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Chronic pancreatitis (CP) is characterized by inflammation,
acinar cell death, fibrosis, and persistent pain. We investigated
mesenchymal stem/stromal cell (MSC)-derived extracellular
vesicles (EVs) for CP treatment. CP was modeled in male
mice using bile duct TNBS infusion, and pancreatic tissues
from CP patients were also analyzed. EVs from immortalized
human MSCs overexpressing alpha-1 antitrypsin (iAAT-
MSCs) were tested for their effects on ferroptosis, fibrosis,
and pain. CP tissues showed reduced glutathione peroxidase
4 (GPx4) activity (p < 0.05) and iron accumulation, indicating
ferroptosis. iMSC and iAAT-MSC-EVs alleviated CP symp-
toms by suppressing ferroptosis, restoring GPx4 activity,
reducing MDA levels, and mitigating fibrosis markers
(ot-smooth muscle actin, transforming growth factor-p1, ma-
trix metalloproteinase 2). EV treatment also alleviated pain
by decreasing macrophage and mast cell infiltration into the
pancreas and dorsal root ganglia while reducing pain-related
gene expression (TRVP1, TacRl, Necab3). Additionally,
iAAT-MSC-EVs were distinct in cytokine signaling, PI3K-
Akt pathway activation, and upregulation of miRNAs like
miR-9, miR-10a-5p, miR-92a, miR-200, miR-370, and miR-
146a. These results suggest ferroptosis as a key mechanism
in CP and highlight the therapeutic potential of iAAT-MSC-
EVs in addressing ferroptosis, fibrosis, and pain, presenting
a promising, cell-free therapeutic strategy for CP.

INTRODUCTION

Chronic pancreatitis (CP) is a progressive inflammatory condition
characterized by prolonged pancreatic inflammation."” Persistent
inflammation is associated with the destruction of pancreatic tissue,
pancreatic fibrosis, and atrophy.” The loss of organ function likely in-
volves complex mechanisms that ultimately result in chronic pain."**
However, the poorly understood pathophysiology of CP makes it
challenging to identify the means to treat the underlying cellular
disorder.

Ferroptosis is a newly recognized pathway of regulated cell death re-
sulting from iron accumulation and lipid peroxidation. An imbal-
ance in oxidant stress and antioxidant protection with enzymes
such as glutathione peroxidase 4 (GPx4) and superoxide dismutase
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type 1 (SOD1) eventually leads to cell death.” During chronic inflam-
mation, the pancreas experiences oxidative stress, causing an over-
load of intracellular iron and initiating the Fenton reaction, ulti-
mately leading to lipid peroxidation and the generation of reactive
oxygen species (ROS).®™® These processes likely contribute to the
destruction of pancreatic tissue and exacerbate the inflammatory
response, further perpetuating the condition. Experimental studies
have demonstrated that targeting ferroptosis can alleviate pancreatic
injury and inflammation severity in animal models of acute pancre-
atitis.””'' However, it is largely unknown whether ferroptosis con-
tributes to acinar cell death in CP patients and TNBS-induced
CP mice.

Pancreatic fibrosis, like fibrosis in other body organs, is characterized
by the excessive deposition of extracellular matrix components that
is likely facilitated by the activation and recruitment of inflammatory
blood cells."*"? In addition, pancreatic stellate cells (PSCs) and
pancreatic acinar cells may contribute to fibrotic pathways, although
their contribution is not fully explored. The extent to which inflam-
mation and fibrosis are pathogenetically linked to neuronal sensitiza-
tion and damage responsible for chronic pain, another key feature of
CP, is also unknown.”"*"'* Gaining a comprehensive understanding
of these intricate connections is essential for developing effective
therapeutic strategies.

Mesenchymal stem/stromal cells (MSCs), both in culture and within
the body, release small vesicles known as extracellular vesicles (EVs).
These EVs contain a wide range of bioactive molecules, including
proteins (such as enzymes, transcription factors, extracellular matrix
proteins, and receptors), nucleic acids (including mtDNA, single-
stranded DNA, double-stranded DNA, mRNA, and microRNA
[miRNA]), and lipids. These components play a key role in the ther-
apeutic efficacy of MSCs by mediating intercellular communication
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and influencing various biological processes. MSC-EVs exhibit ther-
apeutic potential across various regenerative medicine and tissue en-
gineering fields by regulating cellular processes and facilitating inter-
1617 In numerous studies, EVs derived from
MSCs have been investigated for their diagnostic and therapeutic ca-
pabilities in addressing the pathological processes associated with
diabetes, respiratory diseases, and cardiovascular diseases.'® >’ The
cargo of bioactive molecules within the MSC-EVs, notably growth
factors and anti-inflammatory agents, plays a pivotal role in their
therapeutic effects on damaged tissues.”' Additionally, MSC-EVs
possess anti-inflammatory properties, such as modulating immune
response and diminishing tissue inflammation, that have notably
been observed in pancreatic cancers.?” In CP, the use of EVs derived
from MSCs holds significant potential for diagnostic applications.*
However, the question of whether EVs can be used for CP therapy
and the mechanisms underlying their action remain largely
unexplored.

cellular communication.

Using MSC-EVss as a therapeutic alternative to cell therapies offers
the advantage of a simplified manufacturing process for larger-scale
interventions. While MSCs can be genetically modified, EVs from
these cells can be assayed to ensure the appropriate expression of
desired cellular products. In the current work context, MSCs have
been engineered to overexpress human alpha-1 antitrypsin (AAT).
This serine protease inhibitor is known to reduce inflammation
and mitigate oxidative stress imbalance.”**> Additionally, the use
of immortalized cell lines can result in infinitely reproducible clonal
MSCs,* thereby enhancing the reliable and replicable production of
therapeutic EVs.

This study characterized EVs derived from iAAT-MSCs by
comparing them with EVs from normal immortalized MSCs
(iMSCs) as controls. We analyzed the impact of these EV's on expres-
sion levels of miRNAs and mRNAs, predicted target genes, and po-
tential biological functions. Additionally, the study explored differ-
ential expression markers between CP patients and normal
individuals while exploring the therapeutic effects of iAAT-MSC-
EVs in an in vivo TNBS-induced CP mouse model.

RESULTS

Characterization of iAAT-MSC-EVs

Human MSCs and AAT-MSCs were transduced with the SV40LT vi-
rus provided by the SV40 T Antigen Cell Immortalization kit
(ALSTEM) to generate immortalized cells referred to as iMSCs
and iAAT-MSCs. Both cells exhibited a similar fibroblast-like
morphology under light microscopy. They showed expression of
SV40 protein in immunofluorescent staining (Figure 1A). The size
distribution of EVs derived from iMSCs and iAAT-MSCs ranged
from 50 to 500 nm, with the majority having a diameter of approx-
imately 150 nm (Figures 1B and 1C). Additionally, transmission
electron microscopy (TEM) further confirmed the presence of
EVs, showing their expected size and morphology (Figure 1D).
Furthermore, EVs from both iMSCs and iAAT-MSCs expressed tet-
raspanin EV markers, including CD63, CD81, and CD9 (Figure 1E).
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Notably, the expression of human AAT protein was significantly
increased in iAAT-MSC-derived EVs compared with iMSC-EVs
(Figure 1E).

Treatment with iAAT-MSC-EVs reduces TNBS-induced
pancreatic injuries

Previous studies have demonstrated that TNBS-treated rodent
models manifest significant chronic inflammatory processes charac-
terized by increased pancreas atrophy, collagen staining, fatty
replacement, inflammation, and elevated histological pancreas dam-
age scores.””* To evaluate the therapeutic effects of EVs, male mice
were randomly divided into four groups: the control group (sham
operation with vehicle injection, control); TNBS, TNBS-induced
CP mice receiving PBS injections; and iMSC-EV or iAAT-MSC-
EV groups, CP mice treated with iMSC or iAAT-MSC-EVs. In the
latter two groups, mice were injected with 200 pg of EVs via the
tail vein at week 1, 2, and/or 3 weeks after TNBS treatment. Mice
terminated at week 3 (group 1, two doses, short term) received
2 weekly doses of EVs, while those terminated at 6 weeks (group 2,
three doses, long term) received three weekly doses of EVs
(Figure 2A). There was a marked decrease in body weight after
TNBS injection that lasted about 2 weeks. However, mice treated
with iAAT-MSC-EVs showed a notably accelerated recovery in
body weight compared with TNBS control or those treated with
iMSC-EVs (Figure 2B).

The size of the pancreas in TNBS mice was significantly reduced
compared with sham control mice at week 6 post TNBS infusions
(Figure 2C). There were no significant differences in pancreas
weight/body weight between the EV treatment groups vs. TNBS
groups at 6 weeks post treatment (Figure 2D). The histological
assessment of hematoxylin and eosin (H&E)-stained pancreas sec-
tions by a pathologist, who was blinded for group assignment,
confirmed the presence of increased interlobular edema, inflamma-
tion, and necrosis in the pancreases of TNBS mice compared with the
sham controls at three and six weeks after TNBS injection
(Figures 2E-2I). TNBS mice receiving iAAT-MSC-EV showed
significantly reduced interlobular edema, inflammation, and the
most preserved area at 3 weeks compared with TNBS alone and
iMSC-EV groups (Figures 2E-2G). Furthermore, mice receiving
iMSC- or iAAT-MSC-EVs both demonstrated higher preservation
of pancreatic tissue at week 6 compared with the TNBS group
(p < 0.05) (Figure 2I). iAAT-MSC EV-treated mice also showed
reduced interlobular edema and necrosis (Figures 2F, 2H and 2I),
suggesting that treatment with iAAT-MSC-EVs reduces TNBS-
induced pancreas injuries.

Evidence of iron deposition in CP patient pancreas and iAAT-
MSC-EVs suppress iron accumulation in TNBS-treated mice
Ferroptosis, a form of regulated cell death characterized by iron-
dependent lipid peroxidation, has been linked to various diseases,
including acute pancreatitis and pancreatic cancer.””*’ We hypoth-
esize that ferroptosis could be an unrecognized mechanism of
acinar cell death in CP (Figure 3A). To investigate this, we first
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Figure 1. Characterization of iMSCs, iAAT-MSCs, and their secreted EVs
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(A) Morphology of IMSCs and iAAT-MSCs in culture under the light microscope (top, scale bar, 200 pm) and after the cells were infected with SV40LT, sorted by fluorescence-
activated cell sorting, and observed under a fluorescent microscope; SV40LT is shown in red, scale bar, 100 pm. (B) Mean intensity of EV size and (C) size distribution derived
from IMSCs and iAAT-MSCs measured by NTA and laser scattering microscopy. (D) The morphology of iIMSC- and iAAT-MSC-EVs as observed by TEM. (E) Protein
expression of CD63, CD81, CD9, and AAT in iMSC- and iAAT-MSC-EVs by western blot analysis.

identified iron deposition using Prussian blue staining on human
pancreatic tissues from healthy donors or CP patients. No detect-
able iron deposits were found in pancreatic sections from healthy
controls. In contrast, pronounced Fe** iron overload was observed
in the pancreatic sections of CP patients (p < 0.01 vs. healthy do-
nors) (Figures 3B and 3C). These results suggest ferroptosis may
play a role in acinar cell death in CP. Similarly, dramatic iron depo-
sition in the pancreas and elevated serum iron levels were observed
in TNBS-treated mice 6 weeks post TNBS injection compared with
controls (Figures 3D-3F). These findings prove increased iron
deposition and potential ferroptosis in pancreatic cells in both hu-
man and mouse CP models.

Moreover, treatment with iMSC-EVs significantly reduced iron
deposition in pancreatic tissues (p < 0.05 vs. TNBS) (Figure 3E)

and lowered serum iron concentrations in CP mice 6 weeks post
treatment (Figure 3F). Next, we explored the mechanistic insights
of iron deposition and the protective effects of EVs. Nuclear receptor
coactivator 4 (NCOA-4) is a key mediator of ferritin-selective auto-
phagy, which increases free iron and promotes ferroptosis.”’ NCOA4
binds to ferritin heavy chain 1 (FTHI1), forming an NCOA4-
FTHI complex that facilitates the delivery of iron-bound ferritin to
autophagosomes for lysosomal degradation and iron release,
contributing to ferroptosis.”>*’ Treatment with TNBS led to a signif-
icant upregulation of FTH1 and NCOA4 mRNA expression levels in
mouse pancreatic tissue 6 weeks post treatment (Figure 3G). In
contrast, the iMSC-EV group showed a trend of decrease in FTH1
and NCOA4 mRNA level compared with the TNBS group
(p < 0.05) (Figures 3G-3I). Similarly, both iMSC and iAAT-MSC-
EVs significantly reduced FTHI1 protein expression compared with
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Figure 2. EV treatments preserve the pancreas from TNBS-induced damage in mice

(A) Schematic diagram of TNBS-induced CP, EV administration, and tissue collection and analysis. (B) Percentages of changes in body weight at different weeks post
treatment. The arrows signify the infusion of IMSC or IAAT-MSC-EVs; N = 5-11 per group. (C). Images of the pancreas and spleen were collected, and H&E staining of whole
pancreas sections from the control group, TNBS, and TNBS mice was treated with iMSCs or iIAAT-MSCs (treatment mice) 6 weeks after TNBS infusion. Samples were
collected at 6 weeks of TNBS injection. (D) Percentage change in pancreas weight relative to body weight, measured 6 weeks after TNBS infusion (E) Light microscope
observations of H&E-stained pancreatic tissue sections to assess edema, inflammatory cell infiltration, and acinar necrosis in the control group, TNBS, and TNBS mice
treated with IMSCs or iIAAT-MSCs, 6 weeks after TNBS infusion; scale bar, 50 um. (F-l) Scores for interlobular edema (F), inflammation (G), necrosis (H), and percent of
pancreas preserved (l) evaluated by a pathologist blinded to group assignment measured at 3 and 6 weeks post TNBS treatment, n = 3-8 per group.

Data presented as mean + SD. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

the TNBS group (p < 0.05) (Figure 3I). iIAAT-MSC-EV-treated mice
showed reduced expression of both FTHI and NOCA4 at protein
levels compared with the TNBS group (p < 0.01) (Figures 3H and
3]). These findings highlight the role of FTH1 and NCOA4 in iron
metabolism and ferroptosis induced by TNBS and demonstrate the
potential protective effects of iMSC and iAAT-MSC-EVs in miti-
gating these processes.

EV treatments enhance antioxidant pathways in the pancreas of
CP mice

Nuclear factor erythroid 2-related factor 2 (NRF2) modulates
the cellular ferroptosis response.”” > Other antioxidant systems,
including GPx4 and ferroptosis suppressor protein (FSP1), are also
critical in reducing lipid peroxides and protecting cells from ferrop-
tosis.>**® Moreover, decreased levels of SOD can contribute to acinar
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cell damage, triggering inflammation, pancreatic edema, and inflam-
matory cell aggregation.’ We tested whether EV treatment enhances
the antioxidant pathways in the pancreas of CP mice (Figure 4A).
Pancreas samples from the TNBS group showed reduced NRF2
expression compared with the control, while those from iMSC-
and iAAT-MSC-EV groups exhibited a significant increase
compared with the TNBS group (p < 0.05) (Figure 4B). Although
the mRNA expression of GPx4 in the pancreas increased in the
iMSC- and iAAT-MSC-EV treatment groups, the differences were
not statistically significant when compared with the TNBS group
(p = 0.66, and p = 0.20, respectively) (Figure 4B). Additionally,
iMSCs-EV-treated mice demonstrated a significant increase in
FSP1 and iAAT-MSC-EV showed increase on both FSP1 and
SOD1 mRNA expression in the pancreas compared with the TNBS
group (SOD1: p < 0.01 and FSP1: p < 0.0001) (Figure 4C).
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Figure 3. iAAT-MSCs-EVs mitigate ferroptosis by regulating iron metabolism pathways mediated by FTH1 and NCOA4

(A) The hypothetic pathway on how EVs suppress TNBS-induces ferroptosis. (B) Prussian blue staining demonstrated the accumulation of Fe®* ions in the pancreas of CP
patients but not in healthy donors; scale bars, 150 pm and 75 um (inside the red box). (C) Quantification of iron density in human pancreas sections using ImagedJ, n = 3-4 per
group. (D) Prussian blue staining demonstrated the accumulation of Fe3* ions in EV-treated and untreated mice 6 weeks of TNBS injection; scale bars, 150 um and 75 pm.
(E) For the quantification of iron density from Prussian blue-stained pancreas sections using ImageJ, five randomly selected fields were analyzed for iron density, n = 4-6 per
group. (F) Serum iron levels in mice from different groups at 6 weeks after treatment; n = 5-11 per group. (G) Total mMRNA expression levels of FTH1 and NCOA4 in pancreas
tissue in control, TNBS alone, or EVs-treated mice at 6 weeks post treatment were analyzed by RT-PCR analysis. p-actin was used as an internal control for normalization;
n = 5-11per group. (H-J) The protein expression levels (H) and quantification of FTH1 (I) and NCOA4 (J) in pancreases were measured by western blot analysis. g-actin was
used as the internal control; n = 3-4 per group.

Data are shown as mean + SD. *p < 0.05, *p < 0.01, **p < 0.001. All mice samples were collected 6 weeks after treatment.
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Decreased GPx4 activity or level is often considered a hallmark of
ferroptosis.”>*” We continued our assessment by analyzing GPx4
protein expression and activity in pancreatic samples from both hu-
mans and CP mice. Immunostaining unveiled a reduction in GPx4
expression in pancreatic acini among CP patients compared with
healthy individuals (p < 0.05) (Figures 4D and 4E). However, no sig-
nificant difference in GPx4 activity was observed in serum samples
from healthy donors or CP patients (Figure 4F). In the pancreas of
CP mice, the immunofluorescence assay for GPx4 demonstrated
lower GPx4 density compared with controls. Treatment with EV's re-
sulted in an elevated density of GPx4 expression and increased serum
GPx4 activity (Figures 4G-4I). Notably, iAAT-MSC-EV-treated
mice exhibited significantly increased GPx4 activity compared with
TNBS-treated mice (p < 0.05) (Figure 4I). These data indicate that
EV treatment restored the antioxidant capacity of pancreatic cells.

Biological traits related to cell ferroptosis mainly include impaired
metabolism of iron ions, depletion of glutathione (GSH), and the
presence of harmful byproducts like malondialdehyde (MDA) and
4-hydroxynonenal resulting from the breakdown of lipid perox-
ides.””’ In the context of EV treatment, the groups receiving EVs
displayed a trend of restored serum GSH concentrations like those
of sham controls (Figure 4]). Intriguingly, both EV-treated groups
demonstrated significantly lower levels of pancreatic MDA
compared with the TNBS group (p < 0.05) (Figure 4K). Taken
together; these data suggest the presence of ferroptosis in both hu-
man and mouse CP conditions and treatment with iMSC- or
iAAT-MSC-EVs seems to mitigate ferroptosis by reducing the pres-
ence of factors that contribute to this process, while simultaneously
enhancing anti-oxidative responses in CP mice.

EVs derived from iAAT-MSCs mitigate pancreatic fibrosis
Another typical feature of CP is pancreatic fibrosis, mainly arising
from excessive production of extracellular matrix proteins from
PSCs. This process consequently leads to acinar cell injury
(Figure 54).%8 Upregulation of a-smooth muscle actin (a-SMA), a
marker of fibrosis secreted by PSCs,” was evident in the pancreas
of CP patients compared with healthy donor pancreases (p < 0.05)
(Figures 5B and 5C). Additionally, there was a significant increase
in amylase activity in CP patients (p < 0.05 vs. healthy donors)
(Figure S2A), suggesting acinar cell damage occurred.

Like human samples, significant upregulation of a-SMA was also
observed in CP mice compared with the control mice (p < 0.05)
(Figures S2B and S2C). Furthermore, CP mice exhibited notable
pancreatic atrophy and widespread intralobular fibrosis compared
with controls, as evidenced by Masson’s trichrome staining of the
whole pancreas and the fibrosis score (week 3: p < 0.0001, and
week 6: p < 0.01 vs. control) (Figures 5D and 5E). In contrast,
mice treated with iAAT-MSC-EVs demonstrated preserved pancre-
atic parenchymal and significantly diminished fibrosis 3 weeks post
treatment (Figures 5D and 5E). The western blot analysis demon-
strated upregulation of transforming growth factor p1 (TGF-p1)
and matrix metalloproteinase 2 (MMP2), both known proinflam-

. . . . . . 3840 - .
matory cytokines implicated in tissue fibrosis’>*" in mice treated

with TNBS (Figures 5F and 5G). EV treatments led to a significant
reduction in the expression of TGF-pl1 and MMP2, suggesting
suppression of fibrosis-related pathways following EV therapy
(iMSC-EV, p < 0.001 for both proteins; iAAT-MSC-EV, p < 0.01
for TGF-f1; and p < 0.05 for MMP2 compared with TNBS)
(Figures 5F and 5G).

iAAT-MSC-EVs alleviate pain associated with CP and suppress
macrophage infiltration into the pancreas

Subsequently, we evaluated the effect of EVs on TNBS-induced pain,
another prominent feature of CP. We used the open-field test to assess
hyperactivity and anxiety levels in our mouse models, by measuring the
duration and distance traveled within the central area of the maze.*" At
6 weeks after treatment, TNBS-treated mice exhibited a significant in-
crease in the time spent in the center (Figure S3A), higher velocity,
greater distance covered within the center, and more frequent entries
into the center compared with the control mice (Figures S3B-S3D).
In contrast, mice treated with iMSC-EV's exhibited lower velocity, trav-
eled shorter distances, and made fewer entries into the center than
TNBS mice at week 6 (velocity and distance, p < 0.01; and entrance,
p < 0.05 vs. TNBS) (Figures S3B-S3D), aligning more closely with
the behavior of sham controls.

Furthermore, TNBS mice demonstrated a substantially increased
threshold in paw withdrawal and abdominal sensitivity throughout
the experiment compared with the healthy controls, as measured
at weeks 3, 5, and 6 (Figures 6A and 6B). Both iMSC- and iAAT-
MSC-EV treatments alleviated the sensitivity to these stimuli in
TNBS mice at weeks 5 and 6, with iAAT-MSC-EVs demonstrating
greater improvement.

The damage to pancreatic acinar cells results in the infiltration of
macrophages that can exacerbate inflammation in the pancreas®***
(Figure 6C). We observed significantly higher infiltration of CD68"
macrophages in the pancreas from CP patients compared with
healthy individuals (p < 0.05) (Figures 6D and 6E). Moreover, the
expression of inducible nitric oxide synthase (iNOS) and interleukin
(IL)-10 proteins, markers of M1 and M2 macrophages, respectively,
were higher in pancreases from CP patients than those from healthy
donors (iNOS, p < 0.01) (Figures S3E and S3F). Similarly, the pres-
ence of CD68" macrophages was also observed in the pancreas sam-
ples of TNBS-treated mice (Figure 6F). Again, both EV treatment
groups exhibited significantly lower protein density in CD68
compared with the TNBS group (p < 0.001, iMSC-EV vs. TNBS,
and p < 0.01, iAAT-MSC-EV vs. TNBS) (Figure 6G). Furthermore,
the iAAT-MSC-EV group demonstrated significant suppression of
M1 macrophage-related gene expression (CDllc, p < 0.05 vs.
TNBS) (Figure S3G) and an increase in M2 macrophage-related
gene expression (CD206) compared with the TNBS group
(Figure S3H). Additionally, the iMSC- and iAAT-MSC-EV groups
showed significantly lower protein expression of CD11c compared
with the TNBS-treated group, while both exhibited substantially
higher protein expression of CD206 compared with the TNBS group
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(iMSC-EVs, p < 0.05 and iAAT-MSC-EVs, p < 0.01) (Figures S31I
and S3J).

Moreover, in the dorsal root ganglia (DRG), CD68 expression was
significantly higher in TNBS-treated mice than in controls
(p <0.0001) (Figures S4A and S4B). Intriguingly, both EV treatment
groups exhibited reduced fluorescence density in CD68 staining
compared with the TNBS group (p < 0.0001), indicating that EV
treatment effectively mitigated TNBS-induced macrophage infiltra-
tion in both the pancreas and the DRG. This reduction in macro-
phage infiltration may have contributed to the observed decrease
in inflammation.
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EV therapy inhibits mast cell infiltration and reduces iron
channel protein expression

In addition to monocytes, mast cells are a secondary innate immune
cell type within the pancreas, their activation can mediate neuro-
pathic pain in acute and chronic pancreatitis®®*>** (Figure 7A).
We observed a greater abundance of mast cells in the pancreas of
CP patients compared with those from normal individuals
(p < 0.05) (Figures 7B and 7C). This finding was further validated
in CP mice. When comparing mast cell density in the pancreas
and DRG, TNBS mice exhibited significantly higher mast cell density
in both tissues compared with the control group at six weeks after
TNBS injection (p < 0.0001 TNBS vs. control in pancreas and
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6 weeks following TNBS injection. N = 5-11 per group. (C) The proposed pathway through which TNBS induces pancreatic and DRG pain. (D and E) The presence (D) and
intensity (E) of CD68" macrophages evaluated in pancreatic tissue sections from healthy donors and CP patients; scale bar, 150 pm; N = 3-4. (F and G) CD68 protein
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was used as the loading control. n = 3-4 per group.

Data are shown as mean + SD. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

p <0.01 TNBS vs. control in DRG) (Figures 7D-7F). Moreover, mice
treated with iMSC- and iIAAT-MSC-EV's showed significantly fewer
mast cells in the pancreas than TNBS mice (p < 0.001 and p < 0.0001,
respectively) (Figures 7D and 7E). Additionally, iMSC- and iAAT-
MSC-EVs exhibited lower mast cell density in the T9-T12 DRG,
with the difference being significant for iAAT-MSC-EVs compared
with the TNBS group (p < 0.05) (Figures 7D and 7F). These findings

VFFs, von Frey filaments.

suggest that EVs alleviate pain by inhibiting mast cell migration to
the pancreas and the DRG.

EV treatments reduce the expression of pain markers in the DRG

Neurogenic inflammation plays a pivotal role in pain-related behav-
iors in CP. Sensory nerves are associated with neurogenic inflamma-
tion and house the cell bodies of these nerves in the DRG.”>* In the
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DRG, various pain markers, such as the transient receptor potential
ankyrin 1,%® c-FOS,*® tachykinin receptor 1 (TacR1),*” neuropeptide
calcitonin gene-related peptide (CGRP),* neuronal calcium-binding
protein (Necab) family,"® and others, have been found to increase in
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numerous pain models (Figure 7A). In this study, immunofluo-
rescence staining revealed a significant increase in neuronal
TRPV1 expression in TNBS-treated mice compared with controls
(p < 0.01) (Figures S4C and S$4D), consistent with previous
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findings.””*® In contrast, EV treatment significantly reduced TRPV1
expression in TNBS mice in the iMSC-EV group, as evidenced by
immunofluorescent staining (p < 0.01) (Figures S4C and S4D). Addi-
tionally, the iAAT-MSC-EV-treated group displayed a non-signifi-
cant decrease in c-FOS, resembling the levels in the sham control
group (Figures S4C and $4D). Notably, iMSC-EV treatments re-
sulted in a significant reduction of TacRl1 mRNA expression, akin
to the control group, compared with TNBS-treated DRG (p < 0.05)
(Figure 7G), while the pain markers CGRP, fibroblast growth factor
receptor and Necabl, exhibited lower mRNA expression in the EV
treatment groups (Figures S4E-S4G). The reduction in Necab3
expression was significant in the treatment groups compared with
the TNBS group (p < 0.05) (Figure 7H). Overall, both EV treatment
groups demonstrated amelioration in CP pain, as evidenced by
reduced pain marker expression and decreased infiltration of macro-
phages and mast cells.

DISCUSSION

This study shows compelling evidence of iron deposition/ferroptosis,
fibrosis, macrophage, and mast cell infiltration within the pancreas of
patients with CP, mirroring observations in a murine model of CP
induced by TNBS. Our results underscore the presence of oxidative
stress and pancreatic cell ferroptosis that is not balanced by adequate
anti-oxidative protection in the TNBS-induced mouse model of CP.
Additionally, EVs derived from iAAT-MSCs or iMSCs suppressed
ferroptosis pathways, sustained GPx4 activity, and attenuated
fibrosis in the damaged pancreas. Moreover, EV treatment alleviated
pain, likely by preventing macrophage and mast cell infiltration into
the pancreas and/or the DRG. These findings provide valuable in-
sights into how iAAT-MSCs-derived EVs contribute to pancreatic
repair, thereby advancing the development of a cell-free therapy
for CP. Compared with cell therapy, EVs may offer advantages
such as their inability to mutate and the ease of administration. These
attributes make EVs a potential therapeutic option and delivery
tool.*’”>" Understanding the therapeutic effects of EVs and the
mechanistic insights can help to optimize treatment strategies
for CP.

We also found that iAAT-MSC-EVs were superior to iMSC-EVs in
the majority of assays performed. This was the hypothesis in the con-
struction of this therapeutics since AAT is a broad multifunctional
anti-protease with additional anti-inflammatory functions. The su-
perior functions of iAAT-MSC-EVs included preservation of
pancreatic tissue, prevention of edema and fibrosis, and suppression
of inflammation and ferroptosis. The exception was that iMSC-EVs
seemed to be more effective in reducing pain markers such as
TACRLI. In our previous work on CP using AAT-MSCs and MSCs,
TRPV1 was significantly reduced in mice treated with either cell

type.”®

Ferroptosis was evident in human pancreatic tissues from CP pa-
tients. Similarly, both mRNA and protein levels of oxidative stress-
related genes were significantly elevated, and anti-oxidative genes
were downregulated in TNBS-induced CP mice. These results indi-

cate that TNBS-induced pancreatitis involves iron accumulation,
lipid peroxidation, and impairment of redox homeostasis, all of
which are essential characteristics of ferroptosis, indicating the
involvement of ferroptosis in TNBS-induced CP in mice. Research
by Xu et al.””> demonstrated increased iron overload and elevated
levels of MDA and FTH1, which decreased following ferrostatin-1
treatment in colitis. Notably, anti-ferroptosis markers FSP-1,
SOD1, GPx4, and NRF2 were decreased in CP mice, consistent
with findings from studies on diabetic conditions and pancreatic
adenocarcinoma.’®**»** Other studies demonstrated that treatment
with anti-ferroptosis drugs could increase GPx4 levels in osteoar-
thritis and CP.">*” In line with these findings, our study introduces
a novel therapeutic avenue by utilizing EV treatment derived from
iMSCs or iAAT-MSCs to mitigate CP in mice, restoring redox ho-
meostasis and reducing the expression of iron-dependent genes.

Other mechanisms of cellular injury, senescence, and death are un-
doubtedly present in the complicated models of CP. One pathway by
which therapy may be helpful is through induction of the PI3K/Akt
pathway by iAAT-MSC-EVs. This pathway plays a crucial role in
MSCs, regulating processes such as survival, proliferation, migration,
differentiation, and angiogenesis. It supports cell viability by upregu-
lating anti-apoptotic proteins such as Bcl-2 and downregulating pro-
apoptotic proteins like Bax. The PI3K/Akt pathway also drives MSC
proliferation through beta-catenin, facilitates migration by modu-
lating cytoskeletal dynamics, and enhances angiogenesis by stimu-
lating VEGF secretion.”>” By transferring the benefits of this
pathway to recipient cells, iAAT-MSC-EVs may enhance regenera-
tive and immunomodulatory responses.

Additionally, treatment with EVs also resulted in a reduction in
a-SMA-positive cells, along with a decreased expression of MMP2
and TGF-f1 compared with TNBS mice. This finding suggests that
EVs have the potential to hinder pancreatic fibrosis by suppressing
the activation of PSCs,”” regulating the secretion of extracellular ma-
trix, and cell death.’® Furthermore, the decreased presence of CD68"
macrophages indicates alterations in the immune microenvironment
and neuropathological conditions, aligning with findings reported in

other studies.*>”®

Another potential mechanism by which iAAT-MSC-EVs preserved
pancreatic tissue is through effects on miRNAs. Notably, the
increased expression of anti-ferroptosis miRNAs such as miR-9-5p
and miR-10a-5p in iAAT-MSC-EVs, suggests their enhanced ability
to suppress lipid ROS accumulation and maintain iron homeosta-
7% Upregulation of miR-10a-5p may further reduce IL-6 recep-
tor levels, mitigating IL-6-associated ferroptosis.”” Furthermore,
miR-21-5p and miR-660-5p were downregulated in iAAT-MSC-
EVs compared with iMSC-EVs, which might have contributed to
their differences in regulating the ferroptosis process.’"** Addition-
ally, the EVs carried some specific miRNAs, such as those from the
miR-200 family and miR-92a in iAAT-MSC-EVs, as well as miR-
29 in iMSC-EVs, that mitigate TGF-Bl-induced expression and
a-SMA in fibrotic phenotypes.®

sis
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Macrophage polarization was affected by exposure to the EV prepa-
rations. Macrophages may play a vital role in pancreatic repair and
regeneration.”* Pancreatic acinar cells conversely regulate macro-
phage activation by secreting EVs carrying specific miRNAs. This
complex interaction between native pancreatic cells, macrophage
subpopulations, and the EVs given will require dedicated studies
that target genes of differentially expressed miRNAs and macro-
phage activation, likely via the TRAF6-TAB2-TAK1-NIK/IKK-nu-
clear factor kB (NF-kB) pathway.

Mast cell activation and visceral pain are linked to conditions such as
complex regional pain syndromes, pancreatic cancer, and CP.****%
A significant increase in mast cell presence was observed in pancre-
atic and DRG tissues from CP mice, suggesting a potential role for
these cells in the pathogenesis of pain. This aligns with observations
in CP patients, where heightened mast cell density was observed,
consistent with reported study.** Remarkably, EV treatment in CP
mice reduced mast cell numbers and decreased the expression of
pain markers, including TRPV1, TacR1, and Necab3, in the DRG.
This indicates that both iMSC- and iAAT-MSC-EVs act peripherally
to restore neuroplasticity in CP mice. These findings are consistent
with previous research suggesting that increased synthesis of pain
peptides in the DRG may contribute to the pathogenesis of chronic
inflammatory pain.”> One potential factor in EVs impacting these
findings is miR-146a, an immune system regulator, that modulates
NF-xB activation, T regulatory cell function, and mast cell degranu-
3% miR-146a was significantly expressed in EVs from iAAT-
MSCs, highlighting their immunomodulatory potential.

lation.

Both iMSC- and iAAT-MSC-EVs exhibit effectiveness in suppress-
ing CP pathology, albeit to varying degrees, likely attributed to their
specific miRNA cargo. For instance, EVs derived from both cell types
identified essential miRNAs, such as those belonging to the let-7
family, miR-375, and miR-455-3p. These miRNAs play critical roles
in maintaining normal pancreatic function and mitigating injury to
pancreatic acinar cells.””””° Additionally, miR-144-3p in both types
of EV's suggests their potential to suppress ferroptosis and pancreatic
B-cell dysfunction.”"

Recent clinical trials have demonstrated the significant therapeutic po-
tential of EV's including exosomes derived from MSCs across various
diseases.”>””* For instance, in coronavirus disease 2019 (COVID-19),
EVs from unspecified MSC sources have been evaluated for their po-
tential to treat pneumonia and acute respiratory distress syndrome
(NCT04798716). Similarly, another study targeting hyper-inflamma-
tion in moderate COVID-19 patients administered EV's intravenously
on days 1 and 7, highlighting their role in immune modulation
(NCT05216562). Beyond respiratory applications, MSC-derived EV's
have been explored in regenerative medicine.”* For example, umbilical
cord MSC exosomes were utilized to promote the healing of large and
refractory macular holes by direct delivery into the vitreous cavity after
surgery (NCT03437759). The application of MSC-derived EVs has
also extended to fibrotic and inflammatory disorders.”>”* These trials
collectively highlight the versatility and therapeutic promise of MSC-
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derived EVs in modulating inflammation, promoting angiogenesis,
and addressing tissue fibrosis. Their application in CP, a condition
characterized by inflammation and fibrosis, aligns well with these
mechanisms. Leveraging EV-based therapies could open new avenues
for managing disease progression and enhancing pancreatic tissue
repair, reinforcing the need for further research and clinical
translation.

There are some limitations to our study. Our EV subtype used may
be method-specific with heterogeneity of vesicle populations within
the isolated preparations.”” Most published clinical trials used the ul-
tracentrifugation method or the tangential flow filtration system to
concentrate condition medium and purify EVs based on vesicle
sizes.”® The use of human MSCs in mice, while common in MSC
research, may only partially replicate the biological signals present
in human scenarios. This could affect the generalizability of our find-
ings and may not fully account for potential variations among do-
nors. To improve the reliability and validity of our results, future
studies should involve a larger donor pool and include a validation
cohort to comprehensively understand specific changes in EV pro-
teins and their therapeutic effects. Furthermore, our focus was on
the overall impact of EVs on three typical features of CP, rather
than delving into the precise molecular mechanisms by which EVs
reach target tissue and exert these effects at a cellular level. We did
not explore alternative methods of cellular senescence and death.
Only male mice were used in the study to maintain consistency
with previously published studies. Both male and female mice will
be applied in future studies to better understand sex-specific differ-
ences in CP and the treatment efficacy.

The observed benefits are intrinsic to MSC properties and not influ-
enced by the immortalization process In our recently published paper,
we compared naive MSCs, naive AAT-MSCs, immortal MSC, and
immortal AAT-MSCs; we found that MSCs and iAAT-MSCs possess
all the key characteristics and protective functions of naive MSCs and
naive AAT-MSCs.”” As for EVs derived from MSCs, several publica-
tions demonstrate the immortalization process, either using SV40 or
hTRET, does not change EV characterization or the protective effects
of EVs in different cell types and disease models. For example, a recent
publication by Tong et al.”® compared immortalized placental chori-
onic MSCs that surpass the growth limitations of primary passage cells
while retaining phenotypic characteristics and differentiation poten-
tial, and they show that the immortalization process preserves the par-
ticle size, quantity, and surface marker profiles of EVs, providing a
possible approach to produce high-yield EVs suitable for disease diag-
nosis and treatment. These results indicate that immortalizing MSCs
by the SV40LT gene does not have a major effect on their secretion of
EVs and exosomes, and therefore, MSCs can be used as a high-quality
single-cell source for the production of EVs. In another study, it was
shown that the immortalization by hTERT expression did not affect
size, number, cargo composition, or biological activity regarding
anti-inflammatory, anti-fibrotic, and wound healing properties
in vitro.”” A similar conclusion has been obtained in hTERT-treated
deer antler stem cells,®’ and in retinal epithelial cells.””
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In summary, our study validated the presence of iron deposition,
fibrosis, and immune cell accumulation in the pancreases of CP pa-
tients. We showed the efficacy of IAAT-MSC-EV treatment in allevi-
ating typical CP symptoms. These results suggest that EVs derived
from iMSCs or iAAT-MSCs harbor specific miRNAs with significant
therapeutic promise, targeting the underlying mechanisms of ferrop-
tosis, fibrosis, and pain in CP. Consequently, they represent a prom-
ising approach for CP therapy.

MATERIALS AND METHODS

Human iMSC- and iAAT-MSC culture

Human AAT-MSCs were generated by transducing human bone
marrow-derived MSCs from a healthy African American male with
the lentiviral vector, as previously described.** The transduction pro-
cess involved transfecting the MSCs with the viruses for 16 h. Cells
expressing GFP were sorted using fluorescence-activated cell sorting
after 96 h of viral infection. MSCs transfected with empty vectors
were used as MSC controls. To generate immortalized cells, the
MSCs or AAT-MSCs were further transduced with SV40LT viral su-
pernatant and subsequently selected using puromycin.”” Clones were
expanded to establish stable cell lines for further experiments. iMSCs
and iAAT-MSCs between passages 18 and 20 were used in this study.

EV isolation and characterization

iMSCs or iAAT-MSCs at 70%-80% confluences were cultured in the
serum-free StemPro MSC SFM medium (Thermo Fisher Scientific).
After 48 h, the cell culture medium was collected, and EVs were har-
vested using the Total Exosome Isolation kit (Thermo Fisher Scien-
tific). In brief, the medium was centrifuged at 2,000 x g for 30 min to
remove cells and debris before adding the total exosome isolation re-
agent. EVs were then harvested by ultracentrifugation at 10,000xg
for 1 h at 4°C. The resulting pellet was washed and resuspended in
an appropriate volume of PBS. Nanoparticle tracking analysis
(NTA) was performed to analyze the particle size, and video images
of the EVs were captured using the ZetaView BASIC NTA system
(Particle Metrix).

TEM imaging

EV samples were prepared using negative staining. A 5-uL drop of
the sample was placed on a glow-discharged 400-mesh carbon-
coated copper grid (Carbon film 400 mesh Copper grids, Electron
Microscopy Sciences, Biotrend). The sample was allowed to adhere
for 30-60 s, and excess liquid was removed by touching the edge
of the grid with a filter paper wedge. The grid was then stained
with a 5- to 10-pL drop of freshly prepared 1% uranyl acetate in de-
ionized water for 30-60 s. Excess stain was wicked away using a filter
paper wedge, and the grid was left to air dry before imaging. Prepared
grids were examined using a HITACHI H-7650 TEM (Hitachi High-
Technologies Corp.).

Small RNA library construction, sequencing, and data
processing

EV samples were subjected to RNA extraction to generate libraries of
small RNA molecules using the exoRNeasy Maxi Kit (Qiagen). The

quality and integrity of the RNA samples were assessed using a
NanoPhotometer spectrophotometer (IMPLEN), Qubit RNA Assay
Kit with a Qubit 2.0 Fluorometer (Thermo Fisher Scientific), and
Bioanalyzer 2100 system (Agilent Technologies). Only high-quality
RNA samples were utilized to construct the sequencing libraries.
Novogene Corporation performed the RNA sequencing. For con-
structing mRNA and circRNA libraries, 5 pg of RNA per sample
was employed as input material. The library preparation process
involved the ligation of 3’ and 5° adaptors to the respective ends of
small RNA molecules. The resulting double-stranded cDNA libraries
were enriched through PCR. Following purification and size
selection, libraries with insert sizes ranging from 18 to 40 bp were
prepared for sequencing on the Illumina platform with SE50
sequencing.

After sequencing, raw data underwent filtration to obtain clean
reads. The small RNA tags obtained from the EV samples were
aligned to the assembled genome using Bowtie.”’ These aligned
tags were then compared against the miRBase 20.0 database to iden-
tify known miRNAs. Modified mirdeep2 and srna-tools-cli software
were employed to determine potential miRNAs and secondary struc-
tures.”* To predict novel miRNAs, miREvo®’ and mirdeep2®” were
utilized, considering the distinctive hairpin structure of miRNA pre-
cursors. The presence of miRNA families was investigated using the
Rfam database. Target genes for the identified miRNAs were pre-
dicted using miRanda software.** The expression levels of miRNAs
were estimated using transcripts per million.* Differential expres-
sion analysis was performed to identify significantly differentially ex-
pressed miRNAs based on a threshold of p < 0.05. The target gene
candidates of differentially expressed miRNAs were subjected to
Gene Ontology (GO) enrichment analysis using the GO database
(http://www.geneontology.org/). Furthermore, the Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) ortholog-based annotation
system software was used to assess the statistical enrichment of target
genes in KEGG pathways.*

Human serum and pancreatic sample collection

Human serum samples were collected from a cohort of 43 patients
diagnosed with CP (mean age, 43.75 + 11.77 years) who participated
in Medical University of South Carolina (MUSC)-Institutional
Review Board (IRB)-approved clinical trials (IRB protocol #
Pro00053906). Written consent was obtained from each participant
before the study. Additionally, human CP and healthy pancreas
tissues were obtained from the MUSC biorepository without
identifiable information. The IRB determined this portion to be a
non-human subject study.

CP induction in mice

We purchased male C57BL/6 mice (10-12 weeks old) from the Jack-
son Laboratory. CP was induced in the mice by administering a sin-
gle infusion of 0.4% TNBS (50 pL) dissolved in ethanol (10%, v/v) via
the bile duct, following established protocols.” Ethical approval for
all experimental procedures was obtained from the Institutional An-
imal Care and Use Committee of the MUSC. Non-invasive and
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painless methods that use tail staining with dyes or markers were
used for identifying individual mice in each group to minimize the
effect of their condition and the physiological outcomes of disease
modeling.”’

Pain assessment

Mechanical sensitivity in the paw and abdominal areas was measured
by applying calibrated von Frey filament (North Coast Medical) with
gradually increasing forces.”**® The application was repeated 10
times for 1-2 s each. A positive response was documented when
the mouse exhibited behaviors such as raising, retracting, or licking
the abdominal area. The data represent the average minimum
applied force by the calibrated vFF that triggered a positive response
for each mouse within the experimental groups. All evaluations were
carried out blindly.

Behavior test by the open field assessment

Hyperactivity and anxious behaviors were assessed using the open
field test.”” The open field apparatus comprised a plexiglass square
box measuring 60 cm X 60 cm X 25 cm, with a designated center
area marked. Each animal was individually placed in the box for
10 min. The movements and behaviors of all animals were recorded
using a digital camera and subsequently analyzed using Noldus’s
Ethovision system. The parameters studied included the time spent
and distance traveled within the center area and the average velocity.

Histopathological scoring of the pancreas

Pancreas tissues were fixed in paraffin, sectioned into 5-pm slices,
and stained with H&E and Masson’s trichrome. The sections were
then examined by a pathologist blinded to the experimental groups.
The pathologist assessed the severity of pancreatitis in four cate-
gories: inflammation, necrosis, fibrosis, acinar cells, and interlobular
edema, using a scoring system ranging from 0 to 5.”° The total pre-
served area was evaluated based on the histological features observed
throughout the slide, expressed as a percentage from 0% to 100%.
The Keyence microscope BZ-X800 was utilized for slide scanning
during this process.

Immunohistochemistry

Pancreases from treated mice were preserved in paraffin, while
DRG samples were embedded in an optimal cutting temperature
compound (OCT; Sakura Finetek); both were sectioned into
5-pm slices. Immunostaining was performed using primary anti-
bodies specific to ferroptosis pathways, fibrosis (a-SMA), pain/
macrophage (TRPV1, ¢-FOS, and CD68) markers, and secondary
antibodies listed in Table S1. The slides were visualized using an
Invitrogen EVOS M5000 Fluorescence Microscope (Thermo Fisher
Scientific), photos were taken under the same exposure conditions,
and staining integrated density was quantified using Image] soft-
ware (NIH).

Detection of mast cells
Paraffin-embedded pancreatic samples and OCT-embedded DRG
tissues underwent May-Griinwald-Giemsa staining following the
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manufacturer’s recommendations (Eng Scientific). The staining pro-
cess involved deparaffinization, treatment with May-Griinwald Solu-
tion and Giemsa stain, washing with PBS, dehydration with ethanol,
and clearing with xylene. Mast cells were then quantified in 10 ran-
domized fields per section using a light microscope, and the results
were reported as mast cells per square millimeter.

Iron deposition in the pancreas

Prussian blue staining was utilized to evaluate the presence of intra-
cellular iron in pancreatic samples.” The process involved deparaf-
finizing the sections, followed by staining with an iron stain solution
according to the manufacturer’s instructions (Iron Stain Kit; Ab-
cam). Subsequently, nuclear staining with a fast red solution, dehy-
dration in ethanol, and resin mounting were carried out. The iden-
tification of blue intracellular particles indicates the presence of
iron, and the density of iron-positive cells was determined by exam-
ining five randomly selected fields of view per sample under a light
microscope.

GSH and GPx activity assay

The concentrations of GSH in mouse serum and the activity of
GPx in mouse pancreas tissue lysates and human serum samples
were determined using separate colorimetric assay kits (Abcam),
following the provided protocols. Briefly, the serum samples were
deproteinized and incubated with the GSH Assay mixture for
60 min at room temperature. The GSH concentration was deter-
mined as the absorbance value of each sample at 490/520 nm using
a microplate reader (Bio-Rad Laboratories). For GPx activity, the
samples were incubated with GSH reductase and GSH for 15 min
to deplete all GSSG and then incubated with cumene hydroperoxide.
The absorbance measured at 340 nm was a direct proportion of GPx
activity.

Serum amylase assay

Human blood samples were centrifuged at 4°C for 15 min at 1,300 xg
to separate the serum. Amylase concentrations were measured
using an Amylase Activity Assay kit obtained from Sigma-Aldrich,
following the manufacturer’s instructions.

Iron assay

Serum iron concentration was measured using the Iron Assay kit
(Abcam) following the manufacturer’s protocol. Briefly, serum sam-
ples were incubated with the working solution at 37°C for 30 min,
followed by 60 min at the same temperature with the iron probe.
The resulting output was measured immediately using a colorimetric
microplate reader, with the absorbance read at 593 nm.

Lipid peroxidation assay

The concentration of MDA in pancreas lysates was assessed using the
Lipid Peroxidation Assay Kit (Abcam) according to the manufac-
turer’s instructions. Briefly, samples were subjected to a reaction
with thiobarbituric acid at 95°C for 60 min. The resulting product
was then quantified by measuring the absorbance at 352 nm using
a microplate reader.
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Real-time qPCR

Total RNA was extracted from the pancreas and DRG tissues using
an RNA extraction kit (Qiagen). Subsequently, the RNA was utilized
to synthesize cDNA with the iScript cDNA Synthesis Kit (Bio-Rad)
on an Applied Biosystems Veriti 96-Well Thermal Cycler (Thermo
Fisher Scientific). Real-time PCR was conducted in triplicate using
specific primer pairs (Table S2), the CFX-96 real-time PCR system
thermal cycler, and SYBR Green Mastermix (Bio-Rad). The expres-
sion levels of p-actin or GAPDH were employed to normalize the
gene expression levels. The qPCR data were subsequently analyzed
using the LightCycler 96 Relative Quantification software (Bio-Rad).

Western blot

Total proteins from the mouse pancreas were lysed in a protein lysis
buffer containing a protease and phosphatase inhibitor cocktail
(Sigma-Aldrich). Protein concentrations were determined using the
BCA protein assay kit (Thermo Fisher Scientific). An equivalent
amount (20 pg) of protein was loaded and separated by electrophoresis
on a 10% SDS-PAGE gel and transferred onto nitrocellulose mem-
branes. The membranes were blocked and incubated with primary an-
tibodies (Table S1) overnight at 4°C. The next day, the membranes
were washed thrice and incubated with the corresponding secondary
antibodies at room temperature for 1 h. Finally, the blots were imaged
using a ChemiDocTM Imaging System (Bio-Rad) and analyzed using
Image] software. B-actin was used as a loading control.

Statistical analysis

Data were presented as means + SD and analyzed using the
GraphPad Prism software (Version 9). Statistical comparisons
among groups were performed using one-way ANOVA followed
by a post-hoc analysis. A p value of <0.05 was considered statistically
significant.
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