
creatinine; ALB, albumin; BUN, blood urea nitrogen; TBil, total bilirubin; AST, aspartate
aminotransferase; ALT, alanine aminotransferase; GLU, Glucose: PT, prothrombin time;
INR, international normalized ratio; K, serum potassium; Na, serum sodium; TCa, serum
total calcium; AG, anion gap; LAC, lactate; ACM, all-cause mortality.
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