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Abstract
Acute pancreatitis (AP) is a prevalent inflammatory condition with an upward trend in incidence in recent years. Recent 
studies have demonstrated the important role of IGF-1 and β-arrestin-1 in inflammation, but their role in AP remains 
unexplored. Our study explored the role of IGF-1 in acute pancreatitis (AP) using caerulein-induced AP models in wild-
type (WT) and β-arrestin1-knockout (KO) mice treated with IGF-1, picropodophyllotoxin (PPP, an IGF-1R inhibitor), 
Bay11708 (an NF-κB inhibitor), and the STAT3 inhibitor VI. Caerulein injection induced AP, characterized by elevated 
serum amylase levels, increased MPO activity, and pancreatic pathology. IGF-1 treatment reduced the severity of AP, 
whereas PPP worsened it. β-arrestin1 deficiency exacerbated pancreatitis and abolished the protective effect of IGF-1. 
NF-κB and STAT3 were involved in the protective mechanism of IGF-1 through β-arrestin1 regulation. Inhibiting NF-κB 
or STAT3 altered the protective effect of IGF-1 in AP. In vitro, the protective effect of IGF-1 against caerulein-induced 
injury was demonstrated in AR42J cells. This study revealed that IGF-1 protected against AP by suppressing NF-κB 
activation through the β-arrestin1/STAT3 pathway, providing new insights into the role of IGF-1 in AP and potential 
therapeutic targets.

Graphical abstract
Schematic diagram depicting the role of IGF-1 in acute pancreatitis. IGF-1 protected against acute pancreatitis by suppress-
ing NF-κB activation through the β-arrestin1/STAT3 signaling pathway
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Abbreviations
GPCR	� G-protein-coupled receptor
MAPKs	� Mitogen-activated protein kinases
STAT	� Signal transducer and activator of transcription
IGF-1	� Insulin-like growth factor-1
IGF-1R	� Insulin-like growth factor-1 receptor
NF-κB	 �Nuclear factor-κB

Introduction

Acute pancreatitis (AP) is a prevalent inflammatory condi-
tion whose incidence has exhibited an upward trend in recent 
years. Mild acute pancreatitis may be self-limiting and may 
not necessitate any medical intervention. Conversely, severe 
acute pancreatitis represents a life-threatening condition 
with a high mortality rate, with 30 to 50% of patients suc-
cumbing to the disease [1]. Several studies have indicated 
that damaged acinar cells may contribute to premature intra-
pancreatic zymogen activation, which is thought to be a key 
factor in the onset of this debilitating disease [2–5]. Addi-
tionally, for more than a decade, NF-κB activation has been 
observed to occur early in the onset of pancreatitis, in par-
allel with trypsinogen activation [6, 7]. Furthermore, stud-
ies have indicated that damaged acinar cells may produce 
inflammatory mediators that recruit and activate leukocytes, 
which in turn amplify and expand the disease area [8]. This 

could lead to further acinar cell injury and a significant 
increase in the levels of various proinflammatory cytokines, 
such as TNF-α, IL-1β, IL-6, and CXCL1, which could in 
turn activate inflammatory cells [9, 10]. Despite extensive 
research, the precise pathological mechanisms underlying 
the development of acute pancreatitis remain unclear. It is 
therefore necessary to investigate the specific pathogenesis 
of this complex disease process.

Insulin-like growth factor-1 (IGF-1) plays a pivotal 
role in tissue remodeling and development and profoundly 
affects cell growth, differentiation, proliferation and apop-
tosis [11–13]. The majority of the biological activities of 
IGF-1 are mediated by the IGF-1 receptor (IGF-1R) and 
its downstream effectors, which include the well-charac-
terized mitogen-activated protein kinase (MAPK) signal-
ing networks [14, 15]. Furthermore, IGF-1/IGF-1R has 
been demonstrated to regulate numerous additional signal-
ing mediators, including NF-κB, PI3K/AKT and STATs, 
to modulate cellular responses to external stimuli [5, 16, 
17]. Previous studies have demonstrated that exogenous 
IGF-1 can mitigate pancreatic injury and facilitate pancre-
atic recovery in acute experimental pancreatitis [18]. Nev-
ertheless, the precise mechanism of action of IGF-1 in AP 
remains unclear [19].

IGF-1Rs are members of the receptor tyrosine kinase 
(RTK) family. IGF-1 binds to this receptor, resulting in auto-
phosphorylation, which enables the recruitment of adaptor 
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proteins capable of activating signaling cascades, including 
the JAK/STAT pathway, in a multitude of cell types [16]. 
The function of β-arrestins in IGF-1R ubiquitination has 
only recently been elucidated, as their activities have typi-
cally been linked to G protein-coupled receptors (GPCRs), 
also known as seven transmembrane receptors (7TMRs) 
[20–22]. Among the four members of the β-arrestin family, 
β-arrestin1 (formerly known as arrestin-2) and β-arrestin2 
(formerly known as arrestin-3) are cytosolic proteins that 
are expressed ubiquitously and are recruited to and mediate 
the desensitization of GPCRs upon agonist binding [23–25]. 
Although β-arrestins were initially described as negative 
regulators of GPCR effects, more recent studies have dem-
onstrated that the recruitment of β-arrestin to agonist-occu-
pied receptors may also result in the activation of a range 
of signaling pathways, including the NF-κB, MAPK, PI3K/
AKT and STAT pathways [20, 26]. β-arrestin1 is recruited 
to the insulin-like growth factor 1 receptor (IGF-1R) upon 
binding to IGF-1, where it regulates the downstream sig-
naling networks of the receptor, thereby influencing cellu-
lar function [27]. Given their pivotal function in numerous 
cellular processes, β-arrestins play a vital role in the patho-
genesis of a wide range of diseases, including Parkinson’s 
disease, multiple sclerosis, cardiovascular disease, rheuma-
toid arthritis, sepsis, and colitis [28–30]. Our previous study 
demonstrated that β-arrestin1 is also involved in caerulein-
induced acute pancreatitis [31]. In light of these findings, 
we hypothesized that β-arrestin1 may also participate in the 
IGF-1 receptor-mediated signaling pathway during the pro-
tective effects of IGF-1 in acute pancreatitis.

Materials and methods

Mice

The procedures for all animal experiments were approved 
by the Institutional Animal Care and Use Committee at 
The Third Affiliated Hospital of Sun Yat-Sen University. 
β-arrestin1 wild-type (WT) and β-arrestin1 knockout 
(β-arrestin1-KO) littermates on the C57BL/6 background 
were generated from heterozygous intercrosses (kindly pro-
vided by Dr. R. J. Lefkowitz, Duke University Medical Cen-
ter, Durham, NC, USA). Eight- to ten-week-old male mice 
(20–25  g) were used for all experiments. The mice were 
housed in microisolator cages under specific pathogen-free 
conditions, with lights on from 7:00 am to 7:00 pm (12:12-h 
light/dark cycle), and allowed access to water and food ad 
libitum.

Induction of acute pancreatitis

The mice were injected i.p. with caerulein (50  μg/kg in 
0.2  ml of PBS; Sigma, St Louis, MO, USA) repeatedly 
every 1  h for a total of 10 injections. In some experi-
ments, mice were injected with 80  μg/kg IGF-1 (Sigma), 
100 mg/kg picropodophyllotoxin (PPP; an IGF-1R inhibi-
tor; Sigma), 200 μg/kg Bay11708 (BAY; an NF-κB inhibi-
tor; Calbiochem, La Jolla, CA) or 5 mg/kg STAT3 inhibitor 
VI, S3I-201 (STAT3 inhibitor; S3I-201; Sigma), which was 
administered 30 min prior to caerulein treatment. The mice 
were observed for up to 4, 8, 12 and 24 h and were anes-
thetized and subsequently euthanized. The entire pancreas 
was meticulously removed and then stored at -80  °C for 
subsequent protein or RNA analysis. For the preparation of 
paraffin sections, the pancreas from each group was care-
fully isolated and immediately fixed in 10% neutral buffered 
formalin before being embedded.

Histopathological analysis

Pancreatic tissue Sects.  (4  μm) were subjected to histo-
logical analysis, with staining conducted using the hema-
toxylin‒eosin (HE) method. The histological scores were 
determined in a blinded manner on the basis of previously 
described criteria. The entire pancreas of mice from each 
group was examined and semiquantified on the basis of 
necrosis, vacuolization, inflammation, and edema. The 
entire section, representing a minimum of 100 fields, was 
examined for each sample and scored on a scale of 0–3 (0 
being normal and 3 being severe). Finally, each group was 
summarized for the total score.

Measurement of serum amylase levels

Following anesthesia, arterial blood samples were obtained 
from the mice to determine serum amylase levels. The 
concentration of serum amylase was determined using an 
enzyme-linked immunosorbent assay (ELISA) kit (BioAs-
say Systems, Hayward, CA) in accordance with the manu-
facturer’s instructions.

MPO activity estimation

Neutrophil sequestration in the pancreas was quantified by 
measuring tissue MPO activity. For these measurements, 
tissue samples were thawed, homogenized in 50 mM phos-
phate buffer (pH 7.4) containing protease inhibitors and 
centrifuged (16,000 × g for 10 min at 4  °C). The resulting 
pellet was resuspended in 50 mM phosphate buffer (pH 6.0) 
containing 0.5% hexadecyltrimethylammonium bromide 
and 10 mM EDTA. The suspension was subjected to three 
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sample using the sense primer 5’-GTG GGC CGC TCT 
AGG CAC CA-3’ and the antisense primer 5’-CGG TTG 
GCC TTA GGG TTC AGG GGG G-3’. Six mouse tissues 
were used in each group.

Western blotting

Total protein extraction was analyzed by Western blotting. 
The antibodies used for Western blotting included anti-
bodies recognizing β-actin (Santa Cruz, CA, USA), IGF-1 
(Proteintech), p-IGF-1R and IGF-1R (Cell Signaling Tech-
nology), p65 (Santa Cruz), p-p65 (Cell Signaling Technol-
ogy), β-arrestin1, STAT3 and p-STAT3 (all from Abcam). 
Appropriate horseradish peroxidase-conjugated secondary 
antibodies were used to detect the primary antibody-antigen 
complexes. The signal was detected using enhanced che-
miluminescence (ECL) Western blotting detection reagents 
(Amersham Pharmacia Biotech, Piscataway, NJ, USA). The 
signals were quantified by densitometry, and the results are 
expressed as a ratio to the densitometric units of the loading 
control.

Cell culture, drug administration and small 
interfering RNA (siRNA) treatment

The pancreatic acinar cell line (AR42J) was obtained from 
the American Type Culture Collection (ATCC; Manassas, 
VA, USA). Cells were cultured in EMEM supplemented 
with 10% heat-inactivated fetal bovine serum, 100 units/
ml penicillin and 100 μg/ml streptomycin in a humidified 
incubator at 37 °C with 5% CO2. Caerulein (along a con-
centration gradient such as 0, 10, 20, 40, 80, 100 μmol/L 
or at time points such as 0, 2, 4, 8, 12, 24 h; Sigma) was 
added after these cells had grown to a density of 90%. The 
other drugs—IGF-1 (100 ng/ml; Sigma), Bay11708 (BAY; 
20 μmol/L; Calbiochem) or the STAT3 inhibitor VI, S3I-201 
(S3I-201; 100 μmol/L; Sigma)—were added 30 min before 
caerulein treatment (80 μmol/L for 8 h). For siRNA treat-
ment, cells were transfected with 20  μM β-arrestin1 with 
an RNA oligo kit (GenePharma, China) according to the 
manufacturer’s instructions, and after incubation for 24 h, 
the transfection medium was replaced with regular culture 
medium before caerulein administration.

Cell viability assay

To evaluate cell viability after exposure to varying concen-
trations of S3I-201, a cell counting kit-8 (CCK-8) assay 
(DOJINDO, CK04) was utilized. AR42J cells were plated 
in 96-well plates at a density of 1 × 104 cells per well. Fol-
lowing an initial adhesion and recovery period, the cells 
were treated with S3I-201 at concentrations of 0, 25, 50, 

cycles of freezing and thawing and was further disrupted 
by sonication for 40  s. The sample was then centrifuged 
(16,000 × g for 15 min, 4 °C), after which the supernatant 
was used for the MPO assay. The reaction mixture consisted 
of the supernatant, 2  mM tetramethylbenzidine, 60  mM 
sodium phosphate buffer (pH 5.4), and 0.3 mM hydrogen 
peroxide. This mixture was incubated at 37 °C for 2 min, the 
reaction was terminated with 2 M H2SO4, the absorbance 
was measured at 450 nm, and MPO activity was expressed 
as units per milligram of protein.

Immunohistochemical staining

For immunohistochemical (IHC) staining, paraffin-embed-
ded pancreatic sections were deparaffinized, rehydrated, 
treated with 3% hydrogen peroxide, fixed with 4% parafor-
maldehyde in phosphate-buffered saline (PBS) for 15 min, 
permeabilized with 1% Triton X-100 for 20 min and then 
washed three times with PBS. The target proteins IGF-1 
(Santa Cruz Biotechnology, Heidelberg, Germany), p-IGF-
1R (Cell Signaling Technology, Danvers, MA, USA), Ly6G 
and β-arrestin1 (Abcam, Cambridge, MA, USA) were then 
detected using secondary antibodies, followed by the ABC 
staining system, and the sections were counterstained with 
hematoxylin.

Real-time polymerase chain reaction (Real-time 
PCR)

Total RNA was isolated from mice pancreas samples 
using the RNAgents Total RNA Isolation System (Pro-
mega, Madison, WI, USA) according to the manufacturer’s 
instructions. First-strand cDNA was synthesized using 
Superscript reverse transcriptase (Invitrogen, Carlsbad, CA, 
USA) according to the manufacturer’s instructions. Real-
time polymerase chain reaction (PCR) was performed on a 
Chromo 4 Detector System (MJ Research, Sierra Point, CA, 
USA) using gene-specific primers and DyNAmo SYBR 
Green Master Mix (Finnzymes, Finland). Relative RNA 
was amplified using the following primers: IGF-1 exon 3F, 
5’-TCA TGT CGT CTT CAC ACC TCT TCT-3’ and IGF-1 
exon 4R, 5’-CCA CAC ACG AAC TGA AGA GCA T-3’; 
TNF-α exon 3F, 5’-CTT CCT CTC ATT CCT GCT TGT 
G-3’ and TNF-α exon 4R, 5’-CTG GAA GAC TCC TCC 
CAG GTA TAT-3’; IL-1β exon 3F, 5’-TTG ACG GAC CCC 
AAAAGA T-3’ and IL-1β exon 4R, 5’-GAA GCT GGA 
TGC TCT CAT CTG-3’; IL-6 exon 3F, 5’-ATC CAG TTG 
CCT TCT TGG GAC TGA-3’ and IL-6 exon 4R, 5’-TAA 
GCC TCC GAC TTG TGA AGT GGT-3’; IL-10 exon 3F, 
5’-TGC TAT GCT GCC TGC TCT TA-3’ and IL-10 exon 
4R, 5’-TCA TTT CCG ATA AGG CTT GG-3’. As an inter-
nal control, β-actin expression was also quantified in each 
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tissues over time following caerulein injection (Fig. 1C and 
F). Histopathological analysis revealed that following stim-
ulation for 4 h, the interstitial tissues exhibited mild edema 
and vacuoles in acinar cells (Fig. 1C). With time, the tissues 
exhibited discernible morphological alterations, includ-
ing moderate edema with a gradual increase in leukocyte 
infiltration and acinar cell necrosis. By 24 h post-challenge, 
the severity of necrosis, vacuolization and inflammatory 
cell infiltration had increased, and the preserved architec-
ture of the acinar cells had undergone significant change 
(Fig. 1C). A histological score was assigned to each group 
of mice on the basis of the evaluation of necrosis, vacuol-
ization, inflammation, and edema observed in HE-stained 
pancreas sections. The results demonstrated that the score 
increased with increasing stimulation duration (Fig.  1E). 
Moreover, the serum amylase and pancreatic MPO activ-
ity levels began to increase in accordance with the onset of 
histopathological alterations in pancreatic acinar cells (Fig. 
1G, H), which are characteristic of acute pancreatitis. On 
the basis of these findings, we can conclude that p-IGF-1R 
expression was upregulated in the pancreases of mice with 
acute pancreatitis induced by caerulein.

The inhibition of IGF-1R aggravated caerulein-
induced acute pancreatitis

Although previous studies have indicated that IGF-1 may 
have a protective effect against acute pancreatitis, their con-
clusions were inconclusive [18, 19, 32]. Our previous data 
indicated that p-IGF-1R expression is significantly upregu-
lated in the pancreas of subjects with acute pancreatitis. The 
objective of this study was to determine the effects of admin-
istering an additional dose of IGF-1 and inhibiting the func-
tion of IGF-1R on the development of pancreatitis induced 
by caerulein. Histological examination revealed that the 
administration of the IGF-1R inhibitor picropodophyllo-
toxin at a dosage of 100 mg/kg 30 min prior to caerulein 
treatment resulted in a notable exacerbation of pancreatitis 
symptoms, characterized by increased edema and leuko-
cyte infiltration. Conversely, the administration of 80 μg/kg 
IGF-1 led to a significant attenuation of caerulein-induced 
pancreatitis (Fig. 2A). The results of the histopathological 
analysis indicated that the histological score followed the 
same trend as that of the morphological changes (Fig. 2B). 
Moreover, serum amylase, a crucial marker of pancreatic 
acinar cell injury, was notably elevated following picropodo-
phyllotoxin administration. Conversely, IGF-1 treatment 
resulted in a pronounced reduction in serum amylase levels 
(Fig. 2C). Furthermore, we demonstrated that the activity of 
the biochemical marker of neutrophil infiltration MPO was 
elevated following the inhibition of IGF-1R function dur-
ing pancreatitis but was reduced following additional IGF-1 

100, 150, and 200 μmol/L for 8 h. The culture medium was 
subsequently replaced with 100 μL of fresh medium sup-
plemented with 10 μL of CCK-8 reagent. The cells were 
incubated for an additional hour at 37  °C in a 5% CO2 
atmosphere. Cell viability was determined by measuring the 
absorbance at 450 nm using a microplate reader (Thermo 
Scientific, Varioskan Flash). The results indicated that treat-
ment with 100 μmol/L S3I-201 did not significantly affect 
cell viability.

Statistical analysis

Statistical comparisons were performed using SPSS 27.0. 
All data are expressed as the mean ± SD. Comparisons of 
multiple groups were analyzed by one-way analysis of vari-
ance (ANOVA) followed by Bonferroni post hoc correction. 
Differences between two groups were determined by Stu-
dent’s t test. P < 0.05 was considered to indicate statistical 
significance.

Results

The expression of p-IGF-1R in the pancreas 
following a caerulein challenge

To investigate the role of IGF-1 in the process of acute pan-
creatitis, we established an in vivo mouse model of acute 
pancreatitis via intraperitoneal injection of caerulein. Real-
time PCR analysis of pancreatic tissue samples revealed 
that the level of IGF-1 mRNA increased at the designated 
time points following the caerulein challenge (Fig.  1A). 
However, no significant upregulation of IGF-1 expression 
was detected by either Western blotting (WB) or immuno-
histochemical (IHC) staining (Fig. 1B and C). IGF-1 regu-
lates cellular function through binding to its high-affinity 
receptor, IGF-1R, which can be phosphorylated to activate a 
number of downstream signal transduction pathways. West-
ern blotting analysis was performed to further substantiate 
these findings, revealing significant upregulation of p-IGF-
1R expression in the pancreas over time following caerulein 
injection (Fig.  1D). In contrast, total IGF-1R expression 
did not appear to be affected. Our previous research dem-
onstrated that β-arrestin1 has a protective effect on acute 
pancreatitis, and its expression was markedly suppressed 
following caerulein injection. Additionally, β-arrestin1 pro-
tein expression decreased gradually at the specified time 
points (Fig. 1D), with undetectable levels after 36 h of caer-
ulein stimulation (data not shown). P-IGF immunochemical 
staining with anti-p-IGF-IR antibodies revealed a similar 
trend to that observed by Western blotting, whereby the 
expression of p-IGF-IR markedly increased in pancreatic 
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IGF-1R induces the protective effect of the pancreas during 
acute pancreatitis remained unclear. Given that we demon-
strated that β-arrestin1 plays an important protective role in 
caerulein-induced acute pancreatitis, we hypothesized that 
β-arrestin1 could also be involved in IGF-1/IGF-1R-me-
diated protection. Western blotting revealed that IGF-1 
treatment increased the expression of β-arrestin1, whereas 
picropodophyllotoxin treatment suppressed it (Fig.  3A). 
Activation of the transcription factor NF-κB is detectable 
very early in the course of experimental pancreatitis, and 
NF-κB is a potent factor in the regulation of inflammation 
because of its ability to control the expression of numer-
ous inflammatory mediators; therefore, in this study, we 
also demonstrated that caerulein significantly induced the 
activation of p65 (p-p65), one of the most important sub-
units of NF-κB, and that picropodophyllotoxin exacerbated 
this activity, whereas IGF-1 suppressed it. As a proven sup-
pressor of NF-κB, p-STAT3 tended to reverse the effect of 
p-p65, which suggested that STAT3 activation could also be 
involved in the protective function of IGF-1 treatment as a 
negative regulator of p65 (Fig. 3A). As we mentioned above, 
β-arrestin1 could also be involved in IGF-1/IGF-1R-medi-
ated protection; thus, we further explored whether this situ-
ation could be overcome by targeted deletion of β-arrestin1 
in mice. Interestingly, although we demonstrated that tar-
geted deletion of β-arrestin1 could aggravate acute pancre-
atitis induced by caerulein, we also found that β-arrestin1 
deficiency almost completely abolished the protective effect 
of IGF-1 treatment, as shown by histopathological and his-
tological analyses (Fig. 3B, C). Measurements of amylase 
activity and MPO activity revealed similar results, further 
suggesting that β-arrestin1 plays an essential role in the 
IGF-1/IGF-1R-mediated protection against pancreatitis 
(Fig. 3D, E). Real-time PCR revealed that IGF-1 adminis-
tration significantly decreased the levels of TNF-α, IL-1β, 
IL-6 and IL-10, whereas the targeted deletion of β-arrestin1 
abolished the effects of IGF-1 treatment (Fig. 3F-I). In sum-
mary, β-arrestin1 knockdown not only aggravated acinar 
cell injury and inflammatory reactions induced by caeru-
lein but also abrogated IGF-1/IGF-1R-mediated protection, 
providing evidence that β-arrestin1 is a critical mediator of 
IGF-1/IGF-1R-mediated protection in caerulein-induced 
acute pancreatitis.

IGF-1/IGF-1R alleviated acute pancreatitis by 
suppressing NF-κB through STAT3

The results demonstrated that β-arrestin1 was a critical 
mediator of IGF-1/IGF-1R-mediated protection against cae-
rulein-induced acute pancreatitis, with p-p65 and p-STAT3 
also involved in this process. Western blotting revealed that 
compared with WT, IGF-1 induced β-arrestin1 expression, 

administration (Fig.  2D). These results were consistent 
with the previous histological changes. Concurrently, as a 
hallmark of an inflammatory disease, during the acute pan-
creatitis process, infiltrating leukocytes produce a plethora 
of pro- and anti-inflammatory cytokines, including TNF-α, 
IL-1β, IL-8, IL-10, INF-γ, KC, and CXCL2, which exac-
erbate or mitigate the severity of acute pancreatitis. Dur-
ing the administration of additional drugs, the levels of 
TNF-α, IL-1β, IL-6 and IL-10 in the pancreases of different 
groups were detected by real-time PCR. The levels of the 
proinflammatory cytokines TNF-α, IL-1β, and IL-6 were 
also quantified. Compared with those in the control group, 
the levels of IL-6 in the acute pancreatitis group, which 
received picropodophyllotoxin injections, were markedly 
elevated. The anti-inflammatory cytokine IL-10 exhibited 
a completely opposite trend, although it was also induced 
during acute pancreatitis, similar to other cytokines. Fur-
thermore, additional IGF-1 treatment reversed these effects, 
decreasing the levels of harmful cytokines while increas-
ing the levels of beneficial factors (Fig. 2E, F and G, H). In 
conclusion, these results suggest that IGF-1 has a protec-
tive effect against pancreatitis and that inhibition of IGF-1R 
aggravates caerulein-induced acute pancreatitis.

β-arrestin1 is involved in IGF-1/IGF-1R-mediated 
protection in caerulein-induced acute pancreatitis

Although our results demonstrated that IGF-1 is essential 
for protection against caerulein-induced acute pancreati-
tis and that additional IGF-1 treatment can attenuate the 
severity of pancreatitis, the pathway through which IGF-1/

Fig. 1  The expression of p-IGF-1R in the pancreas following caerulein 
challenge. A The relative IGF-1 mRNA levels in the indicated pan-
creas sections from WT mice after caerulein challenge were deter-
mined by real-time PCR. n = 6 in each group; data are presented as 
the mean ± SD. *P < 0.05 versus the control group. B IGF-1 protein 
expression in the pancreas was determined by Western blotting at the 
indicated time points after caerulein challenge. β-actin was used as the 
loading control. C HE staining and immunohistochemical staining for 
Ly6G, IGF-I, IGF-IR, and p-IGF-IR in the indicated pancreas sections 
from WT mice after caerulein challenge at the indicated time points 
are shown (brown, × 200). Dβ-arrestin1, p-IGF-IR and IGF-1R protein 
expression levels in the pancreas were determined by Western blot-
ting at the indicated time points after caerulein challenge. β-actin was 
used as the loading control. E Histological scores acquired from HE 
staining are presented in the methods section. n = 6 in each group; data 
are presented as the mean ± SD. *P < 0.05 versus the control group. F 
Relative p-IGF-1R densitometry units (OD) from immunohistochemi-
cal staining are presented. n = 6 in each group; data are presented as 
the mean ± SD; *P < 0.05 versus the control group. G Serum amylase 
levels in the indicated pancreas sections of WT mice after caerulein 
challenge were measured. n = 6 in each group; all values are presented 
as the mean ± SD; *P < 0.05 versus the control group. H Estimations of 
MPO activity in the indicated pancreas sections from WT mice are pre-
sented. n = 6 in each group; all values are presented as the mean ± SD; 
*P < 0.05 versus the control group
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administered IGF-1 (Fig. 4C and D). The administration 
of S3I-201 to WT and β-arrestin1-KO pancreatitis mice 
resulted in a significant increase in pancreatic MPO activity 
compared with that in the respective vehicle group (saline 
alone). This finding is consistent with the elevated serum 
amylase levels observed in the same group (Fig. 4E, F). Col-
lectively, these findings indicate that β-arrestin1 may repre-
sent an upstream component of the STAT3 pathway, which 
is induced by IGF-1/IGF-1R. The real-time PCR results 
demonstrated that the levels of proinflammatory cytokines, 
including TNF-α, IL-1β, and IL-6, increased significantly 

and targeted deletion of β-arrestin1 resulted in a notable 
decrease in p-STAT3 levels. Concurrently, p-p65 was sig-
nificantly upregulated, indicating that these components 
may interact to mediate IGF-1/IGF-1R-mediated protection 
(Fig.  4A). To observe this interaction, we introduced the 
STAT3 inhibitor VI S3I-201 (S3I-201, 100  μmol/L). S3I-
201 markedly inhibited STAT3 activation without affecting 
β-arrestin1 expression. Concurrently, p65 activation was 
significantly enhanced (Fig. 4B). Moreover, S3I-201 exac-
erbated pancreatic tissue injury and inflammatory responses 
in WT and β-arrestin1-KO mice with pancreatitis that were 

Fig.  2  The inhibition of IGF-1R aggravated caerulein-induced acute 
pancreatitis. A HE staining of the pancreases of WT mice after the 
indicated treatments is shown (200 ×). B Histological scores acquired 
from HE staining are presented in the methods section. n = 6 in each 
group; data are presented as the mean ± SD; *P < 0.05 versus the con-
trol group; #P < 0.05 versus the vehicle group. C Serum amylase levels 
in the indicated pancreas sections of WT mice are shown. n = 6 in each 
group; all values represent the mean ± SD; *P < 0.05 versus the control 
group; #P < 0.05 versus the vehicle group. D Estimation of MPO activ-

ity in the indicated pancreas sections from WT mice after the indicated 
treatments is presented. n = 6 in each group; all values are presented as 
the mean ± SD; *P < 0.05 versus the control group; #P < 0.05 versus the 
vehicle group. E-H The expression levels of the indicated inflamma-
tory factors (TNF-α, IL-1β, IL-6 and IL-10) in the pancreas of WT mice 
after the indicated treatments were evaluated by real-time PCR. n = 6 in 
each group; data are presented as the mean ± SD; *P < 0.05 versus the 
control group; #P < 0.05 versus the vehicle group
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severity of acute pancreatitis but also enhances IGF-1/IGF-
1R-mediated protection in acute pancreatitis.

IGF-1/IGF-1R-mediated protection in vitro

To further elucidate the above findings, AR42J cells were 
treated with caerulein at different time points and con-
centrations (0, 10, 20, 40, 80, and 100  nmol/L), as well 
as at different time points (0, 2, 4, 8, 12, and 24 h). West-
ern blotting revealed that both β-arrestin1 expression and 
p-STAT3 expression were markedly reduced in a time- and 
concentration-dependent manner following caerulein treat-
ment (Fig. 6A, B). Conversely, p-p65 expression signifi-
cantly increased during this process. The addition of IGF-1 
(100 ng/ml; Sigma) 30 min prior to caerulein (80 nmol/L 
for 8  h) treatment increased the expression of β-arrestin1 
and p-STAT3 but decreased the expression of p-p65. Nota-
bly, this treatment did not affect total p65 or STAT3 pro-
tein levels (Fig. 6C, Supplemental Fig. 4A). Following the 
aforementioned results, a β-arrestin1 siRNA oligo kit was 
used in accordance with the manufacturer’s instructions. 
Subsequently, 100  ng/ml IGF-1 was administered 30 min 
prior to caerulein (80 nmol/L for a period of eight hours), 
after which β-arrestin1 knockdown markedly affected the 
expression of p-p65 and p-STAT3, with p-p65 upregula-
tion and p-STAT3 downregulation (Fig. 6D, Supplemental 
Fig. 4B). These findings demonstrate that IGF-1 can mediate 
the activation of p65 and STAT3 via β-arrestin1. However, 
the inhibition of STAT3 activation by the STAT3 inhibitor 
VI S3I-201 (S3I-201, 100 μmol/L) significantly increased 
p65 activity without affecting the level of β-arrestin1. Addi-
tionally, CCK8 experiments confirmed that 100 μmol/L S3I-
201 had no significant effect on cell viability (Supplemental 
Fig. 3), indicating that the observed effects were indeed due 
to the inhibition of STAT3 rather than cytotoxicity. These 
findings further proved that STAT3 was the downstream ele-
ment during the indicated treatment (Fig. 6E, Supplemental 
Fig. 4C). To further examine the role of NF-κB in this pro-
cess, the NF-κB inhibitor Bay11708 (BAY, 20 μmol/L) was 
used. The results revealed that blocking NF-κB activity did 
not affect the expression of β-arrestin1 or the upregulation 
of p-STAT3 (Fig. 6F, Supplemental Fig. 4D). These findings 
are consistent with those of the caerulein-induced pancre-
atitis model. These observations collectively indicated that 
β-arrestin1 played a role in the protective effect of caerulein 
treatment afforded by IGF-1/IGF-1R activity via STAT3 
activation and p65 suppression. During this process, STAT3 
was identified as an upstream mediator that can regulate p65 
activation.

following the blockade of STAT3 activation. Conversely, 
the levels of the anti-inflammatory cytokine IL-10 decreased 
significantly. The results demonstrated that IGF-1/IGF-1R 
alleviated acute pancreatitis by suppressing NF-κB through 
the inhibition of STAT3, which regulated the inflammatory 
response by suppressing anti-inflammatory cytokines and 
inducing proinflammatory cytokines, thereby influencing 
the process of acute pancreatitis. The results demonstrated 
that IGF-1/IGF-1R alleviated acute pancreatitis by sup-
pressing NF-κB through STAT3. Conversely, inhibition 
of STAT3 exacerbated tissue injury and the inflammatory 
response by upregulating NF-κB activity without influenc-
ing the expression of β-arrestin1.

The inhibition of NF-κB enhances IGF-1/IGF-1R-
mediated protection in acute pancreatitis

The signaling pathway that mediates the role of IGF-1/
IGF-1R in regulating leukocyte infiltration and cytokine 
production during the process of acute pancreatitis has been 
the subject of considerable interest. One crucial element, 
NF-κB, was identified as a powerful regulator of the expres-
sion of a range of inflammatory mediators within the pan-
creas. The available evidence suggests that NF-κB plays a 
significant role in the early stages of acute pancreatitis and 
that its inhibition could reduce disease severity [19, 33]. 
Our data also indicated that the administration of Bay11708 
(BAY), an inhibitor of NF-κB, significantly attenuated the 
severity and inflammatory response in the context of the 
IGF-1/IGF-1R-mediated protective effect. Western blot-
ting demonstrated that the blockade of NF-κB had no effect 
on the expression of β-arrestin1 or the activation of STAT3 
(Fig.  5A). Pathological analysis demonstrated that the 
blockade of NF-κB resulted in a reduction in the severity 
of acute pancreatitis, as evidenced by a decrease in inflam-
matory cell infiltration, edema and necrosis. These findings 
were accompanied by comparable amylase levels and his-
tological scores (Fig. 5B, C). In accordance with the find-
ings of other researchers, an examination of MPO activity 
revealed that blocking NF-κB resulted in a notable reduction 
in the aggregation of neutrophils in the pancreas, not only in 
WT mice but also in β-arrestin1-KO mice (Fig. 5D, E). The 
relative levels of inflammatory mediators were quantified to 
assess the effect of NF-κB blockade on cytokine production. 
The results demonstrated a significant suppression of proin-
flammatory cytokines, including TNF-α, IL-1β, and IL-6, 
while the expression of IL-10 clearly exhibited an upreg-
ulation. These findings were observed in the presence of 
IGF-1 treatment (Supplemental Figs. 2A–D). These results 
highlight the pivotal role of NF-κB in regulating cytokine 
production during acute pancreatitis. These findings fur-
ther suggest that NF-κB blockade not only attenuates the 
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attributable to immunological processes that result in injury 
to acinar cells [19, 37]. This process encompasses the acti-
vation and recruitment of inflammatory cells, the local and 
systemic production and release of inflammatory cytokines, 
and the final transmigration of activated inflammatory cells 
across the acinar cell barrier, which exacerbates pancre-
atic damage [4, 5, 38]. Experimental evidence has shown 

Discussion

Acute pancreatitis is a prevalent inflammatory condi-
tion affecting the pancreas and has a spectrum of severity, 
from mild to severe. The severe form is invariably fatal, 
with multiorgan failure being an inevitable consequence 
[34–36]. The severity of acute pancreatitis is undoubtedly 
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IL-6, while the upregulation of anti-inflammatory media-
tors, such as IL-10, was observed. These changes resulted 
in a reduction in serum amylase levels and a decrease in 
tissue myeloperoxidase (MPO) activity. In contrast, the 
administration of an IGF-1R inhibitor, which has the poten-
tial to block the autophosphorylation of IGF-1R, unexpect-
edly exacerbated caerulein-induced pancreatic injury. In our 
previous research, we demonstrated that β-arrestin1 plays a 
role in caerulein-induced acute pancreatitis. Moreover, the 
targeted deletion of β-arrestin1 exacerbates the severity of 
inflammation in the pancreas by regulating the inflamma-
tory response. β-arrestin1 functions as a multiprotein scaf-
fold, coordinating complex signal transduction networks in 
diverse cellular processes, including differentiation, cyto-
kine production, proliferation, cell viability, and migra-
tion[44–46]. In the present study, a dose-dependent reduction 
in β-arrestin1 protein expression was observed with increas-
ing severity of pancreatitis. Conversely, β-arrestin1 protein 
expression markedly increased following IGF-1 treatment. 
These findings indicate that β-arrestin1 may be involved in 
the protective effects of IGF-1 in acute pancreatitis. How-
ever, the precise targets and underlying mechanism of pan-
creatic protection remain incompletely understood.

The recruitment of β-arrestin1 to the IGF-1 receptor 
(IGF-1R) upon binding to IGF-1 has been demonstrated, 
and this protein is capable of regulating downstream sig-
naling networks, thereby influencing the function of these 
cells. Similarly, β-arrestin1-mediated IGF-1 signaling, 
like the IGF-1 signaling pathway, activates the PI3K/
AKT, MAPK and other pathways, thereby promoting cell 
differentiation, proliferation and other cellular processes 
[47–49]. On the basis of these findings, β-arrestin1-WT 
mice and β-arrestin1-KO mice were treated with caerulein. 
β-arrestin1 deficiency resulted not only in the deterioration 
of acute pancreatitis but also in the abolition of the protec-
tive effect of IGF-1 treatment and serum amylase under 
similar conditions. Compared with that in their wild-type 
(WT) counterparts, the activity of myeloperoxidase (MPO), 
which is a marker of neutrophil sequestration within the 
organ, was markedly elevated in β-arrestin1-KO pancreati-
tis mice under IGF-1 treatment, accompanied by the expres-
sion of tumor necrosis factor alpha (TNF-α), interleukin 
1 beta (IL-1β) and interleukin 6 (IL-6), which promote an 
inflammatory response. In contrast, the anti-inflammatory 
mediator IL-10, which can reduce macrophage activation 
and inhibit the production of reactive oxygen species, was 
suppressed in β-arrestin1-KO pancreatitis mice that were 
administered IGF-1. On the basis of these findings, examin-
ing how β-arrestin1 regulates the aforementioned events in 
acinar cells would be interesting.

One crucial signaling molecule, NF-κB, plays a piv-
otal role in the etiology of acute pancreatitis. As a nuclear 

that the upregulation of inflammatory mediators, including 
cytokines, chemokines, and inducible nitric oxide, plays a 
pivotal role in the pathological process of acute pancreatitis 
[39, 40]. Despite the growing body of evidence indicating 
potential underlying mechanisms, the pathogenesis of acute 
pancreatitis remains unclear.

In this study, the administration of caerulein resulted 
in the development of acute pancreatitis, as evidenced 
by the elevation of serum amylase levels, the increase in 
MPO activity, and the observation of distinct pathological 
alterations at various time points. Previous studies have 
demonstrated that insulin-like growth factor 1 (IGF-1) is 
upregulated during experimental acute pancreatitis and may 
exert a beneficial effect on the pancreas during this process 
[18]. Moreover, our findings indicated that the mRNA lev-
els of pancreatic IGF-1 were elevated in accordance with 
the duration of stimulation. Concomitantly, there was an 
increase in insulin-like growth factor 1 receptor (IGF-1R) 
autophosphorylation, which was not accompanied by a cor-
responding change in total IGF-1R expression. Despite the 
verification of the insulin-like metabolic activity and regula-
tory role of IGF-1/IGF-1R in cell proliferation, differentia-
tion and apoptosis in a range of cell and tissue types [41–43], 
autologous IGF-1 has been shown to lack protective effi-
cacy against acinar cell injury in the context of pancreatitis. 
Notably, subsequent experiments demonstrated that addi-
tional IGF-1 treatment significantly attenuated the severity 
of acute pancreatitis. This was achieved by the suppression 
of proinflammatory cytokines, including TNF-α, IL-1β, and 

Fig.  3  β-arrestin1 is involved in IGF-1/IGF-1R-mediated protection 
against caerulein-induced acute pancreatitis. Aβ-arrestin1, p-p65, p65, 
p-STAT3 and STAT3 protein expression levels in the pancreas were 
determined by Western blotting after the indicated treatments. β-actin 
was used as the loading control; *P < 0.05 versus the control group; 
#P < 0.05 versus the vehicle group. B AP was induced in β-arrestin1 
knockout and wild-type (WT) mice by 10-h i.p. injections of caeru-
lein. The animals were injected with 80 μg/kg IGF-1 or vehicle 30 min 
prior to caerulein treatment and sacrificed for analysis 12 h after the 
last caerulein injection. HE staining of the pancreas from WT and 
β-arrestin1-KO mice after the indicated treatments is shown (200 ×). 
C The histological scores acquired from HE staining are presented 
in the methods section. n = 6 in each group; data are presented as the 
mean ± SD; *P < 0.05 versus the vehicle group of WT mice; #P < 0.05 
versus the IGF-1 group of β-arrestin1-KO mice. D Serum amylase lev-
els in the indicated pancreas sections of WT mice and β-arrestin1-KO 
mice are shown. n = 6 in each group; all values are presented as the 
mean ± SD; *P < 0.05 versus the vehicle group of WT mice; #P < 0.05 
versus the IGF-1 group of β-arrestin1-KO mice. E MPO activity in the 
indicated pancreas sections of WT mice and β-arrestin1-KO mice is 
shown. n = 6 in each group; all values are presented as the mean ± SD; 
*P < 0.05 versus the vehicle group of WT mice; #P < 0.05 versus the 
IGF-1 group of β-arrestin1-KO mice. F-(I) The expression levels of 
the indicated inflammatory factors (TNF-α, IL-1β, IL-6 and L-10) in 
WT mice and β-arrestin1-KO mice after the indicated treatments were 
evaluated by real-time PCR. n = 6 in each group; the data are presented 
as the mean ± SD; *P < 0.05 versus the vehicle group of WT mice; 
#P < 0.05 versus the IGF-1 group of β-arrestin1-KO mice

1 3



Molecular and Cellular Biochemistry

their nuclear translocation and functional activity. Under 
certain conditions, STAT3 can also directly inhibit NF-κB-
mediated transcriptional activation [52, 53]. Additionally, 
STAT3 modulates NF-κB signaling indirectly through 
upstream regulators, such as microRNA-mediated pathways, 
and via crosstalk with other signaling cascades, including 
the PI3K pathway [54, 55]. In the present study, we dem-
onstrate that IGF-1/IGF-1R signaling confers protective 
effects in acute pancreatitis by regulating both STAT3 and 
NF-κB pathways. The observed inverse correlation between 
phosphorylated STAT3 (p-STAT3) and phosphorylated p65 
(p-p65) levels implies that activation of STAT3 may con-
tribute to the suppression of NF-κB activity. Nevertheless, 
the precise molecular mechanisms governing this interac-
tion within the context of acute pancreatitis remain to be 
elucidated. Future investigations should aim to delineate 
the specific pathways mediating STAT3 and NF-κB cross-
talk and to identify potential therapeutic targets capable of 
modulating this interaction.

In conclusion, IGF-1 may protect the pancreas from dam-
age and the inflammatory response induced by caerulein 
through the upregulation of β-arrestin1 expression during the 
acute phase of pancreatitis. β-arrestin1 markedly attenuates 
the severity of this disease and the degree of inflammation 
by activating the STAT3 pathway, which may addition-
ally inhibit NF-κB activation. These results indicate that 
β-arrestin1 plays a role in mediating the protective effects 
of IGF-1 in caerulein-induced acute pancreatitis. Thus, the 
IGF-1/IGF-1R/β-arrestin1 signaling pathway may serve as 
a prospective therapeutic target for acute pancreatitis.

transcription factor, NF-κB is responsible for regulating 
the transcription of a wide variety of genes involved in 
immunity and inflammation [50, 51]. A substantial body of 
evidence highlights the pivotal role of these genes in the 
pathogenesis of acute pancreatitis. In the present study, 
β-arrestin1 deficiency increased the main components of 
NF-κB, p65 activation, in comparison to their WT coun-
terparts, regardless of IGF-1 treatment in the pancreatitis 
model. These findings prompted us to investigate the mech-
anisms by which β-arrestin1 regulates NF-κB activity. Addi-
tionally, we observed that STAT3 activation occurred during 
IGF-1 treatment in WT pancreatitis models, a phenomenon 
that was not evident in β-arrestin1-KO mice. The specific 
inhibition of STAT3 markedly suppressed p65 activation 
during the course of the experiment, thereby preventing the 
protective effects of IGF-1 in acute pancreatitis. Notably, 
the STAT3 inhibitor did not affect the status of β-arrestin1, 
despite markedly exacerbating pancreatic injury and the 
inflammatory response throughout the process. Further-
more, the administration of an NF-κB inhibitor resulted in a 
significant reduction in the severity of acute pancreatitis, the 
inflammatory response, and cytokine levels. Furthermore, it 
successfully reversed the detrimental effects of β-arrestin1-
mediated tissue damage without affecting the status of 
β-arrestin1 and STAT3 activation. In vitro experiments 
utilizing the AR42J cell line provided further validation of 
this signaling network during IGF-1-mediated protection 
from caerulein stimulation. Importantly, these findings indi-
cated that β-arrestin1 suppressed NF-κB activation through 
a STAT3-mediated mechanism in the protective effect of 
IGF-1 in caerulein-induced pancreatitis.

Nonetheless, our co-immunoprecipitation assays did 
not detect a direct interaction between STAT3 and IGF-1R, 
consistent with prevailing knowledge in the field. While 
β-arrestin1 is well established as a scaffold protein for IGF-
1R—promoting Mdm2-dependent ubiquitination as well as 
activation of ERK and PI3K pathways—current literature 
does not substantiate a direct association between β-arrestin1 
and STAT3, nor the recruitment of STAT3 to IGF-1R. Our 
experimental data corroborate the absence of direct binding 
between STAT3 and IGF-1R, aligning with the recognized 
interaction profile of β-arrestin1 involving partners such as 
Mdm2, Src, and PI3K.This indicates that the activation of 
STAT3 by IGF-1R signaling may be mediated through other 
mechanisms or intermediates, rather than through a direct 
physical interaction with β-arrestin1. Additional research is 
required to clarify the exact mechanisms involved, which 
we intend to examine in subsequent studies.

The interplay between STAT3 and NF-κB is character-
ized by a multifaceted network involving both direct and 
indirect interactions. STAT3 has been shown to directly 
associate with components of NF-κB, thereby influencing 
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Fig.  4  IGF-1/IGF-1R alleviated acute pancreatitis by suppressing 
NF-κB through STAT3. A Western blotting for β-arrestin1, p-p65, 
p65, p-STAT3 and STAT3 in the pancreases of WT and β-arrestin1-KO 
mice after the indicated treatments. β-actin served as a loading control; 
*P < 0.05 versus the vehicle group from WT mice; #P < 0.05 versus the 
vehicle group from β-arrestin1-KO mice. B p-p65, p65, p-STAT3 and 
STAT3 protein expression in the pancreas was determined by Western 
blotting after the indicated treatments. β-actin was used as the loading 
control. (C) HE staining of the pancreas of WT and β-arrestin1-KO 
mice after the indicated treatments is shown (200 ×). D Histological 

scores summarized from HE staining are shown. n = 6 in each group; 
the data are presented as the mean ± SD; *P < 0.05 versus the vehicle 
group of WT mice. E Serum amylase levels in the indicated pancreas 
sections of WT mice and β-arrestin1-KO mice are shown. n = 6 in each 
group; all values are presented as the mean ± SD; *P < 0.05 versus the 
vehicle group of WT mice. F MPO activity in the indicated pancreas 
sections of WT mice and β-arrestin1-KO mice was determined. n = 6 
in each group; all values are presented as the mean ± SD; *P < 0.05 
versus the vehicle group of WT mice
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Fig. 5  Inhibition of NF-κB enhances IGF-1/IGF-1R-mediated protec-
tion in acute pancreatitis. A P-p65, p65, p-STAT3 and STAT3 levels 
in the pancreases of WT and β-arrestin1-KO mice after the indicated 
treatments were detected by Western blotting. β-actin served as a 
loading control; *P < 0.05 versus the vehicle group from WT mice; 
#P < 0.05 versus the vehicle group from β-arrestin1-KO mice. B Pan-
creatitis was induced by caerulein or 80  μg/kg IGF-1, and BAY or 
vehicle was administered once 30 min before the first caerulein injec-
tion.Serum amylase levels in the indicated pancreas sections of WT 
mice and β-arrestin1-KO mice were evaluated. n = 6 in each group; all 
data are presented as the mean ± SD; *P < 0.05 versus the vehicle group 
of WT mice; #P < 0.05 versus the vehicle group of β-arrestin1-KO 
mice. HE staining of the pancreas of WT and β-arrestin1-KO mice 

after the indicated treatments is shown (200 ×). C Histological scores 
evaluated by HE staining are shown. n = 6 in each group; data are pre-
sented as the mean ± SD; *P < 0.05 versus the vehicle group of WT 
mice; #P < 0.05 versus the vehicle group of β-arrestin1-KO mice. D 
Serum amylase levels in the indicated pancreas sections of WT mice 
and β-arrestin1-KO mice is shown. n = 6 in each group; all values are 
presented as the mean ± SD; *P < 0.05 versus the vehicle group of WT 
mice; #P < 0.05 versus the vehicle group of β-arrestin1-KO mice. E 
The determination of MPO activity in the indicated pancreas sec-
tions of WT mice and β-arrestin1-KO mice is shown. n = 6 in each 
group; all values are presented as the mean ± SD; *P < 0.05 versus 
the vehicle group of WT mice; #P < 0.05 versus the vehicle group of 
β-arrestin1-KO mice

 

1 3



Molecular and Cellular Biochemistry

Fig. 6  IGF-1/IGF-1R-mediated protection in vitro. A AR42J cells were 
treated with caerulein at the indicated concentrations for 12  h, and 
Western blotting revealed that the expression of β-arrestin1, p-p65, and 
p-STAT3 significantly changed in response to stimulation with differ-
ent concentrations of caerulein, whereas the expression levels of p65 
and STAT3 were not affected. β-actin was used as the loading control. 
B AR42J cells were treated with 80 nmol/L caerulein for the indicated 
time intervals, and Western blotting analysis revealed that the expres-
sion levels of β-arrestin1, p-p65, and p-STAT3 and were significantly 
altered upon stimulation with caerulein, whereas the expression levels 
of p65 and STAT3 were not affected. β-actin was used as the load-
ing control. C IGF-1 (100 ng/ml) was given 30 min prior to caerulein 
(80 nmol/L for 8 h) treatment, and β-arrestin1, p65, p-p65, STAT3 and 
p-STAT3 protein expression was detected by Western blotting. β-actin 
was used as the loading control. D After incubation for 24 h, the trans-
fection medium was replaced with regular culture medium before the 

indicated treatment (IGF-1 (100 ng/ml) given 30 min prior to caerulein 
(80  nmol/L for 8  h)). β-arrestin1, p65, p-p65, STAT3 and p-STAT3 
protein expression was examined by Western blotting. β-actin was 
used as the loading control. E AR42J cells were stimulated with the 
indicated treatment (IGF-1 (100 ng/ml) given 30 min prior to caerulein 
(80 nmol/L for 8 h) in the presence or absence of the STAT3 inhibitor 
VI S3I-201. The lysates were subjected to Western blotting analysis 
for β-arrestin1, p65, p-p65, STAT3 and p-STAT3 protein expression. 
β-actin was used as the loading control. Cell viability was assessed 
using the CCK-8 assay as described in the methods. F AR42J cells 
were stimulated with the indicated treatment (IGF-1 (100 ng/ml) given 
30 min prior to caerulein (80 nmol/L for 8 h) in the presence or absence 
of the NF-κB inhibitor Bay11708 (BAY, 20 μmol/L), and the results 
of Western blotting analysis for β-arrestin1, p65, p-p65, STAT3 and 
p-STAT3 protein expression are presented. β-actin was used as the 
loading control
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