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Abstract
Acute pancreatitis (AP) is one of the most common gastrointestinal emergencies, often resulting in self-digestion, edema, 
hemorrhage, and even necrosis of pancreatic tissue. When AP progresses to severe acute pancreatitis (SAP), it often causes 
multi-organ damage, leading to a high mortality rate. However, the molecular mechanisms underlying SAP-mediated organ 
damage remain unclear. This study aims to systematically mine SAP data from public databases and combine experimental 
validation to identify key molecules involved in multi-organ damage caused by SAP. Retrieve transcriptomic data of mice 
pancreatic tissue for AP, lung and liver tissue for SAP, and corresponding normal tissue from the Gene Expression Omnibus 
(GEO) database. Conduct gene differential analysis using Limma and DEseq2 methods. Perform enrichment analysis using 
the clusterProfiler package in R software. Score immune cells and immune status in various organs using single-sample gene 
set enrichment analysis (ssGSEA). Evaluate mRNA expression levels of core genes using reverse transcription-polymerase 
chain reaction (RT-PCR) and immunohistochemistry. Validate serum amylase, TNF-α, IL-1β, and IL-6 levels in peripheral 
blood using enzyme-linked immunosorbent assay (ELISA), and detect the formation of neutrophil extracellular traps (NETs) 
in mice pancreatic, liver, and lung tissues using immunofluorescence. Differential analysis reveals that 46 genes exhibit 
expression dysregulation in mice pancreatic tissue for AP, liver and lung tissue for SAP, as well as peripheral blood in humans. 
Functional enrichment analysis indicates that these genes are primarily associated with neutrophil-related biological pro-
cesses. ROC curve analysis indicates that 12 neutrophil-related genes have diagnostic potential for SAP. Immune infiltration 
analysis reveals high neutrophil infiltration in various organs affected by SAP. Single-cell sequencing analysis shows that 
these genes are predominantly expressed in neutrophils and macrophages. FPR1, ITGAM, and C5AR1 are identified as key 
genes involved in the formation of NETs and activation of neutrophils. qPCR and IHC results demonstrate upregulation of 
FPR1, ITGAM, and C5AR1 expression in pancreatic, liver, and lung tissues of mice with SAP. Immunofluorescence staining 
shows increased levels of neutrophils and NETs in SAP mice. Inhibition of NETs formation can alleviate the severity of SAP 
as well as the levels of inflammation in the liver and lung tissues. This study identified key genes involved in the formation 
of NETs, namely FPR1, ITGAM, and C5AR1, which are upregulated during multi-organ damage in SAP. Inhibition of NETs 
release effectively reduces the systemic inflammatory response and liver-lung damage in SAP. This research provides new 
therapeutic targets for the multi-organ damage associated with SAP.

Keywords Acute pancreatitis · Multi-organ damage in severe acute pancreatitis · Neutrophil extracellular traps (NETs) · 
FPR1 · ITGAM · C5AR1

Introduction

AP is a common inflammatory disease of the exocrine pan-
creas, characterized by acute inflammation of the pancreas 
and histological destruction of acinar cells. It is one of the 

common gastrointestinal emergencies. In recent years, the 
global incidence of pancreatitis has been on the rise, with 
a global incidence of 30–40 cases per 100,000 population 
annually [1]. Approximately 80% of patients present with 
mild acute pancreatitis (MAP), which is relatively mild and 
can be rapidly improved with appropriate fluid resuscita-
tion, pain management, and early enteral nutrition. However, 
about 20% of patients will progress from local involvement 
to systemic organ and system involvement, becoming SAP 
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[2]. SAP is characterized by critical illness, multiple com-
plications, and a high mortality rate, with hospital mortality 
rates ranging from 13% to 35% [3]. However, the mecha-
nism of multi-organ damage associated with SAP remains 
unclear. Therefore, understanding its epidemiology, risk fac-
tors, pathophysiology, and potential mediators is crucial for 
the prognosis and management of AP patients.

Acute lung injury (ALI) is the earliest and most common 
complication of SAP. It is characterized by diffuse damage 
to pulmonary microvascular endothelial cells and alveolar 
epithelial cells, increased permeability of the microvascular 
basement membrane, and exudation of protein-rich edema 
fluid into the interstitium or alveoli. Its main clinical mani-
festations are refractory hypoxemia and respiratory failure, 
with a mortality rate of approximately 60%–70%, making 
it one of the leading causes of death in SAP patients [4–7]. 
However, the mechanism by which severe pancreatitis leads 
to ALI remains unclear, and effective interventions to miti-
gate lung injury are lacking. Additionally, due to the blood 
leaving the pancreas being processed by the liver before 
returning to the heart, the liver often suffers damage from 
extra-pancreatic organs. As early as 1984, Blamey et al. 
reported liver damage in 80% of AP patients, with the sever-
ity of liver damage positively correlated with the progression 
of AP [8]. Clinically, liver damage is an important indicator 
of the severity of AP and has significant prognostic value 
for AP [9, 10]. In SAP models, elevated levels of serum ala-
nine aminotransferase and aspartate aminotransferase have 
long been considered evidence of liver damage. Although 
the liver has compensatory function, liver damage remains 
a serious, and even fatal, complication in the development 
of severe pancreatitis.

Neutrophils serve as the frontline defense against micro-
bial pathogens, protecting the body from invasion. How-
ever, excessive activation of neutrophils can also mediate 
tissue damage and sterile inflammation. Recent studies have 
found that neutrophils play a central role in the develop-
ment of SAP. In the early stages of SAP, the inflammatory 
response is primarily mediated by neutrophils [11]. During 
SAP, pancreatic cell damage leads to abnormal activation of 
pancreatic proteases, which generate sterile inflammatory 
signals recruiting neutrophils to the pancreas and releasing 
cytokines and chemokines. Meanwhile, activated neutrophils 
prolong their lifespan and release reactive oxygen species 
(ROS) and cytotoxic substances, further exacerbating local 
pancreatic injury [12]. As inflammation persists, neutrophils 
undergo a cascade reaction of transendothelial migration, 
leading to capillary obstruction and microthrombus for-
mation, resulting in local tissue necrosis. This exacerbates 
local pancreatic inflammation into systemic inflammatory 
response syndrome (SIRS) and, through overwhelming 
inflammatory responses, causes distant organ damage and 
multiple organ dysfunction syndrome (MODS). However, 

the mechanisms by which neutrophils cause tissue damage 
require further investigation.

In this study, through analysis of bulk transcriptomic data 
and single-cell RNA sequencing (scRNAseq) data during 
acute pancreatitisand SAP, neutrophils are implicated in 
tissue damage via the formation of NETs. The study also 
explores the relationship between NETs formation during 
AP and liver-lung damage, predicts potential traditional Chi-
nese medicine and drug targets, and provides new insights 
for improving the prognosis of AP and the treatment of asso-
ciated liver-lung damage.

Method

Data Collection and Processing

Downloaded transcriptomic data from two AP datasets, 
GSE109227 and GSE65146, from the GEO database; 
transcriptomic data related to SAP lung injury from data-
set GSE151572; transcriptomic data related to SAP liver 
injury from dataset GSE151927; peripheral blood transcrip-
tomic data during human AP from dataset GSE194331. 
According to the corresponding data sets, tissue samples 
were obtained within 24 hours post modeling in mice for 
GSE109227, GSE65146, GSE151572, and GSE151927. 
Blood samples were obtained within 24 hours after hospital 
admission for patients in GSE194331. To increase sample 
size, merged and batch effects were removed for GSE109227 
and GSE65146 using the “Combat” package in R software. 
Dataset GSE181276 contained single-cell transcriptomic 
data from pancreatic cells of control mice and mice with 
AP at 1, 7, and 28 days; dataset GSE198183 contained sin-
gle-cell transcriptomic data from pancreatic cells of control 
mice and mice with AP at 2 days and 6 weeks. Control mice 
from GSE181276 at day 1 of AP and control mice from 
GSE198183 at day 2 of AP were included as single-cell 
transcriptomic data for this study. The standard workflow of 
scRNA-seq data analysis was performed using the “Seurat” 
package in R. Cells with fewer than 200 or more than 6000 
genes, as well as those with mitochondrial gene expression 
exceeding 15%, were filtered out. The “harmony” package 
in R was used to reduce batch effects between samples. The 
“FindVariableFeatures” function was employed to identify 
the top 3000 variably expressed genes. Cell subtypes were 
identified by comparing with marker genes from the Cell-
Marker2.0 database.

Differential Analysis

For microarray data, differential analysis was conducted 
using the “Limma” package in R software. For raw 
sequencing data, differential analysis was performed using 
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the “DESeq2” package in R software. Differential genes 
were defined with a threshold of Fold Change >1.5 and 
FDR < 0.05.

Homologous ID Conversion

Perform homologous ID conversion for mice-origin genes 
to match human-origin genes using the g:Profiler online tool 
(https:// biit. cs. ut. ee/ gprofi ler/ orth).

Functional Enrichment Analysis

Perform enrichment analysis using the “clusterProfiler” 
package in R software. This includes enrichment analysis 
for Gene Ontology (GO), Kyoto Encyclopedia of Genes 
and Genomes (KEGG), and Reactome pathways, with a 
corrected p value <0.05 considered significant enrichment.

Protein‑Protein Interaction Network 
and Identification of Core Genes

The STRING database (https:// string- db. org/) integrates 
all experimentally validated or predicted protein-protein 
interaction relationships [13]. Protein interaction analysis 
is conducted using the STRING database with a Confidence 
Score > 0.4 threshold. The MOCODE plugin in Cytoscape 
3.8.0 software is utilized for modular analysis of the protein-
protein interaction (PPI) network derived from the STRING 
database. The Cytohubba plugin in Cytoscape 3.8.0 soft-
ware is employed to extract core genes from the PPI network 
using algorithms such as MCC, Degree, MNC, EPC, and 
Closeness.

Immune Cell Infiltration and Immune Scoring

Calculate the immune cell infiltration scores and immune 
status scores in each tissue using the ssGSEA algorithm.

Gene‑Drug Network

The relationship between traditional Chinese medicine mon-
omers and genes is established using the HERB database 
[14], and visualization is performed using Cytoscape.

Animal Husbandry and Intervention in Experiments

All experimental procedures were approved by the Ethics 
Committee of the First Affiliated Hospital of Harbin Medi-
cal University. The mice were housed under controlled 
conditions with a temperature of 18–24 °C and humidity 
of 50–60%, with a 12-hour light-dark cycle. They were 
provided with ad libitum access to food and water. Mice 
were allowed one week to acclimate to the new environment 

before initiating the dietary intervention, which lasted for 
8 weeks. Following random allocation principles, mice 
were divided into the following groups: control group (NC 
group), mild acute pancreatitis group (MAP group), severe 
acute pancreatitis group (SAP group), SAP+Neutrophil 
depletion group (SAP+Anti-Ly6g group) and SAP+NETs 
depletion group (SAP+DNase I group). For AP modeling, 
a physiological saline solution containing 5 μg/ml cerulein 
was administered via intraperitoneal injection at a dose of 
10 ml/kg every hour for 10 consecutive doses, and the mice 
were euthanized 24 hours later. For SAP modeling, a ster-
ile solution of 8% L-arginine salt (A92600, MiliporeSigma, 
Burlington, MA) in physiological saline was prepared and 
adjusted to pH 7.0. Mice received intraperitoneal injections 
of L-arginine (4 g/kg) every hour, while the control group 
received intraperitoneal injections of physiological saline 
[15–17]. The neutrophils in mice were depleted using anti-
Ly6g antibody (Bio X Cell, clone 1A8, #BP0075–1), specifi-
cally by intraperitoneal injection of the antibody at a dosage 
of 100μg per mouse once every 48 hours for one week prior 
to euthanasia. DNase I (Merck) was used to inhibit the for-
mation of NETs, administered by intraperitoneal injection 
at a dosage of 5 mg/kg one day before establishing the AP 
model in mice.

Real‑Time Fluorescence Quantitative PCR

Total RNA was extracted from tissues or cells using the 
RNA extraction kit from Axygen Scientific Inc. (Silicon Val-
ley, USA). The extracted RNA was then reverse transcribed 
into cDNA using the Toyobo Reverse Transcription Kit. 
SYBR GREEN reagent was employed to detect the expres-
sion of target genes. RT-qPCR samples were preheated at 
95 °C for 10 minutes, followed by 40 cycles of denaturation 
at 95 °C for 15 seconds and annealing/extension at 60 °C for 
1 minute. GAPDH was used as an internal reference gene. 
Data were analyzed using the 2^-ΔΔCt method. Supplemen-
tary Table 1 provides details of the primer information.

ELISA

Peripheral blood was collected using the mice fundus vein 
puncture method. The collected blood was centrifuged 
at 3000 rpm for 15 minutes at 4 °C, and the supernatant 
was collected for enzyme-linked immunosorbent assay 
(ELISA) analysis. The levels of IL-1β, IL-6, and TNF-α 
were analyzed according to the manufacturer’s instructions 
using ELISA kits purchased from Elabscience Biotech Co. 
(Wuhan, China).

Serum amylase activity was determined using a com-
mercial amylase assay kit. In brief, serum samples were 
added to wells containing known concentrations of excess 
substrate (starch). Amylase in the samples hydrolyzed starch, 

https://biit.cs.ut.ee/gprofiler/orth
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and then iodine was added to react with the unhydrolyzed 
starch, producing a blue-colored compound. By measuring 
the absorbance of the blue-colored compound at 660 nm, the 
amount of starch hydrolyzed by amylase could be inferred, 
and thus the amylase activity could be calculated. The unit 
is expressed as U/L.

Hematoxylin and Eosin Staining

The mice pancreas, liver, and lung tissue specimens were 
fixed in 4% paraformaldehyde solution, dehydrated in a 
series of alcohol gradients, embedded in paraffin, and then 
sectioned into continuous slices of 5 μm thickness. The 
tissue sections were stained with hematoxylin and eosin 
(H&E), and the tissue morphology was observed using an 
optical microscope.

Immunohistochemistry

The freshly collected pancreas and liver-lung tissues were 
fixed overnight in 4% paraformaldehyde, dehydrated, and 
embedded in paraffin. The paraffin-embedded samples were 
then sectioned into 4 μm thick slices. Antigen retrieval was 
performed in a pressure cooker for 2 minutes using Tris-
EDTA buffer (pH = 9). Endogenous peroxidase activity was 
blocked with 3% hydrogen peroxide. The sections were then 
incubated with 10% goat serum at 37 °C for 30 minutes to 
block nonspecific binding. Subsequently, the sections were 
incubated overnight at 4 °C with primary antibodies against 
ITGAM (SANTA; sc-1186; 1:200), ITGAM FPR1 (SANTA; 
sc-53,795; 1:200), and FPR1 (abcam;ab113531;1:200). 
After washing, the sections were incubated with horserad-
ish peroxidase (HRP)-conjugated secondary antibodies at 
37 °C for 30 minutes. Finally, the sections were incubated 
in Diaminobenzidine (DAB) for 5–10 minutes to develop a 
stable color.

Immunofluorescence

After antigen retrieval in citrate buffer (Hangzhou Hulk 
Biotechnology Co., Ltd., Hangzhou, China, HK1222) using 
microwave, pancreas and liver-lung tissue sections were 
blocked with 5% BSA (Beyotime, Jiangsu, China, ST2254) 
for 30 minutes. The sections were then incubated overnight 
with primary antibodies at 4 °C, followed by three washes 
with PBS and addition of secondary antibodies. Nuclear 
staining was performed with 4′,6-diamidino-2-phenylindole 
(DAPI). Images were captured using a microscope (Leica, 
Wetzlar, Germany, DM2500) and captured by Pannoramic 
SCAN II (3D HISTECH) and fluorescence microscope (LAS 
X software, Leica, Wetzlar, Germany).

The antibodies used were as follows: Anti-CitH3 (Abcam, 
ab281584, 1:100), Anti-MPO (Abcam, ab300650, 1:100), 

Anti-Ly6g (Abcam, ab238132, 1:100), Fluorescein (FITC)-
conjugated Affinipure Goat Anti-Rat IgG(H + L) (Protein-
tech, SA00003–11,1:100), Fluorescein (FITC)-conjugated 
Affinipure Rabbit Anti-Goat IgG(H + L) (Proteintech, 
SA00003–4, 1:100).

Statistical Analysis

For the bioinformatics analysis, statistical analysis was con-
ducted using R software (version 4.0.2). For experimental 
validation, differential analysis was performed using Graph-
Pad Prism 8. Continuous variables between two groups were 
compared using either the t-test or Mann–Whitney U test, 
depending on whether the data followed a normal distribu-
tion. For comparisons among three groups of samples, the 
Kruskal-Wallis test was used. Spearman correlation analysis 
was used for all correlation analyses. The diagnostic ability 
of molecules was reflected by receiver operating character-
istic (ROC) curves. For all statistical analyses, a significance 
level of P < 0.05 was considered statistically significant (*, 
P < 0.05; **, P < 0.01; ***, P < 0.001).

Result

Data Processing and Hub Gene Selection

The GSE65146 and GSE109227 datasets were merged and 
batch effects were successfully removed (Supplementary 
Fig. 1A-B). Differential analysis of mice pancreatic tran-
scriptome data revealed 3264 upregulated and 1905 down-
regulated genes in AP pancreatic tissue compared to nor-
mal pancreatic tissue (Supplementary Fig. 2A). Compared 
to normal lung tissue, SAP lung tissue had 651 upregulated 
and 471 downregulated genes (Supplementary Fig. 2B). 
Compared to normal liver tissue, SAP liver tissue had 4375 
upregulated and 2716 downregulated genes (Supplementary 
Fig. 2C). There were 106 genes simultaneously upregulated 
(Supplementary Fig.  2D) and 14 genes simultaneously 
downregulated (Supplementary Fig. 2E) in pancreatic, lung, 
and liver tissues. Compared to normal human blood, AP 
patient peripheral blood had 3149 upregulated and 1768 
downregulated genes (Supplementary Fig. 2F). After con-
verting the selected mice-origin genes to human-origin genes 
in the three groups (pancreas, liver, and lung) and taking the 
intersection with the differentially expressed genes identified 
in blood, 45 upregulated and 1 downregulated gene were 
obtained (Supplementary Fig. 2G-H). Functional enrichment 
analysis of these differentially expressed genes revealed that 
they were mainly associated with MAPK, NF-κB, IL-17, 
cytokine-cytokine receptor interaction pathways based on 
KEGG enrichment analysis (Supplementary Fig. 3A). Reac-
tome enrichment analysis indicated that these genes were 
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mainly related to IL-4/IL-13, IL-10, IL-1, TOLL-like recep-
tor signaling pathways (Supplementary Fig. 3B). GO-BP 
enrichment analysis showed that these genes were mainly 
associated with neutrophil-mediated immunity, neutrophil 
activation, neutrophil degranulation, and neutrophil migra-
tion (Supplementary Fig. 3C). Through the analysis of the 
results of the three enrichment analyses, it was found that 
these genes mainly enriched in neutrophil-related biologi-
cal processes (Supplementary Fig. 3C). Given the impor-
tant role of neutrophils in inflammation and organ damage 
associated with SAP [18, 19], we decided to select 12 genes 
(including C5AR1, CD14, CLEC4D, FPR1, ITGAM, LCN2, 
LRG1, MMP8, PLAUR, PTPRJ, S100A8, and STOM) out 
of the 46 genes that could enrich in neutrophil-related pro-
cesses for further analysis.

Differential Genes Related to Neutrophils Have 
Diagnostic Potential for Moderate to Severe 
Pancreatitis

By analyzing the expression of the aforementioned 12 
neutrophil-related genes in mild and moderate-severe acute 
pancreatitis, it was found that compared to normal periph-
eral blood, the expression of these 12 genes was signifi-
cantly increased in peripheral blood of AP patients (Sup-
plementary Fig. 4A). Among them, ITGAM, LRG1, and 
S100A8 showed a significant increase in expression in 
peripheral blood with the severity of AP (Supplementary 
Fig. 4A). To establish the potential of these genes in diag-
nosing mild and moderate-severe AP, ROC curve analysis 
was performed. The results showed that among the 12 genes, 
LCN2 (AUC = 0.718), MMP8 (AUC = 0.723), S100A8 
(AUC = 0.702), and STOM (AUC = 0.713) performed well 
in distinguishing between mild and moderate-severe AP 
and had diagnostic significance (Supplementary Fig. 4B). 
To further improve diagnostic efficacy, ROC curve analy-
sis was performed for the combination of LCN2, MMP8, 
S100A8, and STOM. The results showed that the combined 
AUC value of LCN2, MMP8, S100A8, and STOM in distin-
guishing between mild and moderate-severe AP was 0.770, 
further enhancing the diagnostic potential for mild and 
moderate-severe AP (Supplementary Fig. 4C). Additionally, 
a protein-protein interaction (PPI) network and a disease-
drug-target gene network were constructed, and potential 
therapeutic Chinese medicines were screened (Supplemen-
tary Fig. 5A-B).

AP Can Lead to Multiorgan Immune Dysregulation

The ssGSEA algorithm can assess the levels of immune 
cells and immune status in organs based on transcriptomic 
data. We used the ssGSEA algorithm to score the immune 

cells and immune status in the pancreas and peripheral 
blood during AP, as well as in the liver and lungs during 
SAP. We found that compared to the normal pancreas, the 
infiltration levels of B cells, macrophages, neutrophils, 
pDCs, Th1, and Th2 cells were significantly increased in 
the pancreas of the AP group, while the levels of  CD8+ 
T cells, mast cells, and helper T cells were significantly 
decreased (Fig. 1A). In addition, the inflammatory score, 
type I IFN response, and type II IFN response scores were 
higher in the pancreas of the AP group compared to the 
normal pancreas (Fig. 1B). Compared to normal peripheral 
blood, the scores of neutrophils and macrophages were 
significantly increased in the blood of AP patients, while 
the scores of other cells such as B cells and T cells were 
significantly decreased (Fig. 1C). Surprisingly, the inflam-
matory score was decreased in the blood of AP patients 
compared to normal blood (Fig. 1D). Compared to the nor-
mal liver, the levels of macrophages, Tfh cells, Treg cells, 
inflammatory score, and auxiliary inflammation score 
were significantly increased in the liver of the SAP group, 
while pDCs were decreased (Fig. 1E and F). Similarly, 
compared to the normal lungs, the levels of macrophages, 
neutrophils, Treg cells, and type II IFN response scores 
were significantly increased in the lungs of the SAP group, 
while  CD8+ T cell infiltration was decreased (Fig. 1G and 
H), suggesting immune dysregulation in multiple organs 
during AP.

The Correlation between the Expression 
Levels of the 12 Genes in Various Organs 
and the Infiltration of Immune Cells and Immune 
Status Scores

We analyzed the correlation between the expression levels 
of these 12 genes in various organs and the infiltration 
of immune cells and immune status scores. It is evident 
that in the pancreas, peripheral blood, liver, and lung tis-
sues, the expression of hub genes is significantly positively 
correlated with neutrophil and macrophage infiltration 
(Fig. 2A-D). Additionally, in pancreatic, liver, and lung 
tissues, the expression of hub genes is positively corre-
lated with auxiliary inflammatory response scores and 
type II IFN response scores (Fig. 2A, C-D). Surprisingly, 
in peripheral blood tissue, hub genes are only positively 
correlated with the APC co-inhibition response score, 
macrophages, and neutrophils, while they are negatively 
correlated with almost all other immune cells and immune 
status scores (Fig. 2B). Considering the results of previ-
ous enrichment analyses, it can be speculated that hub 
genes may play an intermediary role in highly infiltrated 
neutrophils and macrophages during SAP-induced damage 
to other organs.
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The Expression of the 12 Neutrophil‑Related Genes 
at the Single‑Cell Level

To better understand the expression of these 12 genes at 
the single-cell level, we conducted scRNA-seq analysis in 
a mice AP model (Fig. 3A). We identified a total of 27 cell 
subtypes in four samples from the control group and the AP 
group (Fig. 3B). By comparing these 27 cell subtypes with 
the marker genes of various cell types in mice pancreatic 
tissue from the CellMarker database, we found that the 27 
cell subtypes could be classified into 12 cell types, includ-
ing acinar cells, fibroblasts, ductal cells, endothelial cells, 
macrophages, B cells, monocytes, neutrophils, beta cells, 
dendritic cells, and peptide cells (Fig. 3C). Figure 3D shows 
the top 5 marker genes for each of the 12 cell types.

Subsequently, we explored and compared the expres-
sion of these 12 hub genes across the 12 cell types 
(Fig. 4). The results showed that C5AR1, CD14, CLEC4D, 
PLAUR, ITGAM, FPR1, PTPRJ, and S100A8 had the 
highest expression levels in neutrophils, followed by 
macrophages (Fig. 4A-H). On the other hand, LRG1 and 
STOM exhibited the highest expression levels in endothe-
lial cells, while LCN2 was predominantly expressed in 
ductal cells, and MMP8 was mainly expressed in mac-
rophages (Fig. 4I-L).

Through integrated analysis with the KEGG pathway 
database, we found that among these 12 genes, FPR1, 
ITGAM, and C5AR1 were simultaneously identified as 
key genes involved in the formation of NETs (Supple-
mentary Fig. 5). NETs play a crucial role in mediating 
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the development of AP [9, 20], but their involvement 
in the multi-organ damage observed in SAP remains 
unclear [10, 21]. Therefore, we decided to further inves-
tigate FPR1, ITGAM, and C5AR1 as targets for experi-
mental validation.

FPR1, ITGAM, and C5AR1 Exhibit Increased 
Expression in AP Tissues

To validate whether FPR1, ITGAM, and C5AR1 medi-
ate multi-organ damage caused by SAP, we first verified 
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whether they were upregulated in various organs of SAP. 
We used C57BL/6 mice to establish models of MAP and 
SAP. HE staining results showed significant inflammation 
in pancreatic tissues of MAP and SAP mice compared to 

the control group, with a significant increase in pathologi-
cal scores and serum amylase levels (Fig. 5A). In contrast, 
significant inflammatory damage was observed in the lung 
and liver tissues of the SAP group, while no significant 

Fig. 5  Expression levels of 
FPR1, ITGAM and C5AR1 
as key genes in the formation 
of NETs in SAP organs. (A) 
Pancreatic tissue inflammation 
levels, pathological scores and 
serum amylase levels in MAP 
and SAP mice. (B-E) serum 
amylase, TNF-α, IL-1β and 
IL-6 levels in MAP and SAP 
mice; (F) mRNA expression 
levels of FPR1,ITGAM and 
C5AR1 in pancreas in MAP 
group; (G) mRNA expression 
levels of FPR1,ITGAM and 
C5AR1 in lung tissue in MAP 
group; (H) mRNA expression 
levels of FPR1,ITGAM and 
C5AR1 in liver tissue in MAP 
group; (I-K) expressions of 
FPR1,ITGAM and C5AR1 
in three tissues by IHC; (L) 
expressions of Ly6g in three 
tissues by immunofluores-
cence, *P < 0.05 **P < 0.01 
***P < 0.001
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inflammation was observed in the lung and liver tissues of 
the AP group (Fig. 5A). Compared to the control group, 
MAP mice showed elevated levels of serum amylase, 
TNF-α, IL-1β, and IL-6, and these indicators were further 
increased in the serum of SAP mice (Fig. 5B-E).

Subsequently, we validated the expression of FPR1, 
ITGAM, and C5AR1 in the mice models using qPCR. In 
pancreatic tissues, mRNA expression of FPR1, ITGAM, 
and C5AR1 was significantly increased in the MAP group 
compared to the control group, and this trend was more sig-
nificant in the SAP group (Fig. 5F). In lung tissues, mRNA 
expression of FPR1, ITGAM, and C5AR1 was significantly 
increased in the SAP group compared to the control group, 
while no significant increase was observed in the MAP 
group (Fig. 5G). In liver tissues, mRNA expression of FPR1, 
ITGAM, and C5AR1 was significantly increased in the SAP 
group compared to the control group, while no significant 
increase was observed in the MAP group (Fig. 5H). Sub-
sequently, we further validated the differential expression 
of FPR1, ITGAM, and C5AR1 at the protein level using 
immunohistochemistry, and the results were consistent with 
those obtained by qPCR (Fig. 5I-K).

Neutrophiles Increase during AP and Mediate 
SAP‑Related Multi‑Organ Damage

To investigate the role of neutrophils in the multi-organ dam-
age associated with SAP, we examined the expression of 
the neutrophil-specific marker Ly6g through immunofluo-
rescence. The results indicated that, compared to the control 
group, there was an increase in neutrophils in the pancreas 
of the MAP group, and this phenomenon was even more 
significant in SAP (Fig. 5L). In lung tissue, compared to 
the control and MAP groups, the infiltration of neutrophils 
was significantly increased in the SAP group, although there 
was no significant difference between the control and MAP 
groups (Fig. 5L). Similarly, in liver tissue, the infiltration 
of neutrophils was significantly increased in the SAP group 
compared to the control and MAP groups (Fig. 5L).

Subsequently, we depleted neutrophils in mice using an 
anti-Ly6g antibody, and then established an SAP model to 
explore the role of neutrophils in SAP-associated multi-
organ damage. Immunofluorescence results showed that the 
infiltration of neutrophils in the pancreas, lungs, and liver 
of SAP mice was increased, while the anti-Ly6g antibody 
successfully depleted neutrophils in these organs (Fig. 6A). 
ELISA results showed that treatment with the anti-Ly6g 
antibody reduced levels of blood amylase, IL-1β, IL-6, 
and TNF-α in the peripheral blood of SAP mice, indicat-
ing a reduction in systemic inflammation (Fig. 6B-E). H&E 
staining showed that treatment with the anti-Ly6g antibody 
reduced the level of tissue damage in the pancreas, lungs, 
and liver of SAP mice (Fig. 6F).

NETs Increase during AP and Mediate SAP‑Related 
Multi‑Organ Damage

Subsequently, we performed immunofluorescence confocal 
microscopy to detect the formation of NETs. The results 
showed that compared to the control group, both MAP and 
SAP groups exhibited NETs in pancreatic tissues (Fig. 7A). 
In lung tissues, NETs were not detected in the control and 
MAP groups, while there was a significant increase in NETs 
in the lung tissues of the SAP group (Fig. 7B). Similarly, in 
liver tissues, NETs were not detected in the control and MAP 
groups, while there was a significant increase in NETs in the 
liver tissues of the SAP group (Fig. 7C). This indicates that 
during SAP, there is a significant formation of NETs that 
contribute to multi-organ damage.

DNase I is a commonly used inhibitor of NETs. To deter-
mine whether NETs release is involved in mediating multi-
organ damage in SAP, we inhibited the generation of NETs 
using DNase I and induced a mice SAP model. After applying 
DNase I, fluorescence confocal microscopy revealed a signifi-
cant reduction in NETs in pancreatic, lung, and liver tissues of 
SAP mice, indicating a significant inhibition of NETs forma-
tion (Fig. 8A-C). Subsequently, we performed HE staining 
on liver and lung tissues of SAP mice treated with DNase I 
to study the severity of SAP and the extent of damage to the 
pancreas, lung, and liver. The results showed that compared 
to SAP mice without DNase I treatment, SAP mice treated 
with DNase I exhibited significantly reduced inflammatory 
responses and decreased damage to the pancreas, lung, and 
liver (Fig. 8D). After inhibiting NETs formation and release, 
the levels of serum amylase, TNF-α, IL-1β, and IL-6 in SAP 
mice were reduced, indicating a reduction in the severity of 
systemic inflammation (Fig. 8E-H).

Discussion

AP leads to significant morbidity and mortality. Globally, 
the estimated incidence of AP is 33.74 cases per 100,000 
person-years (95% CI 23.33–48.81), with a mortality rate 
due to AP of 1.60 cases per 100,000 person-years (95% CI 
0.85–1.58) [22]. The severity of AP can be mild, moderate, 
or severe, depending on the extent of local pancreatic injury 
and, more importantly, systemic damage to organs distant 
from the pancreas [23]. MAP typically lacks obvious local or 
systemic complications. However, about 20% of AP patients 
present with a more severe form of the disease, characterized 
by significant local complications such as necrosis, often 
due to systemic damage caused by widespread inflamma-
tion. In this pathophysiological process, a large release of 
cytokines and inflammatory mediators activates multiple 
signaling pathways, causing damage to the body. However, 
the underlying mechanisms are not fully understood.
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Previous studies have long believed that the excessive 
activation of pancreatic enzymes is the direct pathogenic 
mechanism of pancreatitis [24, 25]. However, in clinical 

practice, the condition of SAP patients treated with pan-
creatic enzyme inhibitors did not improve significantly. 
Therefore, there are still pathogenic mechanisms of AP 
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Fig. 6  Neutrophil-mediated multi-organ damage in SAP. (A) Immu-
nofluorescence demonstrated that treatment with the anti-Ly6g anti-
body reduced neutrophil infiltration in the pancreas, lungs, and liver; 
(B-E) serum amylase, IL-1β, IL-6, and TNF-α levels in mice treated 

with the anti-Ly6g antibody were verified by ELISA; (F) H&E stain-
ing showed that treatment with the anti-Ly6g antibody alleviated 
multi-organ damage associated with SAP
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independent of excessive pancreatic enzyme activation. In 
recent years, increasing evidence supports that inflamma-
tory factors are crucial pathogenic mechanisms of pancrea-
titis independent of pancreatic enzyme activation [26]. The 

release of inflammatory signals from pancreatic acinar cells 
can mediate the recruitment and activation of circulating 
inflammatory cells (monocytes and neutrophils) [27, 28]. 
The excessive activation of neutrophils can trigger intense 

Fig. 7  NETs increase at MAP 
and mediate SAP related 
multiple organ injury. (A) NETs 
formation in pancreatic tissue. 
(E) NETs formation in lung 
tissue. (C) NETs formation in 
liver tissue Control
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local and systemic inflammatory responses, leading to acute 
respiratory distress syndrome, cardiovascular failure, renal 
failure, and gastrointestinal bleeding, which are also the rea-
sons for the high mortality rate of SAP [29]. Enrichment 

analysis revealed that differential genes are mainly associ-
ated with neutrophil-mediated immunity, activation, degran-
ulation, migration, and other biological processes. Addition-
ally, the analysis of the expression levels of 12 hub genes 

Fig. 8  Inflammatory response 
and NETs formation after NETs 
inhibitors. (A-C) NETs forma-
tion in pancreatic, lung and 
liver tissues after administration 
of NETs inhibitors. (D) H&E 
staining showed that treatment 
with the NETs inhibitors allevi-
ated multi-organ damage associ-
ated with SAP. (E-H) serum 
amylase, TNF-α, IL-1β and 
IL-6 levels in mice treated with 
NETs inhibitors were verified 
by ELISA, *P < 0.05 **P < 0.01 
***P < 0.001
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in various organs and their correlation with immune cell 
infiltration and immune status scores revealed a significant 
positive correlation between hub gene expression and neu-
trophils and macrophages in pancreatic, peripheral blood, 
liver, and lung tissues. Furthermore, increased neutrophil 
infiltration levels in pancreatic and lung tissues in the SAP 
group suggest that neutrophils participate in the immune 
dysregulation of multiple organs during SAP. During SAP, 
the release of TNF-α, IL-1, and IL-6 promotes neutrophil 
adhesion and migration, increases capillary permeability, 
exacerbates pancreatic damage, and SIRS [30–32]. Addi-
tionally, increased complement C3a in peripheral blood can 
promote neutrophil activation and infiltration, increasing 
vascular permeability [33]. Moreover, immune complexes, 
such as IC3b complement deposition on endothelial cell 
membranes, can serve as signaling mediators for neutrophils, 
facilitating their long-distance migration in tissues [34]. 
Although neutrophil recruitment is considered a nonspe-
cific defensive response against invading microorganisms, 
excessive recruitment and activation of neutrophils may lead 
to the release of large amounts of pro-inflammatory media-
tors and ROS. Therefore, SAP patients may experience the 
progression of pancreatitis and multiple organ failure due 
to the continuous exacerbation of systemic inflammatory 
cascades [35].

Under the action of inflammatory mediators and chemo-
tactic factors, neutrophils are the first cells to migrate to the 
pancreas, releasing inflammatory mediators and triggering 
local inflammatory reactions [36]. However, neutrophil infil-
tration into tissues often comes at the expense of damaging 
host cells, and the level of neutrophil infiltration can reflect 
the extent of tissue damage to some extent. Under the stimu-
lation of various inflammatory factors, activated neutrophils 
can release a meshwork of DNA fibers called NETs, which 
are packed with intracellular substances such as elastase, 
tissue protease G, and MPO to protect the host from inflam-
matory damage [37, 38].

Our research suggests that neutrophils and NETs may 
play significant roles in the occurrence and development of 
SAP. In mouse models of pancreatic inflammation, signifi-
cant improvements in tissue damage were observed by inhib-
iting neutrophil infiltration and NETs generation. Inhibiting 
NETs can reduce the release of CXCL2 in the pancreas and 
lungs and the recruitment of neutrophils, a finding worth 
noting as it suggests that NETs themselves may act as chem-
oattractants in the form of DAMPs or stimulate the release of 
chemotactic factors, thereby exacerbating the inflammatory 
response [39]. This indicates that NETs may act as a double-
edged sword in inflammation, with their formation inhibiting 
the inflammatory response to some extent but amplifying 
it in certain circumstances, worsening tissue damage. For 
example, neutrophils accumulated in the pancreas can retro-
gradely migrate to the circulatory system, causing systemic 

and local complications of SAP such as multiple organ fail-
ure, thrombosis, IPN, and sepsis. Research has also found 
that NETs can regulate the activity of important molecular 
mediators such as STAT3 and the activation of pancreatic 
protease in pancreatic acinar cells during inflammation [39]. 
Additionally, IL-17A, primarily produced by activated T 
cells, can promote neutrophil accumulation in pancreatic 
ducts, while bicarbonate ions and calcium carbonate crystals 
in pancreatic juice, together with accumulated neutrophils, 
promote the formation of NETs. This, in turn, exacerbates 
SAP by blocking pancreatic ducts, leading to acute biliary 
pancreatitis [40].

At the level of amplifying the inflammatory response, 
NETs can activate inflammatory cells such as monocytes or 
macrophages by regulating the assembly of NLRP3 inflam-
masomes in neutrophils via PAD4 [41, 42], leading to the 
release of inflammatory factors such as IL-1β [43] and IL-18 
[44]. Studies have found that NETs may also induce the 
secretion of pro-inflammatory chemokines IL-8 and B cell-
activating factor (BAFF) through pathways involving Akt, 
ERK1/2, and p38 phosphorylation [45]. Extracellular AIM2-
NET interaction may further promote sustained secretion of 
IFN-I, thereby amplifying the inflammatory response [46].

Aldabbous has demonstrated that MPO derived from 
NETs stimulates the activation, proliferation, and migration 
of endothelial cells in a model of pulmonary arterial hyper-
tension [47]. Activated endothelial cells, in turn, promote 
NETosis via the IL-8 signal. This could potentially form a 
positive feedback loop of tissue damage and inflammation. 
Additionally, the negatively charged DNA within NETs, 
along with serine proteases and neutrophil elastase, can 
promote platelet aggregation. Through the NETs-platelet-
coagulation axis, this promotes thrombus formation, thereby 
contributing to tissue damage and amplifying the inflam-
matory process [48]. Although NETs play a crucial role in 
inflammation, we must still recognize that the exacerbation 
of inflammation is the result of the combined action of mul-
tiple factors, including Netosis. Our findings also indicate 
that inhibiting the formation of NETs can only partially alle-
viate the severity of inflammation.

Through combined analysis, we identified genes associ-
ated with NETs, including C5AR1, FPR1, and ITGAM, as 
NETs are their common downstream. ITGAM encodes the 
α chain of integrin αM, an integrin that has been shown 
to be crucial for promoting the adhesion and transmem-
brane migration of neutrophils and monocytes to activated 
endothelial cells, primarily through ICAM-1 on the acti-
vated endothelial cells, thus directing these immune cells to 
migrate to sites of infection or inflammation [49]. Various 
integrins play a pathogenic role in MAP/SAP [50]. During 
acute and severe pancreatitis, the levels of ITGAM in the 
peripheral blood of patients are significantly increased [51, 
52]. ITGAM can independently promote the generation of 



 Inflammation

reactive oxygen species (ROS) through activating signal-
ing pathways such as Src kinase, Syk, and PI3K δ, thereby 
facilitating the release of NETs [53]. C5aR1 was initially 
found in neutrophils, monocyte macrophages, and mast cells 
and is one of the most important components of the comple-
ment cascade with multiple pro-inflammatory effects. C5a/
C5aR1 can directly trigger neutrophil activation but does not 
participate in myeloid cell infiltration into the lungs [50]. We 
studied its possible role in myeloid cell activation, focusing 
mainly on neutrophils. In Alzheimer’s disease, neutrophils 
can be attracted to amyloid plaques by several pro-inflamma-
tory factors such as C5a, and release NETs [54]. Although 
these data suggest an association between C5a/C5aR1 and 
NETs formation, we cannot rule out the indirect effects of 
C5a on NETs formation. Indeed, evidence suggests that 
NETs can amplify the inflammatory process by promoting 
tissue damage and the production of additional cytokines/
chemokines. NETs play a crucial role in the interaction 
between neutrophils and macrophages during the early 
acute phase of ALI. They promote ALI by facilitating mac-
rophage polarization towards the M1 phenotype. The gene 
FPR1 encodes the G protein-coupled receptor expressed on 
macrophages, mediating their response to microbial invasion 
of the host. The macrophage-SCIMP-FPRs-neutrophil axis 
plays a critical role in the immune process of ALI [55]. Our 
research also confirms the upregulation of FPR1 expression 
in multiple organs during SAP.

Although this study found that NETs act as a common 
downstream effector promoting SAP-related inflammation 
for ITGAM, FPR1, and C5AR1, they do not solely exert 
their pro-inflammatory effects through NETs. During viral 
infections, extracellular dsRNA can activate many immune 
cells, including macrophages [56]. As a pattern recogni-
tion receptor (PRR) on the cell surface, ITGAM can detect 
extracellular dsRNA. Extracellular dsRNA enhances TLR3-
dependent inflammatory oxidative signaling by activating 
ITGAM, and triggers inflammation signaling that is depend-
ent on ITGAM but not on TLR3 [57]. FPR1 can recognize 
bacterial and host-derived N-formyl peptides, such as 
N-formylmethionyl-leucyl-phenylalanine (fMLF) released 
during bacterial infections. When FPR1 binds these ligands, 
it activates downstream inflammatory signaling pathways, 
promoting the activation of the NLRP3 inflammasome and 
the production of IL-1β, IL-6, or TNF-α [58, 59]. C5aR1 is 
often associated with sterile inflammation. When comple-
ment activation is enhanced, the binding of C5a to C5AR1 
can cause contraction and increased permeability of vas-
cular endothelial cells, thereby facilitating the ingress of 
inflammatory mediators and immune cells through the vas-
cular wall into the interstitial tissue [60]. The activation of 
C5aR1 on endothelial cells induces an inflammatory state 
in the endothelium, while its activation on innate immune 
cells promotes antigen uptake, tissue infiltration, and the 

induction of a pro-inflammatory effector phenotype [61], 
together constituting chronic pathological inflammation.

Based on previous research findings and the discover-
ies of our study, we boldly speculate that during SAP, vari-
ous damage-related molecular patterns activate neutrophils 
within the pancreas. Activated neutrophils release pro-
inflammatory cytokines such as TNF-α, IL-1β, and IL-6, 
causing neutrophil migration to peripheral blood, lungs, and 
liver, as well as increased NETs. Subsequently, NETs fur-
ther exacerbates the cascade of inflammation. Meanwhile, 
C5AR1, FPR1, and ITGAM participate in this process, exac-
erbating the inflammatory response through the elevation of 
NETs levels and other pathways. Therefore, targeting key 
therapeutic targets such as FPR1, ITGAM, and C5AR1 is 
likely to alleviate SAP and SAP-related ALI and AHI by 
inhibiting the activation of neutrophils and the formation of 
NETs. However, further experiments are needed to validate 
our speculation.

Conclusion

We found that the formation of NETs can exacerbate liver 
and lung damage associated with SAP, while inhibiting 
NETs release can effectively reduce the severity of systemic 
inflammatory responses and liver and lung injury during AP. 
Through screening and studying the core genes involved in 
NETs formation, we identified FPR1, ITGAM, and C5AR1 
as closely related to NETs formation during SAP, poten-
tially serving as common biomarkers among MAP/SAP, 
SAP-ALI, and SAP-AHI, laying the theoretical groundwork 
for future research. Additionally, by constructing a disease-
drug-gene network, we predicted potential traditional Chi-
nese medicines and drug targets, offering new avenues for 
the treatment of liver and lung damage associated with AP.
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