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Abstract
Background Acute pancreatitis (AP) is one of the most common acute abdominal disorders; due to the lack of specific treat-
ment, the treatment of acute pancreatitis, especially serious acute pancreatitis (SAP), is difficult and challenging. We will 
observe the changes of Interleukin -22 levels in acute pancreatitis animal models, and explore the mechanism of Interleukin 
-22 in acute pancreatitis.
Objective This study aims to assess the potential protective effect of Interleukin -22 on caerulein-induced acute pancreatitis 
and to explore its mechanism.
Methods Blood levels of amylase and lipase and Interleukin -22 were assessed in mice with acute pancreatitis. In animal 
model and cell model of caerulein-induced acute pancreatitis, the mRNA levels of P62 and Beclin-1 were determined using 
PCR, and the protein expression of P62, LC3-II, mTOR, AKT, p-mTOR, and p-AKT were evaluated through Western blot 
analysis.
Results Interleukin -22 administration reduced blood amylase and lipase levels and mitigated tissue damage in acute pan-
creatitis mice model. Interleukin -22 inhibited the relative mRNA levels of P62 and Beclin-1, and the Interleukin -22 group 
showed a decreased protein expression of LC3-II and P62 and the phosphorylation of the AKT/mTOR pathway. Furthermore, 
we obtained similar results in the cell model of acute pancreatitis.
Conclusion This study suggests that Interleukin -22 administration could alleviate pancreatic damage in caerulein-induced 
acute pancreatitis. This effect may result from the activation of the AKT/mTOR pathway, leading to the inhibition of 
autophagy. Consequently, Interleukin -22 shows potential as a treatment.

Keywords Interleukin-22(IL-22) · Acute pancreatitis (AP) · Autophagy · AKT/mTOR pathway

Introduction

Mild acute pancreatitis (MAP) is a self-limited condition 
with a favorable prognosis. However, severe acute pancrea-
titis (SAP) is associated with transient or persistent organ 
failure and local or systemic complications. The mortality 

rate in SAP ranges from 15 to 30%, making it a significant 
threat to human health [1–4]. In normal circumstances, the 
pancreas secretes digestive enzymes as inactive zymogens 
that become activated upon reaching the duodenum. During 
acute pancreatitis (AP), premature activation of trypsino-
gen in the acinar cells leads to pancreatic self-digestion, 
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a crucial pathogenesis that involves the release of various 
inflammatory mediators, resulting in pancreatic acinar 
injury, parenchymal necrosis, and systemic inflammation. 
Acid inhibition, anti-inflammation, and symptomatic sup-
port constitute the primary treatments against AP. Given 
the unclarified pathological mechanism, AP lacks specific 
treatments despite medical advancements. Therefore, inves-
tigating factors that can predict AP severity or prognosis 
and exploring new targeted therapeutic drugs are imperative.

Autophagy, a lysosomal degradation pathway, is pivotal 
in cell differentiation and apoptosis, involving two primary 
steps: autophagosome formation and its subsequent fusion 
with lysosomes to form autolysosomes. Autophagy is a 
dynamic process under normal physiological conditions, 
autophagosome accumulation may result from either an 
uptick in autophagosome formation or a defect in lysosomal 
fusion, and autolysosome accumulation suggests lysosomal 
degradation defects. Dysregulation of autophagy is impli-
cated in the pathogenesis of numerous diseases, including 
neurodegenerative and inflammatory diseases and cancer 
[5–7]. Numerous studies conducted on animal experi-
mental models have revealed that during the early stage 
of AP, autophagy activation is excessive due to impaired 
autophagy flow and reduced degradation of autophagy lys-
osomes [8–11]. This aberrant accumulation and impairment 
of autophagy play a significant role in activating pancreatic 
enzymes. The imbalance between autophagosome formation 
and lysosome degradation results in aberrant activation of 
autophagy flux, subsequently triggering abnormal activation 
of pancreatic enzymes. Hence, rectifying the anomalously 
activated autophagic flux is intrinsically linked to mitigating 
the inflammatory damage of AP, especially SAP. The mTOR 
pathway, an autophagy regulatory pathway, impedes the acti-
vation of autophagy flux through its augmented expression 
and has been explored as an intervention target in various 
autophagy-related diseases.

Interleukin-22 (IL-22), a member of the interleukin-10 
family, predominantly acts on epithelial cells, and its 
specificity determined by its unique receptor, IL-22R1. 
IL-22 binds to IL-22R1, forming a distinct receptor complex 
(IL-22/IL-22R1 subunit), which then interacts with the 
common subunit IL-10R2 to initiate downstream signaling. 
IL-10R2 is widely distributed in various tissues without 
specificity. IL-22R1 is exclusively expressed in stromal 
and epithelial cells in specific tissues, and its expression is 
particularly abundant in pancreatic acinar cells, the intestinal 
tract and skin [12]. Upon binding to the receptor, IL-22-IL-
22R1-IL-10R2 complex activates the JAK1/TYK2 kinase 
associated with the receptor, resulting in phosphorylation 
of STAT proteins, primarily STAT3. Furthermore, IL-22 
has been shown to activate MAPK and AKT pathways 
[13–15]. Experiments have shown that IL-22 can induce 
epithelial cell proliferation, inhibit apoptosis, repair tissue 

damage, regulate intestinal epithelial homeostasis during 
inflammation, and play a vital role in inducing anti-microbial 
immunity and maintaining the integrity of intestinal, lung, 
skin, and other mucosal barriers [16–18]. Therefore, IL-22, 
presumed to act as a protective cytokine, is believed to 
inhibit inflammation and progression throughout various 
acute inflammatory diseases. This implication suggests a 
potential involvement of IL-22 in AP, where it may exert a 
protective effect.

In this investigation, we observed elevated blood IL-22 
levels in mice with AP, which subsequently declined. The 
elevation of IL-22 in AP prompts inquiry: does it merely 
signify inflammation, or does it represent a protective bodily 
response against AP? To explore this question, we examined 
the impact of IL-22 utilizing in vitro and in vivo models 
of experimental AP. Our findings indicate that exogenous 
IL-22 mitigates autophagy in caerulein-induced AP. Further 
results suggest that the protective role of IL-22 in AP may be 
achieved by activating the AKT/mTOR pathway.

Materials and Methods

Animals, Cell Line, Reagents, and Antibodies

Male C57BL/6 J mice from Beijing Vital River (China) were 
used in this study. The AR42J cell line and F-12 K medium 
were obtained from the BeNa culture collection (China). 
Recombinant mouse Interleukin -22 (Miltenyi, Germany) 
was used, along with Caerulein (Sigma, America) and 
Lipopolysaccharide (Solarbio, China). AKT, mTOR, anti-
mTOR (phosphor s2448), and anti-AKT (Ser473) antibodies 
were purchased from Proteintech(China). LC3 and P62 anti-
bodies were obtained from Abclonal(China), and GAPDH 
Rabbit Polyclonal antibody and goat anti-rabbit IgG(H + L) 
HRP conjugate were from Proteintech(China). Trizol rea-
gent, PCR primers, Reverse transcription kit, and SYBR 
Green qPCR kit were purchased from Agbio(China).

Animal Models

Healthy male mice, weighing 18-22 g and aged 6–8 weeks, 
were maintained in a controlled environment, with 
temperatures of 15–25 °C and relative humidity of 45–55%. 
The mice were exposed to a 12-h light and 12-h dark 
cycle for one week, following a 12-h fasting period, with 
unrestricted access to water before experimentation. The 
animal procedures performed in this study were approved 
by the Animal Ethics Committee of Shandong University 
and adhered to the NIH guidelines for the Care and Use of 
Laboratory Animals. The mice were randomly assigned to 
one of three groups: (1) NS group (n = 10), which received 
saline treatment; (2) AP group (n = 30): treated with 50 μg/
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kg/body weight caerulein intraperitoneally for seven times 
at hourly intervals, followed by immediate administration 
of 10 mg/kg/body weight lipopolysaccharide after the final 
caerulein injection; and (3) IL-22 group (n = 30): where mice 
were subjected to the same caerulein and lipopolysaccharide 
treatment as the AP group, but with an additional injection of 
200 ng IL-22 given 2 h before and after the initial caerulein 
injection for each mouse. Additionally, the AP group and 
IL-22 group were further divided into three subgroups based 
on the time points after AP induction: 12 h, 24 h, and 48 h 
subgroup (n = 10/group).

Mice were euthanized through cervical dislocation, and 
blood samples were subsequently collected from the pos-
terior orbital plexus, followed by centrifugation at 1500×g 
and 4 °C. The resulting serum was preserved at − 80 °C 
pending further analysis. The pancreas specimens, obtained 
24 h after caerulein induction, were divided into three tissue 
samples. One sample was fixed in formalin for histological 
analysis, while the other two samples were frozen in liquid 
nitrogen and stored at − 80 °C for Western Blot analysis and 
RT-PCR analysis, respectively.

Cell Culture

The AR42J cell line was cultured in F-12 K medium, supple-
mented with 20% fetal bovine serum, 50 units/ml penicillin, 
and 50 µg/ml streptomycin, and maintained at 37 °C in a 
5%  CO2 atmosphere. Cells in the logarithmic growth phase 
were seeded into 6-well plates at a density of 0.8 ×  106 cells 
per well, with triplicate wells for each experimental condi-
tion. Cells were divided into three groups: the control group 
(Ctrl group), the caerulein treatment group (Cae group), 
and the caerulein + IL-22 treatment group (Cae + IL-22 
group). 100 nmol/L caerulein was added 48 h after IL-22 
treatment (10 ng/ml). LDH activity in the supernatant of 
the culture medium for each group was assessed using an 
LDH cytotoxicity assay kit, while the cell growth curve was 
monitored using a CCK8 kit. Total protein and total RNA 
were extracted from all groups according to the provided 
instructions.

Serological Assay

Serum amylase and lipase of samples were detected utilizing 
an automatic biochemical analyzer.

Enzyme‑Linked Immunosorbent Assay (ELISA)

IL-22 levels were detected utilizing the ELISA kit according 
to the instructions of the kit.

Histopathological Examination

Pancreatic tissue underwent fixation in 4% paraformalde-
hyde for 24 h, followed by paraffin embedding and section-
ing into 3 μm slices. Sections were subjected to dewaxing 
and hydration before staining with hematoxylin and eosin. 
The severity of pancreatitis was evaluated by grading inflam-
mation, edema, and necrosis within the pancreatic tissue 
sections on a scale from 0 to 3. Experienced pathologists, 
blinded to the experimental groups, conducted assessments 
of pancreatic tissue damage, randomly selecting various 
microscopic fields from each group for analysis.

Real‑Time Quantitative PCR (RT‑PCR)

Total RNA was isolated from pancreatic tissues and AR42J 
cells utilizing Trizol reagent, adhering to the manufacturer’s 
protocol. RNA concentration and quality were ascertained 
by measuring the A260/A280 and A260/A230 OD ratios, 
respectively. Reverse transcription and RT-PCR were con-
ducted utilizing a Reverse Transcription Kit and a SYBR 
Green qPCR Kit. Employing GAPDH as the reference gene, 
the comparative CT (2 − ΔΔCT) method was utilized to cal-
culate the relative expression levels of target genes. Three 
replicates were conducted for each target gene in each bio-
logical sample. Experimental primers for RT-PCR are listed 
in Table 1.

Western Blot

Pancreatic tissue and AR42J cells were homogenized in 
RIPA buffer, incubated for 30 min on ice, and centrifuged 
at 12,000 g, 4 °C for 15 min. After centrifugation, super-
natants were harvested, and protein concentrations were 
determined employing the BCA protein assay according 

Table 1  Sequences of mouse 
genes primers for RT-PCR

Gene Forward primer (5′–3′) Reverse primer (5′–3′)

P62 CCT TGC CCT ACA GCT GAG TC TGT TCC ACA TCA ATG TCA ACCT 
Beclin-1 CCA ATG TCT TCA ATG CCA CCTC GGC AGC ATT GAT TTC ATT CCAC 
Atg5 CAG ATG GAC AGC TGC ACA CAC GGG TTT CCA GCA TTG GCT CTA 
GAPDH AAA TGG TGA AGG TCG GTG TGAAC CAA CAA TCT CCA CTT TGC CACTG 
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to the manufacturer's instructions. Proteins underwent 
SDS-PAGE on a 10% gel and were transferred onto a 
polyvinylidene difluoride (PVDF) membrane. The mem-
brane was subsequently incubated with primary antibod-
ies at 4 °C overnight, followed by a 1-h room tempera-
ture incubation with horseradish peroxidase-conjugated 
secondary antibodies. Signal detection was achieved via 
enhanced chemiluminescence (ECL) and analyzed with 
the ChemiDoc™ Touch Imaging System. Protein expres-
sion levels were quantified and normalized against glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH).

Statistical Processing

All data were analyzed utilizing GraphPad Prism 8.0 and 
presented as mean ± SEM. Statistical analyses were per-
formed using one-way ANOVA or the Kruskal–Wallis 
H test to compare three groups. Tukey’s multiple com-
parison tests were then applied to identify significant dif-
ferences between pairs. The unpaired t test was utilized 
to compare the two groups. Statistical significance was 
defined as a p-value below 0.05. The results presented in 

this study were based on a minimum of three independent 
experiments.

Results

Serum Lipase, Amylase, and IL‑22 Level Are 
Elevated in AP Mice Induced by Caerulein Plus 
Lipopolysaccharide (Fig. 1)

The level of amylase, lipase, and IL-22 in the blood were 
notably elevated in the AP group compared to the NS group 
at 12 h and 24 h post-induction of AP (p < 0.05).

Additionally, the levels of IL-22 reached their highest 
point at 24 h after AP induction, and decreased at 48 h 
(p < 0.05), with a similar trend to amylase and lipase.

Il‑22 Relieves Inflammation of the AP Mice (Fig. 2)

Blood amylase and lipase levels of the IL-22 group increased 
at 12 h after inducing AP, but they decreased significantly at 
24 h, reaching levels markedly lower than those in the AP 
group (p < 0.05) (Fig. 2A–D).

Fig. 1  Serum lipase, amylase, 
IL-22 level, and their relation-
ship with onset time in animal 
models of AP. A Serum amylase 
at the 12 h,24 h, and 48 h after 
the onset of AP. B Serum lipase 
at the 12 h,24 h, and 48 h after 
the onset of AP. C Serum IL-22 
at the 12 h,24 h, and 48 h after 
the onset of AP
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Fig. 2  Il-22 relieves inflamma-
tion of the AP in mice. A The 
blood amylase levels in each 
group at the 12 h after induc-
ing AP. B The blood amylase 
levels in each group at the 24 h 
after inducing AP. C The blood 
lipase levels in each group at 
the 12 h after inducing AP. D 
The blood lipase levels in each 
group at the 24 h after induc-
ing AP. E Pancreatic tissue 
lesions scores of each group. F 
Hematoxylin and eosin-stained 
images of pancreatic for each 
group (100×)
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Histological examination revealed that the pancreatic 
structure and morphology of acinar cells were normal in 
the NS group. In the AP group, there was evidence of 
pancreatic tissue edema, neutrophil infiltration, unclear 
acinar cell structure, and visible necrosis. In the IL-22 
group, acinar cells were swelling, tissue edema, and a 
small amount of neutrophil infiltration. The pathological 
score in the IL-22 group was lower than that in the AP 
group (p < 0.05) (Fig. 2E, F).

IL‑22 Alleviated Caerulein‑Induced Cell Damage 
in AR42J Cell

Caerulein stimulation decreased AR42J cell viability and 
increased the necrosis rate; concurrently, IL-22 enhanced 
cell viability and inhibited caerulein-induced necrosis in 
AR42J cells (p < 0.05). (Fig. 3).

IL‑22 Alleviates Autophagy Damage in AP Mice 
Model

In the AP mouse model, the IL-22 group decreased the 
relative mRNA levels of P62, Beclin-1, and ATG5 com-
pared to the AP group (Fig.  4A–C). Furthermore, the 
IL-22 group displayed lower levels of P62 protein expres-
sion and a decreased LC3-II compared to the AP group 
(Fig. 4D).

IL‑22 Alleviates Autophagy Damage in AP Cell Model

In AR42J cells, the relative mRNA levels of P62 and Bec-
lin-1 were found to be decreased in the Cae + IL-22 group 
compared to the Cae group (Fig. 5A, B). Additionally, the 
protein expression of P62 and the LC3-II were lower in 
the Cae + IL-22 group when compared to the Cae group 
(Fig. 5C, D).

Fig. 3  Comparation of the cell viability and cell necrosis rate among 
three groups. A The cell viability of NS group, Cae group, and 
Cae + IL-22 group. B The cell necrosis of NS group, Cae group, and 
Cae + IL-22 group

Fig. 4  The relative mRNA level 
and protein expression in AP 
mice model. A–C The relative 
mRNA level of P62, Beclin-1 
and ATG5 in NS group, AP 
group and IL-22 group. D The 
relative protein expression of 
P62 and LC3-II in NS group, 
AP group and IL-22 group



1697Digestive Diseases and Sciences (2024) 69:1691–1700 

IL‑22 Activates the AKT/mTOR Signaling Pathway 
(Fig. 6)

The Western Blot analysis revealed that the addition of 
IL-22 induced phosphorylation of AKT/mTOR in both the 
AP animal and cell models (Fig. 6).

Discussion

AP is a common inflammatory disorder of pancreas 
with considerable morbidity and certain mortality. AP 
is characterized by pancreatic self-digestion, leading to 
tissue damage due to the premature activation of digestive 
enzymes. This can further cause the release of a variety 
of inflammatory mediators, further induce both local and 
systemic inflammatory responses [19, 20]. Despite medical 
advances, AP, especially SAP, remains a therapeutic 
challenge and life-threatening because no specific and 
effective therapies are available.

Autophagy is an evolutionarily conserved cellular process 
that involves the degradation and recycling of dysfunctional 

organelles or aggregated proteins within cells. Three major 
autophagy pathways have been identified, including mac-
roautophagy, chaperone-mediated autophagy, and micro-
autophagy. We will focus here on macroautophagy, and 
basal autophagy plays an essential role in maintaining the 
physiological function of pancreatic acinar cells [21–23]. 
However, abnormal or defective autophagy can exacerbate 
pancreatic inflammation [24, 25]. Increasing evidence sug-
gests that impaired autophagy is associated with trypsinogen 
activation, and regulating autophagy could help reduce AP 
inflammation [26]. Currently, three primary pathways regu-
late autophagy, including the inhibitory mTOR pathway, the 
stimulating pathway via beclin-1 (also known as autophagy-
related gene 6/Atg6), and the stimulation of the light chain 
3II (LC3-II) / Atg5-Atg12-Atg16 pathway [15, 27, 28].

LC3 is the commonly used name for microtubule-associ-
ated protein 1 light chain 3, which is an autophagy-specific 
marker that exists in two forms:LC3-I (cytoplasmic type) 
and LC3-II (membrane-bound type). During autophagy, 
LC3-I is conjugated by Atg7, Atg5, Atg12, and Atg16L to 
the highly lipophilic phosphatidylethanolamine moiety to 
generate LC3-II, and LC3-II is involved in the extension 

Fig. 5  The relative mRNA level 
and protein expression in AP 
cell model. A, B The relative 
mRNA level of P62 and Bec-
lin-1 in Ctrl group, Cae group, 
and Cae + IL-22 group AR42J 
cells. C The relative protein 
expression of P62 and LC3-II 
in Ctrl group, Cae group and 
Cae + IL-22 group AR42J cells
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and closure of autophagosome membrane [29]. P62 (also 
known as SQSTM1) is a specific degradation product of the 
autophagy pathway and is responsible for recognizing and 
delivering ubiquitinated proteins to the autophagy degrada-
tion pathway. The increase of LC3-II and P62 suggested 
that the autophagy degradation pathway was blocked and 
autophagy completion was inhibited [10]. A study [30] 
shown that “LC3 excess” in GFP-LC3 mice perturbed 
basal pancreatic autophagy and shown the physiological 
importance of autophagy for acinar cell function. Beclin1, 
the first mammalian autophagy gene discovered, binds to 
Class III phosphatidylinositol 3-kinase (PI3K C3) to form a 
complex that promotes autophagy. Atg5 and Atg12 bind to 
form the autophagy conjugated ligand Atg5-Atg12, which is 
necessary for autophagy formation. The AP model induced 
by Atg5 knockout mice showed decreased autophagy and 
reduced AP inflammation [26].

IL-22 is a cytokine with anti-inflammatory properties, 
and it is first identified in IL-9 treated mouse lymphoma 
cells [31]. IL-22 binds to receptor complexes (composed of 
IL-10R2 and IL-22R1) and activates various signaling path-
ways. Pancreatic acinar cells are a target of IL-22. Studies 
have shown that the serum IL-22 level increases in patients 
with AP [32], while IL-22 RA1 expression is upregulated 
during AP but returns to baseline as the pancreas recovers 
[33]. These findings suggest that IL-22 may be involved in 
the pathogenesis of AP.

Regulating autophagy can ameliorate systemic 
organ injury and alter the severity of L-arginine or 

caerulein-induced AP in mice [34]. A study [35] suggested 
that taurocholate-induced AP exacerbated by over-activating 
autophagy via activation of AMPK and subsequently inhi-
bition of mTOR. Another study demonstrated that IL-22 
attenuated liver injury in mice treated with ethanol and CCl4 
by regulating the expression of autophagy-related genes and 
inhibiting the PI3K/AKT/mTOR pathway [36]. Feng et al. 
[37] found that IL-22 inhibited the autophagy pathway, mak-
ing mice resistant to caerulein-induced AP, and ameliorated 
AP by combining B-cell lymphoma-2(Bcl-2) and Bcl-XL 
with Beclin-1.

Our study demonstrated that the serum IL-22 level is 
increased in AP model mice, peaking 24 h after AP induct-
ing, with an increasing trend similar to that of serum amyl-
ase. These results indicate that IL-22 is involved in the 
inflammatory process of AP, and it may be utilized as a diag-
nostic indicator for AP. A study [9] suggested that trypsino-
gen activation and acinar cell vacuole formation were related 
to impaired autophagic flux in AP models. Thus, it is neces-
sary to explore the effect of IL-22 on autophagy in caerulein-
induced AP.

We also observed that exogenous IL-22 can amelio-
rate the severity of caerulein-induced AP in mice, fur-
ther research found that the expression of Beclin-1, P62, 
and LC3-II was upregulated in caerulein-induced AP, and 
their expression decreased in the IL-22 group. This sug-
gests that autophagy was activated in AP mice, but there 
was autophagy degradation dysfunction and autophagosome 
accumulation [38], in line with previous studies [25, 39]. It 

Fig. 6  The relative protein level 
of mTOR, AKT in AP mice and 
cell model. A The relative pro-
tein level of mTOR, p-mTOR, 
AKT, and p-AKT in NS group, 
AP group, and IL-22 group 
mice. B The relative protein 
level of mTOR, p-mTOR, AKT, 
and p-AKT in Ctrl group, Cae 
group, and Cae + IL-22 group 
cell
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also indicated that IL-22 restored autophagic flux in caer-
ulein-induced AP, and then alleviated pancreatic inflamma-
tion. A study [40] has suggested that mTOR activation plays 
a potential protective role in the later recovery of AP through 
the increased S6RP phosphorylation at 36 h and 48 h after 
AP induction. We observed AKT/mTOR phosphorylation 
at 24 h after AP induction in IL-22 group, this indicated 
IL-22 may advance the recovery of AP. And we got the 
same results in cells test. So, we speculated that IL-22 may 
regulate autophagy through the AKT/mTOR signal pathway, 
activation of mTOR can phosphorylates Atg13 and reduces 
its affinity to Atg1, then inhibits autophagy and attenuates 
the severity of caerulein-induced AP. These findings sug-
gest that IL-22 may be a potential drug for the treatment of 
pancreatitis in the future.

Conclusions

In conclusion, our study revealed that autophagy was acti-
vated in AP mice induced by caerulein and LPS, while 
autophagy flux was impaired. Exogenous IL-22 attenuated 
the impaired autophagic flux, and the AKT/mTOR pathway 
could play a crucial role in restoring autophagy.
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