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Abstract

BACKGROUND

Acute pancreatitis (AP) encompasses a spectrum of pancreatic inflammatory
conditions, ranging from mild inflammation to severe pancreatic necrosis and
multisystem organ failure. Given the challenges associated with obtaining human
pancreatic samples, research on AP predominantly relies on animal models. In
this study, we aimed to elucidate the fundamental molecular mechanisms
underlying AP using various AP models.

AIM
To investigate the shared molecular changes underlying the development of AP
across varying severity levels.

METHODS

AP was induced in animal models through treatment with caerulein alone or in
combination with lipopolysaccharide (LPS). Additionally, using Ptfla to drive the
specific expression of the hM3 promoter in pancreatic acinar cells transgenic
C57BL/ 6]- hM3/Ptfla(cre) mice were administered Clozapine N-oxide to induce
AP. Subsequently, we conducted RNA sequencing of pancreatic tissues and
validated the expression of significantly different genes using the Gene
Expression Omnibus (GEO) database.

RESULTS

Caerulein-induced AP showed severe inflammation and edema, which were
exacerbated when combined with LPS and accompanied by partial pancreatic
tissue necrosis. Compared with the control group, RNA sequencing analysis
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revealed 880 significantly differentially expressed genes in the caerulein model and 885 in the caerulein combined
with the LPS model. Kyoto Encyclopedia of Genes and Genomes enrichment analysis and Gene Set Enrichment
Analysis indicated substantial enrichment of the TLR and NOD-like receptor signaling pathway, TLR signaling
pathway, and NF-xB signaling pathway, alongside elevated levels of apoptosis-related pathways, such as
apoptosis, P53 pathway, and phagosome pathway. The significantly elevated genes in the TLR and NOD-like
receptor signaling pathways, as well as in the apoptosis pathway, were validated through quantitative real-time
PCR experiments in animal models. Validation from the GEO database revealed that only MYDS88 concurred in
both mouse pancreatic tissue and human AP peripheral blood, while TLR1, TLR7, RIPK3, and OAS2 genes
exhibited marked elevation in human AP. The genes TUBA1A and GADD45A played significant roles in apoptosis
within human AP. The transgenic mouse model hM3/Ptfla(cre) successfully validated significant differential genes
in the TLR and NOD-like receptor signaling pathways as well as the apoptosis pathway, indicating that these
pathways represent shared pathological processes in AP across different models.

CONCLUSION

The TLR and NOD receptor signaling pathways play crucial roles in the inflammatory progression of AP, notably
the MYD88 gene. Apoptosis holds a central position in the necrotic processes of AP, with TUBA1A and GADD45A
genes exhibiting prominence in human AP.

Key Words: Acute pancreatitis; RNA-sequencing; Experimental acute pancreatitis models; Inflammatory; Apoptosis; TLR and
NOD-like signaling pathways

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: AP is a critical emergency condition with no effective targeted therapeutic interventions currently available.
Therefore, RNA sequencing (RNA-seq) was employed to investigate the molecular alterations in acute pancreatitis (AP),
aiming to identify novel therapeutic strategies. The RNA-seq analysis showed a significant upregulation of 7LR and NOD-
like signaling pathways in AP, with crucial involvement of genes such as TLR7, IRF7, and MYDS88. Notably, the TUBA14
and GADD45A4 genes were identified as key players in the apoptosis signaling pathway. Substantial evidence was provided
through comprehensive validation using Gene Expression Omnibus Series datasets from human peripheral blood and mouse
pancreatic tissues, as well as transgenic mouse models to examine inflammation and apoptosis-related molecules. This study
offers fresh insights for future therapeutic approaches in managing AP and establishes new directions for subsequent
fundamental investigations.

Citation: Zheng P, Li XY, Yang XY, Wang H, Ding L, He C, Wan JH, Ke HJ, Lu NH, Li NS, Zhu Y. Comparative transcriptomic
analysis reveals the molecular changes of acute pancreatitis in experimental models. World J Gastroenterol 2024; 30(14): 2038-2058
URL: https://www.wjgnet.com/1007-9327/full/v30/i14/2038.htm

DOI: https://dx.doi.org/10.3748/wjg.v30.i14.2038

INTRODUCTION

Acute pancreatitis (AP), defined as an inflammatory disorder of the pancreas, is characterized by early activation of
digestive enzymes followed by self-digestion of the pancreas[1]. The disease ranges from a mild and self-limiting
condition to severe AP (SAP), which is associated with high mortality due to pancreatic necrosis and persistent organ
failure[2]. Although the etiology varies in different countries and regions, gallstone disease, alcohol intake, and hypergly-
ceridemia are common causes of AP. Generally, the initial management of AP is nutritional support, and effective
treatment strategies are limited[3].

Currently, the exact pathogenic mechanism remains unclear. Due to the unpredictable progression of this disease and
limited access to human pancreatic tissues, there are still great challenges in research on the molecular mechanism of AP.
Therefore, experimental animal models have been extensively used to explore the pathogenic mechanism of AP, which
could be helpful for the development of novel preventive and therapeutic strategies for AP.

In 1977, Lampel and Kern were the first to report that the intravenous administration of high concentrations of the gut
hormone cholecystokinin homolog caerulein could induce a mild and reversible form of AP in rats[4]. Since then, the
caerulein model has emerged as one of the most extensively employed experimental models for investigating the
molecular mechanisms underpinning AP[5,6]. The premature activation of digestive enzymes, such as trypsinogen, and
their intrapancreatic activation are distinctive traits of pancreatic hyperstimulation, which are also fundamental
mechanisms underlying the caerulein model.

Furthermore, the caerulein model aids in unraveling processes related to autophagic dysfunction, aberrant calcium
signaling, and endoplasmic reticulum stress, all of which constitute the central pathogenic mechanisms of AP[7]. Key
characteristics of the caerulein-induced AP model include prominent pancreatic edema, extensive inflammation, and a
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degree of acinar cell necrosis. Notably, this model exhibits a pronounced self-limiting nature, with recovery typically
occurring within approximately one week. However, it is firmly established clinically that the severity of AP is linked to
significantly different clinical outcomes. While mild cases may spontaneously resolve, severe cases are associated with
high mortality rates.

To investigate the shared molecular changes underlying the development of AP across varying severity levels, a
combination of caerulein and lipopolysaccharide (LPS) has been employed to induce SAP[5]. The inclusion of LPS
treatment was linked to substantial damage to the intestinal barrier, resembling peripheral organ injuries observed in
patients. This exacerbated the pancreatic inflammatory responses and acinar cell injuries[2].

The TLR and NOD-like receptor signaling pathways are widely recognized as playing pivotal roles in the inflammatory
immune response. Activation of these signaling pathways results in the release of various inflammatory mediators,
fostering the advancement of tissue inflammation. Additionally, the release of chemokines facilitates the migration of
immune cells from the bloodstream into tissues[8,9]. The discovery of crucial genes within TLR and NOD-like receptor
signaling pathways offered fresh perspectives on mitigating the inflammatory response in AP and introduced novel
therapeutic targets.

Apoptosis is a regulated cell death process critical for preserving tissue and organ stability and overall health[10]. In
the progression of AP, apoptosis plays a role in the elimination of damaged pancreatic cells, thereby averting additional
inflammation and tissue damage. This function can be perceived as a protective mechanism that curtails the disease's
severity[11]. However, excessive apoptosis may lead to severe damage to pancreatic tissues[12]. Hence, comprehending
the molecular mechanisms governing acinar cell apoptosis in AP is of paramount significance, as it has the potential to
open up novel avenues and therapeutic strategies aimed at halting the progression of necrotic alterations in AP or
obstructing its necrotic pathways.

To explore the molecular biological changes in pancreatic tissue as AP progresses, we conducted RNA sequencing
(RNA-seq) on AP animal models exposed to both caerulein alone and in conjunction with LPS. This analysis unveiled the
extensive activation of inflammatory and apoptotic signaling pathways, along with the genes implicated in the
progression of AP. RNA-seq data from AP mouse pancreatic tissue and AP patient blood samples in the Gene Expression
Omnibus (GEO) database corroborated the transcriptional changes in these key genes. Ptfla serves as a pancreatic acinar-
specific promoter[13], whereas M3 is a subtype of human cloned muscarinic receptors[14]. Specific activation of M3
within the pancreatic acini of mice triggers excessive secretion of pancreatic enzymes, leading to the onset of AP. The
transgenic mouse hM3/Ptfla“? AP model further emphasized the key role of the apoptosis pathway in the development
of AP. These molecular biological changes provide comprehensive insights and evidence, offering directions for future
disease treatment and fundamental research.

MATERIALS AND METHODS

Experimental animals

Male wild-type mice at the age of 6-8 wk were obtained from Nanjing Gempharmatech Co. Ltd. Ptfla©? mice and hM3*
mice were both acquired from Shanghai Southern Model Biological Technology Co., Ltd. hM3/Ptfla “ mice were
generated by breeding h1M37 mice and Ptfla®? mice. All animal experiments were approved by the Institutional Animal
Care and Use Committee of The First Affiliated Hospital of Nanchang University and complied with the national and
international guidelines for the Care and Use of Laboratory Animals. In each group of every batch of animal models,
there were at least 6 mice included.

Construction of AP experimental models

The induction of AP was achieved by administering ten consecutive intraperitoneal injections of caerulein (Sigma-
Aldrich, St. Louis, Missouri, United States, at a dose of 50 pg/kg), with one-hour intervals between each injection,
followed immediately by a single dose of LPS (Sigma-Aldrich, St. Louis, Missouri, United States, at a dose of 10 mg/kg).
The control group received intraperitoneal injections of saline. hM3/Ptfla? mice were pre-treated one month in advance
by daily intragastric administration of tamoxifen (Sigma-Aldrich, 10 mg/kg) for one week to activate Ptfla“ expression.
Subsequently, a single intraperitoneal injection of Clozapine N-oxide (Sigma-Aldrich, 1 mg/kg) was administered to
induce spontaneous AP.

Histopathology

The mice were euthanized 24 h after AP modeling, and fresh pancreatic tissue was retrieved. The pancreatic tissues were
fixed in 4% formalin for 24 h, followed by embedding in paraffin and sectioning into 4 pm slices for H&E staining.
Pancreatic injury was blindly assessed by two pathologists according to previously described criteria. In brief, the
pancreatic histopathological assessment included four categories: edema, inflammatory cell infiltration, necrosis, each
scored from 0-3[15].

RNA isolation

The RNA was extracted using the MolPure® Cell Tissue Kit (Yeasen Biotechnology Shanghai Co., Ltd., 19221ES50). Add
the processed homogenate into Mol Pure DNA Removal/RNA Binding Column A2 (column placed in a 2 mL Collection
Tube), then centrifuge and collect the filtrate containing RNA. Proceed to protein removal, clear away proteins through
protein removal solution, wash the column twice with wash solution, and elute the collected RNA using RNase-free H,O.
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Real-time PCR analysis

The quantitative real-time PCR (qQRT-PCR) assay was performed to measure the mRNA expression levels of the target
genes using the Hifair® III 1st Strand cDNA Synthesis SuperMix (Yeasen Biotechnology Shanghai Co., Ltd., 11141ES10)
for qPCR Kit and the Hieff UNICON® Universal Blue qPCR SYBR Green Master Mix Kit (Yeasen Biotechnology Shanghai
Co., Ltd., 11211ES03). GAPDH was employed as the internal reference. The primer sequences used are listed in Supple-
mentary Table 1.

Database

The validation data were sourced from the GEO database, with GSE109227 comprising RNA-seq data from pancreatic
samples of normal mice and pancreatitis-induced mice[16], and GSE194331 containing RNA-seq data from peripheral
blood of healthy individuals and AP patients[17].

RNA-seq

The libraries were constructed using VAHTS Universal V6 RNA-seq Library Prep Kit according to the manufacturer’s
instructions. The transcriptome sequencing and analysis were conducted by OE Biotech Co., Ltd. (Shanghai, China). The
libraries were sequenced on a llumina Novaseq 6000 platform and 150 bp paired-end reads were generated. About 55 raw
reads for each sample were generated. Raw reads of fastq format were firstly processed using fastp and the low-quality
reads were removed to obtain the clean reads. Then about 50 clean reads for each sample were retained for subsequent
analyses. The clean reads were mapped to the reference genome using HISAT2 FPKM3 of each gene was calculated and
the read counts of each gene were obtained by HT Seq-count principal component analysis (PCA) analysis were
performed using R (v 3.2.0) to evaluate the biological duplication of samples.

Differential expression analysis was performed using the DESeq2 Q value < 0.05 and foldchange > 2 or foldchange <
0.5 was set as the threshold for significantly differential expression genes (DEGs). Hierarchical cluster analysis of DEGs
was performed using R (v 3.2.0) to demonstrate the expression pattern of genes in different groups and samples. The
radar map of top 30 genes was drawn to show the expression of up-regulated or down-regulated DEGs using R packet
ggradar.

Based on the hypergeometric distribution, Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway, Reactome and Wiki Pathways enrichment analysis of DEGs were performed to screen the significant enriched
term using R (v 3.2.0), respectively. R (v 3.2.0) was used to draw the column diagram, the chord diagram and bubble
diagram of the significant enrichment term.

Gene Set Enrichment Analysis analysis

Gene Set Enrichment Analysis (GSEA) was performed using GSEA software. The analysis was used a predefined gene
set, and the genes were ranked according to the degree of differential expression in the two types of samples. Then it is
tested whether the predefined gene set was enriched at the top or bottom of the ranking list.

Statistical analysis

The data were expressed as the mean + SEM. Statistical analysis was performed using the SPSS 13.0 software. Differences
between two groups with normal distributions were assessed by Student’s f test, and one-way analysis of variance was
used to compare differences between more than two groups. The least significant difference post hoc test was performed
when analysis of variance indicated significance. The value of P < 0.05 was regarded as the cutoff for statistical
significance.

RESULTS

Treatment with caerulein alone or in combination with LPS induced varying degrees of experimental AP

The drug AP models mainly include the caerulein model and the arginine model, among which the caerulein model has
become the most widely used AP model due to its close similarity to human pancreatitis pathogenesis and its feasibility.
To investigate the common characteristics of AP, treatment with caerulein alone or in combination with LPS was
performed to induce the AP model (Figure 1A). After stimulation with caerulein, pancreatic acinar cell edema was
markedly evident, manifesting as a significant increase in the pancreas-to-body weight ratio. This edema was even more
pronounced when caerulein was combined with LPS (Figure 1B).

H&E staining analysis showed an increased interstitial space between pancreatic acini in mice with AP, with infilt-
ration of inflammatory cells and pronounced pancreatic necrosis following the coadministration of caerulein with LPS
(Figure 1C). Edema and inflammation were notably enhanced when caerulein was combined with LPS, as reflected in the
pathological scoring (Figure 1D).

qRT-PCR analysis was used to assess the expression of the proinflammatory cytokines TNF-a, Interleukin-6, and
Interleukin-1beta (Figure 1E-G). These inflammatory factors were significantly elevated in AP, with a more pronounced
increase observed in mice treated with LPS. This finding aligned well with the clinical features of AP, especially in
patients with concurrent intestinal dysfunction, who had a higher risk of pancreatic necrosis[18,19]. Despite variations in
the severity of the AP model, the observed pancreatic inflammatory characteristics remain consistent with the clinical
manifestations, featuring prominent edema, inflammation, and necrosis.
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Figure 1 Treatment with caerulein alone or in combination with lipopolysaccharide induced varying degrees of experimental acute
pancreatitis. Modeling methods for the control group, caerulein (CAE) group, and CAE combined with lipopolysaccharide (LPS; CAE + LPS) group, evaluation of
pancreatic tissue changes, and relevant parameters. A: Schematic representation of the modeling methods for the CAE group and CAE + LPS group; B: Pancreatic
weight ratios in the three groups; C: H&E staining of pancreatic tissue; D: Scores for edema, inflammation, and necrosis in pancreatic pathology; E-G: Quantitative
real-time PCR expression values of pancreatic inflammatory factors. n = 6 per group, P < 0.05, °P < 0.01, °P < 0.001. CAE: Caerulein; CON: Control; LPS:
Lipopolysaccharide.

RNA-seq identified the molecular changes during the development of AP

To investigate the molecular changes during the onset of AP, RNA-seq was performed on pancreatic tissues from normal
pancreas and two AP models. PCA and bar charts revealed significant differentially expressed (SDE) gene expression at
the transcriptional level among the three groups (Supplementary Figure 1). In comparison to normal pancreas, there were
2268 upregulated and 1787 downregulated genes in the AP experimental model induced by caerulein alone. There were
2400 upregulated and 1878 downregulated genes compared to normal pancreas in the AP model induced by caerulein in
conjunction with LPS. The number of differentially expressed genes between the two AP models was relatively low.
Using volcano plots and heatmaps, we displayed the SDE genes between the two AP models and the normal pancreas
(Figure 2A and B).

In comparison to a normal pancreas, the AP induced solely by caerulein contained 880 SDE genes, while the AP model
induced by caerulein combined with LPS had 885 SDE genes. It was noteworthy that there were 644 common SDE genes
between the two AP models, indicating a high degree of overlap. This high overlap in SDE genes suggested that although
these models differ in severity, their pathogenic mechanisms are remarkably similar (Figure 2C).

GO enrichment analysis revealed that AP mice were enriched in biological processes related to immune system
pathways and inflammatory responses. The cytoplasm and cytoskeleton were the major cellular components affected. In
terms of molecular function, there was a significant influence on protein binding (Figure 2D). KEGG analysis showed that
pathways associated with apoptosis processes in AP showed significant enrichment. Consistent with previous studies,
both groups were enriched in immune- and inflammation-related signaling pathways, such as the NOD-like receptor,
TLR, and NF-«B signaling pathways (Figure 2E)[8,20]. GSEA also showed upregulation of the NOD-like receptor, TLR,
NF-xB, apoptosis, and P53 signaling pathways in both AP models. Taken together, these data suggest that inflammation,
immune response and cell apoptosis play crucial roles during the onset of AP.

NOD-like receptor and TLR signaling pathways play a crucial role in the progression of AP

The TLR and NOD-like receptor signaling pathways, which are critical for the regulation of immune and inflammatory
responses, have been reported to play important roles in AP pathogenesis[20-22]. As shown in Figure 3A and B, the SDE
genes in these two pathways were identified. TLR7, IRF7, SPP1, OAS2, and RIPK3 were the common SDE genes observed
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Figure 2 RNA-seq identified the molecular changes during the development of acute pancreatitis. Comparative analysis of the caerulein (CAE)
group and CAE + lipopolysaccharide (LPS) group with the control (Con) group. A: Volcano plot of significant differentially expressed (SDE) genes (P value < 0.05 and
|log2FC| > 1), with red indicating significant upregulation and green indicating significant downregulation; B: Venn diagram, where blue represents CAE group vs Con
group, and red represents CAE + LPS group vs Con group, with the gray area representing commonly differentially expressed genes in both groups compared to the
Con group; C: Heatmap displaying the expression of SDE genes in each pancreatic sample, with red indicating upregulated genes and blue indicating downregulated
genes; D: Gene Ontology (GO) functional annotation of the top 30 significantly different genes, with the GO classification chart showing the distribution of entries
related to biological processes, cellular components, and molecular functions; E: Enrichment analysis results of the top 20 significantly different Kyoto Encyclopedia of
Genes and Genomes pathways; F: Gene Set Enrichment Analysis for the NOD-like receptor, TLR, NF-kB, and P53 signaling pathways, as well as apoptosis. CAE:
Caerulein; CON: Control; LPS: Lipopolysaccharide.

when comparing the two models to normal pancreas. Among these genes, TLR7 is often reported in conjunction with
IL22 to mitigate various diseases and is thought to have a similar role in AP[23]. Furthermore, interferon IRF7 may play a
crucial role in anti-inflammation and immune activation[24], while SPP1 is often reported for its central role in
modulating the immunological microenvironment of cancer[25].

To confirm that these genes are involved in AP pathogenesis, we generated two experimental AP animal models with
caerulein or in combination with LPS treatment. qRT-PCR analysis showed that the mRNA levels of TLR7, IRF7, and
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Figure 3 NOD-like receptor and TLR signaling pathway played a crucial role in the progression of acute pancreatitis. Significant differentially
expressed genes in the NOD-like receptor and TLR signaling pathways after comparing the caerulein (CAE) group and CAE + lipopolysaccharide (LPS) group to the
control (Con) group. A: Heatmap of significant differentially expressed (SDE) genes in the CAE Group compared to the Con group; B: Heatmap of SDE genes in the
CAE + LPS group compared to the Con group; C: Quantitative real-time PCR (qRT-PCR) expression values of commonly significantly different genes in both groups;
D: gRT-PCR expression values of specifically significantly different genes in the CAE Group compared to the Con group; E: gRT-PCR expression values of
specifically significantly different genes in the CAE + LPS group compared to the Con group. n = 6 per group, 2P < 0.01, °P < 0.001. CAE: Caerulein; CON: Control;
LPS: Lipopolysaccharide.

SPP1 were significantly upregulated in both AP models compared with the control group (Figure 3C). Interestingly, not
all genes showed an association with disease severity. In the model involving caerulein and LPS, TLR7, IRF7, OAS2, and
RIPK3 exhibited more pronounced upregulation, possibly linked to the intestinal damage caused by LPS. SPP1 did not
show a similar trend, possibly due to its close association with ductal growth and development in the pancreas[26].
Additionally, the unique SDE genes in each of the two AP models were validated. Some genes, including JAK3, IRF5, and
TLR1, were uniquely upregulated in the experimental model treated with caerulein alone, while other genes, including
IRF9, GBP2, TAP1 and MYD88, were upregulated in the model treated with caerulein combined with LPS (Figure 3D and
E). In conclusion, these data suggested that genes in the TLR and NOD-like receptor signaling pathways, including TLR?7,
IRF7, OAS2, and RIPK3, may be involved in the progression of AP and are strongly associated with the severity of AP.

Public RNA-seq data reveal the significant role of TLR and NOD-like signaling pathways in AP pathogenesis

To validate the RNA-seq results, two GSE datasets (GSE109227, GSE194331) from the GEO database were downloaded.
The GSE109277 dataset comprised RNA sequencing results of mouse pancreatic tissue. Wild-type C57BL6J mice were
injected intraperitoneally with 9 hourly injections of 50 mg/kg caerulein (n = 6) to induce experimental AP, while sodium
chloride was used as a control (n = 4). The data from GSE194331 consists of human peripheral blood RNA sequencing,
encompassing 32 healthy volunteers and samples taken within 24 h of presentation from 87 patients admitted to the
hospital with AP. These data indicated that the mRNA levels of MYDS88 were upregulated, both in AP experimental
models and in serum from patients with AP (Figure 4A). This observation suggested a significant degree of similarity in
AP development between different species, with MYD88 genes playing key roles in the development of AP in animal
models and in humans. However, the IRF7, IRF9, and SPP1 genes were only validated in the mouse pancreatic tissue
sequencing (Figure 4B-D). Interestingly, despite not being successfully validated in mouse pancreatic tissue sequencing
data, TLR1, TLR7, RIPK3 and OAS2 were validated in human peripheral blood sequencing data (Figure 4E-H). This may
be attributed to the limited sample size of mouse pancreatic tissue and substantial individual variations. Unfortunately,
GBP2 was slightly elevated in both humans and mice, but there was no statistical difference (Figure 4I). In summary,
these data further indicated that the TLR and NOD-like receptor signaling pathways play an important role in the
development of AP through the regulation of some key genes, such as MYD88.

Apoptosis serves as a crucial pathway mediating pancreatic necrosis in AP

Apoptosis, a programmed cell death process, has been reported to play a key role in AP and can clear damaged cells in
the early stages of inflammation. However, it can also become excessively activated in the later stages, leading to
significant acinar cell death[7,11]. Given that the apoptosis pathway was significantly activated in the AP mouse models
(Figure 2F), we further identified the SDE genes involved in this pathway. The heatmap plot showed SDE genes in the
two AP models vs normal pancreatic tissue, including apoptosis-related genes such as BAK1, BAX, PIDD1, the FOS and
the factor TNF (Figure 5A and B).
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Figure 4 Public RNA-seq data reveals that the significant role of TLR and NOD-like signaling pathways in acute pancreatitis
pathogenesis. A-I: The acute pancreatitis (AP) animal RNA-seq dataset (GSE109227) and human AP patient blood RNA-seq dataset (GSE194331) were
downloaded from the Gene Expression Omnibus database for the external validation of significant differentially expressed genes in the successfully validated NOD-
like receptor and TLR signaling pathways in the animal model, using quantitative real-time PCR. n = 6 per group.
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Figure 5 Apoptosis served as a crucial pathway mediating pancreatic necrosis in acute pancreatitis. Significant differentially expressed (SDE)
genes in the apoptotic signaling pathway after comparing the caerulein (CAE) group and CAE + lipopolysaccharide (LPS) group to the control (Con) group. A:
Heatmap of SDE genes in the CAE group compared to the Con group; B: Heatmap of SDE genes in the CAE + LPS group compared to the Con group; C-K:
Quantitative real-time PCR expression values of commonly significantly different genes in both groups, n = 6 per group, 2P < 0.05, °P < 0.01, °P < 0.001. CAE:
Caerulein; CON: Control; LPS: Lipopolysaccharide.

To validate the RNA-seq results, two additional batches of AP animal models were generated. Consistently, compared
with the normal group, the mRNA levels of these genes were significantly upregulated in the experimental model of AP
treated with caerulein or in combination with LPS treatment, as detected by qRT-PCR (Figure 5C-K). Notably, several
apoptosis-related genes, such as BAK1, FOS, and TNF, showed a more pronounced increase in expression in the group
with AP induced by the combination of caerulein and LPS, indicating a close correlation between apoptosis genes and the
severity of AP. These data indicated that apoptosis is considered an important biological feature of AP.

TUBA1A and GADD45A are genes closely associated with apoptosis in AP
Similarly, the validation of apoptosis-related genes was conducted using RNA-seq data from both animal pancreatic
tissue and human peripheral blood samples. In contrast to the confirmation of inflammation and immune-related genes
mentioned earlier, most apoptosis-related genes were not confirmed in the human peripheral blood sequencing results.
Only two genes, TUBAIA and GADD45A, were successfully validated (Figure 6A and B). This discrepancy may be
attributed to species differences and variations in the sequenced samples. Apoptosis primarily acts on cells within tissues
and has a smaller impact on the entire systemic circulation, making it challenging to detect in peripheral blood samples.
As expected, the mouse pancreatic sequencing results were highly consistent with our results, such as BAX, BAK1, FOS
, CTSS, TUBA1A, and GADD45A (Figure 6A-E). Unfortunately, while the expression of the PARP3 gene aligned with our
anticipated trend, it did not exhibit significant differences (Figure 6F). Further exploration revealed that the TNF and
PIDD1 genes demonstrated a completely contrary expression pattern to our expectations (Figure 6G and H). Unfortu-
nately, PIDD1 had the exact opposite trend, suggesting that it may not be representative of the variation in AP (Figure 6I).
Therefore, we believe that further efforts are warranted in the exploration of apoptosis-related processes in AP to identify
targets that also play roles in humans.

Inflammatory response in hM3/Ptf1a transgenic animal models consistent with the caerulein model

To gather further evidence to substantiate the significance and universality of apoptosis in AP, we decided to employ a
transgenic animal model for validation. The hM3/Ptfla? model involves the activation of M3 receptors in acinar cells of
the pancreas, induced by a pancreas-specific promoter, Ptfla, leading to spontaneous pancreatitis. The hM3 cholinergic
receptor is a component of the cholinergic nervous system and is widely distributed across various organs and tissues.
Within the digestive system, the hM3 receptor plays a significant role in the contraction of gastrointestinal smooth
muscles, secretion of digestive fluids, and gastrointestinal motility[27]. The Ptfla gene functions as a transcription factor
that is crucial in regulating the development of pancreatic acinar cells. The cre recombinase driven by the Ptfla gene
promoter marked the hM3 gene specifically expressed in acinar cells[28]. Transgenic mice were administered tamoxifen
orally to activate Ptfla©?, followed by intraperitoneal injection of Clozapine N-oxide (CNO) after a one-month interval to
activate the Ptfla gene (Figure 7A).

Activation of the 1M3 gene led to excessive secretion of pancreatic enzymes, causing AP. More severe than the
caerulein model, the mice exhibited extensive diffuse necrosis and abundant inflammatory infiltration in the pancreas
(Figure 7B). After inducing pancreatitis, qRT-PCR was utilized to assess the inflammatory genes mentioned above. The
results revealed that despite variations in modeling approaches, all genes exhibited a consistent trend with the caerulein
model: notably elevated during AP (Figure 7C-K). This underscores once more the pivotal role of the genes we have
identified as key players in AP inflammation.

The apoptosis in AP in the hM3/Ptf1ac transgenic animal model was consistent with the caerulein models

To further investigate the expression changes in apoptotic genes after AP induction in transgenic mice, qRT-PCR was
employed to assess their expression. Surprisingly, apoptotic gene expression was confirmed in the hM3/Ptfla®? mouse
model and these findings confirmed the similarity in the regulatory mechanisms of the apoptotic pathway across
different AP models (Figure 8). Identifying key targets that influence apoptosis and promote a positive role in AP could
aid in reducing pancreatic necrosis.
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Figure 6 TUBA1A and GADD45A were genes closely associated with apoptosis in acute pancreatitis. A-I: The acute pancreatitis (AP) animal
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RNA-seq dataset (GSE109227) and human AP patient blood RNA-seq dataset (GSE194331) were downloaded from the Gene Expression Omnibus database for the
external validation of the genes successfully validated in the animal model and related to the apoptotic signaling pathway, using quantitative real-time PCR. AP: Acute
pancreatitis; HC: Healthy control.
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Figure 7 Inflammatory response in hM3/Ptf1a(cre) transgenic animal models consistent with the caerulein model. hM3/Ptf1a(cre) model and
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DISCUSSION

In our effort to unravel the molecular changes underlying the development of AP, we adopted the widely recognized and
physiologically relevant caerulein model. To closely mimic clinical scenarios and to avoid the limitations of a single
severity model, we employed a combination of caerulein and LPS to induce SAP. Transcriptome analysis utilizing RNA-
seq revealed dynamic transcriptional alterations in AP. Comparative analysis between the caerulein group and the
caerulein combined with LPS group revealed a highly congruent set of SDE genes. GO and KEGG analyses highlighted
the enrichment of pathways predominantly associated with inflammation, immunity, and apoptosis. Notably, the NOD-
like receptor and TLR signaling pathways exhibited robust concordance of SDE genes in our induced animal samples,
bolstering the internal validity of our experimental results. However, this congruence was not fully recapitulated in
external datasets. Importantly, genes including TLR1, MYD88, RIPK3, and GBP2, which were differentially expressed in
our model, were also validated in human blood samples, underscoring the reliability of our findings and offering novel
therapeutic targets for future studies in the realms of inflammation and immunity. Within the apoptosis-related
pathways, the atypical expression of the TUBAIA and GADD45A genes stood out remarkably. Their dysregulation not
only held true in our animal model but also withstood scrutiny in publicly available GEO datasets and transgenic animal
experiments. This presents a promising outlook for TUBAIA and GADD45A as novel intervention targets for the necrosis
of AP in future clinical treatment.

In our quest to decipher the intricate mechanisms underlying AP, we judiciously opted not to employ all available
modeling approaches. This decision was rooted in the realization that certain models fail to faithfully represent the
pathophysiological mechanisms and exhibit unique, albeit nonrepresentative, conditions associated with AP. For
instance, the AP model induced by intraperitoneal injection of L-arginine, while being informative in specific contexts,
does not provide clear mechanistic insights into AP and may be related to amino acid imbalances and oxidative stress[29-
31]. Importantly, this model does not closely mimic the etiology observed in clinical AP patients, thus limiting its transla-
tional relevance. Similarly, the retrograde ductal infusion-induced AP model primarily manifests lesions in the pancreatic
head characterized by extensive necrosis, with the pancreatic tail displaying primarily edematous changes[32]. The non-
uniform distribution of pathological alterations in this model, while recapitulating certain aspects of gallstone-induced
pancreatitis, deviates from the clinical course of AP[33]. Nevertheless, this model bears semblance to the mechanistic
underpinnings of biliary pancreatitis, offering a prospective avenue for investigating the molecular mechanisms
underlying the development of gallstone-induced pancreatitis.

The early-phase inflammatory response in AP plays a pivotal role in exacerbating disease progression[34].
Consequently, our study placed particular emphasis on the major inflammatory signaling pathways: the TLR and NOD-
like receptor signaling pathways. High-quality research has reported a close association between TLR-like receptors and
inflammatory damage in AP[19]. Notably, the absence of the toll-like receptor 2 receptor effectively alleviates AP in
animal models[17], while the TLR4 receptor is closely linked to lung injury in AP[18]. Evidently, TLR-like receptor
signaling pathways are intricately linked to the progression of AP.

This study verified key genes, such as TLR1, MYD88, RIPK3, and GBP2, through multiple models and datasets, offering
valuable insights and directions for future research endeavors. MYD88 functions as a downstream molecule of TLR-like
receptors, participating jointly in the regulation of immunity and inflammatory responses while also having the
capability to modulate RIPK3 involvement in cellular apoptosis pathways[35,36]. GBP2 is a highly regarded molecule
within the field of oncology research, as it has the capacity to enhance tumor invasion and proliferation abilities[37]. NOD
receptors often play a supplementary role alongside TLR-like receptors, and numerous reports have associated them with
intestinal injury in AP. For instance, they can assist Paneth cells in mitigating intestinal damage in the absence of TLR4
[38]. Therefore, these two crucial inflammatory signaling pathways warrant further exploration, as they may serve as
critical points of initiation in the inflammatory cascade of AP.

Apoptosis, a form of programmed cell death, is critically important for the development and maintenance of the
immune system, as well as its response to external and internal stimuli[11]. In the course of AP, apoptosis of acinar cells is
often closely associated with oxidative stress and inflammation. Numerous reports have highlighted genes that can
modulate and influence the progression of apoptosis, including recent research findings implicating genes such as those
involved in the ATF6/P53/IFM2 and Sirtl/Nrf2/ TNF pathways[39,40]. Many reviews have emphasized the role of key
genes such as caspases; however, significant differential expression of caspases at the transcriptional level was not
observed in our study, possibly due to minimal changes in their transcription and more pronounced alterations at the
protein level[7,41]. TNF-a, an apoptosis-responsive protein present in pancreatic acinar cells, exhibited notable transcrip-
tional changes[40]. Among the successfully validated genes, TUBA1A and its association with apoptosis have received
limited attention[42], while GADD45A, as a critical apoptosis-related gene, plays a significant role in promoting apoptosis
through interactions with various molecules[43,44]. Subsequent research efforts may shift the focus toward TUBAIA to
explore novel avenues of investigation. This research underscores the intricate regulatory mechanisms of apoptosis in the
context of AP, shedding light on key genes and their transcriptional dynamics, with potential implications for therapeutic
intervention.

The etiology of AP was diverse, and we have yet to explore other causative factors leading to AP, such as hyperlip-
idemic pancreatitis and alcoholic pancreatitis. Furthermore, there was a wide range of animal models available for AP,
including models induced by L-arginine, pancreatic duct ligation, and retrograde ductal infusion, but comparative
experiments in this area were lacking. Despite the identification of numerous genes playing important roles in inflam-
mation and apoptosis, further validation experiments in animal models and in-depth exploration of their mechanisms
will be finished in future work. Transgenic mouse models of AP certainly exhibit unique molecular changes, but we have
not extensively investigated the differences between these models and the commonly used caerulein model. The
aforementioned unfinished aspects will be the focus of our subsequent work. Nonetheless, our study provides insights
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into the molecular alterations in AP and identifies genes that play crucial roles in inflammation and apoptosis processes,
offering potential therapeutic targets.

CONCLUSION

This study investigated the molecular changes associated with the development of AP. RNA-seq analysis identified a
significant overlap in the gene expression patterns between AP and normal pancreas, primarily involving inflammatory,
immune, and apoptotic pathways. The validation of the TLR and NOD-like receptor signaling pathways using animal
tissues and two GEO datasets highlighted several potential key genes, including TLR7, IRF7, SPP1, OAS2, and RIPK3.
Moreover, we emphasized the importance of apoptotic pathways in AP. By incorporating transgenic animal models into
the validation process, TUBAIA and GADD45A were identified as the most important expressed genes, suggesting their
potential as critical targets for future interventions and therapies in AP. Both wild type and the hM3/Ptfla©? mice shared
the same pattern of inflammation. These discoveries provide new avenues for the treatment of necrosis in AP.

ARTICLE HIGHLIGHTS

Research background

Acute pancreatitis (AP) is a severe abdominal condition with an increasing incidence rate. Currently, there are no specific
therapeutic approaches targeting the underlying causes of this disease. Research on AP is still in its early stages, and this
study focuses on the molecular changes associated with inflammation and apoptosis, two major pathological events in
AP. The aim is to identify new potential targets for treatment interventions.

Research motivation
This study primarily focused on the molecular changes in AP, indicating significant alterations in inflammation and
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apoptosis. The research also identified key genes involved in the TLR and NOD signaling pathways, as well as in the
apoptotic signaling pathway, highlighting new research and intervention targets for future investigations in this field.

Research objectives

The purpose of this research was to investigate the parthenogenesis and molecular changes associated with AP. In fact,
we have identified genes that play important roles in the inflammatory and apoptotic signaling pathways. These findings
provide directions for future studies aimed at reducing inflammation and alleviating pancreatic necrosis in AP, as well as
discovering new therapeutic approaches for AP.

Research methods

In this study, RNA sequencing analysis was employed to investigate the molecular changes associated with AP and
identify key genes involved. Additionally, external GSE from human peripheral blood samples and mouse pancreatic
tissues were downloaded and used for validation purposes. Transgenic mice models were also utilized to further validate
the findings after induction of AP.

Research results

The molecular changes in inflammation and apoptosis are consistent between different animal models of AP and
transgenic AP models. The TLR and NOD signaling pathways play important roles in the inflammatory response of AP,
with key genes identified as TLR1, TLR7, RIPK3, and OAS2. TUBAIA and GADD45A have been identified as crucial
molecules involved in regulating acinar cell apoptosis in AP. However, further analysis is still needed to investigate AP
associated with various etiologies and different modeling method.

Research conclusions

New theories: (1) TUBAIA and GADD45A are key molecules involved in regulating apoptosis of vesicular cells in AP;
and (2) Transgenic mice, hM3/Ptfla®® with AP induced by caerulein, exhibit similar molecular changes. New method:
Transgenic mice carrying the hM3/Ptfla© construct were generated and successfully developed AP.

Research perspectives
Using the latest single-cell sequencing technology to investigate the pathogenic mechanisms of AP in-depth.
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