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Abstract

Background Severe acute pancreatitis (SAP) is a serious gastrointestinal disease that is facilitated by pancreatic acinar cell
death. The protective role of human placental mesenchymal stem cells (hP-MSCs) in SAP has been demonstrated in our
previous studies. However, the underlying mechanisms of this therapy remain unclear. Herein, we investigated the regular-
ity of acinar cell pyroptosis during SAP and investigated whether the protective effect of hP-MSCs was associated with the
inhibition of acinar cell pyroptosis.

Methods A mouse model of SAP was established by the retrograde injection of sodium taurocholate (NaTC) solution in the
pancreatic duct. For the hP-MSCs group, hP-MSCs were injected via the tail vein and were monitored in vivo. Transmission
electron microscopy (TEM) was used to observe the pyroptosis-associated ultramorphology of acinar cells. Immunofluo-
rescence and Western blotting were subsequently used to assess the localization and expression of pyroptosis-associated
proteins in acinar cells. Systemic inflammation and local injury-associated parameters were evaluated.

Results Acinar cell pyroptosis was observed during SAP, and the expression of pyroptosis-associated proteins initially
increased, peaked at 24 h, and subsequently showed a decreasing trend. hP-MSCs effectively attenuated systemic inflam-
mation and local injury in the SAP model mice. Importantly, hP-MSCs decreased the expression of pyroptosis-associated
proteins and the activity of the NOD-, LRR-, and pyrin domain-containing protein 3 (NLRP3) inflammasome in acinar cells.
Conclusions Our study demonstrates the regularity and important role of acinar cell pyroptosis during SAP. hP-MSCs atten-
uate inflammation and inhibit acinar cell pyroptosis via suppressing NLRP3 inflammasome activation, thereby exerting a
protective effect against SAP.
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Severe acute pancreatitis (SAP) is a serious gastrointestinal
disease with a mortality risk as high as 20.0%~50.0% and is
characterized by systemic inflammation and local injury [1-
3]. During SAP, the release of inflammatory mediators tends
to trigger systemic inflammatory response syndrome (SIRS),
potentially leading to multiple-organ dysfunction syndrome
(MODS) and even fatal outcomes [1, 3]. Current manage-
ment strategies for SAP mainly include goal-directed fluid
resuscitation, appropriate enteral nutritional support, and
the targeted use of therapeutic agents [4]. Although these
clinical strategies have been used in patients with SAP, the
prevention and treatment of SAP remain major challenges.


http://crossmark.crossref.org/dialog/?doi=10.1007/s10495-024-01946-5&domain=pdf&date_stamp=2024-4-13

Apoptosis (2024) 29:920-933

921

Mesenchymal stem cells (MSCs) are a class of pluripo-
tent stem cells that offer new potential therapeutic options
for the treatment of patients with inflammatory diseases due
to their low immunogenicity and remarkable immunomodu-
latory properties [5—7]. Many studies have shown obvious
protective effects of MSCs, including human placenta-
derived mesenchymal stem cells (hP-MSCs), human umbil-
ical cord-derived mesenchymal stem cells (hUC-MSCs),
and human adipose tissue-derived mesenchymal stem cells
(hAT-MSCs), against SAP [8—10]. Our previous study con-
firmed that hP-MSCs exerted a beneficial effect on SAP rats
via inducing the M2 polarization of macrophages [8]. In
addition, another study by Li et al. showed that hAT-MSCs
ameliorated SAP in mice via decreasing endoplasmic retic-
ulum (ER) stress [10]. Although some progress has been
made in recent years, the underlying mechanism behind the
therapeutic effect of MSCs has not been fully elucidated.

Pancreatic acinar cells are among the major functional
cells involved in the exocrine division of the pancreas. Aci-
nar cell death can arise from a series of pathological intra-
acinar events, subsequently leading to pancreatic injury
and systemic inflammation [11, 12]. Among regulated cell
death (RCD) events, pyroptosis is a form of RCD that can
promote inflammation and lysis. Its biochemical features
include the formation of inflammasomes and the activation
of inflammatory caspases and gasdermin family members
[13, 14]. Pyroptosis can be induced through either the cas-
pase-1-dependent signaling pathway or the caspase-1-inde-
pendent signaling pathway. Activated caspase-1 can further
convert pro-interleukin-1p (IL-1B) and pro-interleukin-18
(IL-18) into their mature forms. Moreover, the N-terminal
domain (NTD) of gasdermin D (GSDMD) is cleaved, lead-
ing to oligomerization and the formation of pores in cyto-
membranes and subsequently to inflammatory cell death
accompanied by the loss of cytomembrane integrity and
the release of inflammatory mediators [13—16]. Wang et al.
demonstrated that the activation of the NOD-, LRR-, and
pyrin domain-containing protein 3 (NLRP3) inflammasome
and caspase-1 induced acinar cell pyroptosis and inflamma-
tory cytokine secretion to aggravate acute pancreatitis (AP)
[17]. In addition, Gao et al. reported that acinar cell pyrop-
tosis, pancreatic necrosis, and systemic inflammation were
significantly reduced in AP mice with acinar cell conditional
Gsdmd inhibition and that the protection against AP was
further enhanced by the combination of RIP3 inhibitors in
Gsdmd’" mice [18]. These data indicate that inhibiting aci-
nar cell pyroptosis is a potential therapeutic strategy for AP.
However, the effect of hP-MSCs on acinar cell pyroptosis in
SAP has not been determined.

Based on the findings described above, we systematically
evaluated the regularity of acinar cell pyroptosis during SAP
and determined whether the protective effect of hP-MSCs

was associated with inhibiting acinar cell pyroptosis. The
findings of this study will contribute to a deeper understand-
ing of the underlying mechanisms involved in stem cell
therapy for SAP.

Materials and methods
Ethics statement

This study was approved by the Ethics Committee of the
General Hospital of Western Theater Command of the Chi-
nese People’s Liberation Army (2021EC2-20). All mice
were housed in a specific pathogen-free (SPF) laboratory
animal environment at 23.0 °C +3.0 °C with 55.0% =+ 5.0%
relative humidity and under a 12-h light/dark cycle, and
they had free access to potable water and standard chow.
Throughout the experiments, the researchers strictly fol-
lowed the Principles of Laboratory Animal Care (revised
in 1996) published by the National Institutes of Health of
the United States of America and the Animal Management
Regulations (revised in 2017) issued by the National Sci-
ence and Technology Commission of the People’s Republic
of China to minimize animal suffering and the number of
animals used during the experiments. After the experiments,
all animals were killed in a scientific and regulated manner.

Materials

Adipogenesis-, osteogenesis-, and chondrogenesis-induced
differentiation kits and surface marker assay kits specialized
for MSCs were purchased from Cyagen Biotechnology Co.,
Ltd. (Guangdong, PRC). Serum-free medium and recombi-
nant trypsin solution specialized for MSCs were purchased
from Yocon Biology Technology Company Co., Ltd. (Bei-
jing, PRC). SPF male C57BL/6 mice (weighing 22 g+2 g)
were purchased from Sipeifu (Beijing) Biotechnology Co.,
Ltd. (Beijing, PRC). Sodium taurocholate (NaTC) was pur-
chased from Sigma-Aldrich Chemie GmbH (Taufkirchen,
GER). 1,1'-Dioctadecyl-3,3,3",3'-tetramethylindotricarbocy-
anine iodide (DiR) was purchased from MedChemExpress,
LLC (New Jersey, USA). An amylase mouse enzyme-linked
immunosorbent assay (ELISA) kit and a lipase mouse
ELISA kit were purchased from Jiangsu Meimian Industrial
Co., Ltd. (Jiangsu, PRC). A tumor necrosis factor-o, (TNF-
o) mouse ELISA kit, interleukin-6 (IL-6) mouse ELISA kit,
interleukin-4 (IL-4) mouse ELISA kit, and interleukin-10
(IL-10) mouse ELISA kit were purchased from Thermo
Fisher Scientific, Inc. (Massachusetts, USA). A hematoxylin
and eosin (H&E) staining kit was purchased from Shanghai
Beyotime Biotechnology Co., Ltd. (Shanghai, PRC). Anti-
NLRP3, anti-caspase-1, anti-GAPDH, goat anti-rabbit IgG
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H&L (HRP), goat anti-rabbit [gG H&L (Alexa Fluor 488),
and donkey anti-rabbit IgG H&L (Alexa Fluor 555) antibod-
ies were purchased from Abcam, PLC (Cambridge, UK). An
anti-GSDMD antibody was purchased from ABclonal Tech-
nology Co., Ltd. (Hubei, PRC). Anti-apoptosis-associated
speck-like protein containing a caspase-recruitment domain
(ASC) and anti-IL-1p antibodies were purchased from Cell
Signaling Technology, Inc. (Massachusetts, USA). An anti-
amylase antibody was purchased from Proteintech Group,
Inc. (Illinois, USA).

Culture and characterization of hP-MSCs

The details of the hP-MSCs are described in a previous
study by Huang et al. [19]. The hP-MSCs were cultured in
mesenchymal stem cell-specific serum-free medium under
suitable conditions at 37.0 °C, 21.0% O, and 5.0% CO,.
Subculture was performed when the cells reached 80.0% ~
90.0% confluence, and hP-MSCs between the 3rd and 6th
passages were selected for experiments. For the character-
ization of hP-MSCs, hP-MSCs were first observed mor-
phologically using a microscope. Second, hP-MSCs were
further assessed for adipogenesis, osteogenesis, and chon-
drogenesis under appropriate culture conditions. Finally,
flow cytometry was used to detect the surface-specific anti-
gens of hP-MSCs, including CD11b, CD29, CD14, CD44,
CD45, CD34, CD73, CD105, CD166, and HLA-DR.

Animals

Throughout the surgical procedure, the researchers strictly
followed the principle of aseptic technique. To avoid adverse
gastrointestinal reactions during the perioperative period,
all the mice were fasted 6 h before surgery. The animal sur-
gical room was irradiated with ultraviolet light (ultraviolet
radiation intensity >120.0 pW/cm?) 2 h before surgery,
and the relevant surgical instruments were sterilized using
autoclave steam (0.14 MPa, 126.0 °C, 30 min) before use.
Isoflurane vapor was inhaled for induction (2.5%, v/v) and
maintenance (1.5%, v/v) of anesthesia in all mice during
surgery.

All mice were randomly divided into a sham group, SAP
group, and hP-MSCs group. In the sham group, anesthetized
mice were fixed in the supine position on an operating table,
and their abdominal skin was later prepared and disinfected
with iodophor (1.0%, w/v). After the abdominal wall of the
mouse was incised along the anterior midline of the abdo-
men, the pancreas was turned over several times with a
sterile cotton swab, after which the abdominal cavity was
closed. After closure of the abdominal cavity, 0.1 mL of PBS
solution was injected into the mice via the tail vein 0 and 6 h
postsurgery. In the SAP group, after the abdominal cavity
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was opened as described above, the mice were retrogradely
injected with 4.0% (w/v) NaTC solution (1.0 mL/kg of bw,
0.1 mL/min) in the pancreatic duct using a microinjection
pump, after which the abdominal cavity was closed. After
the abdominal cavity was closed, the same volume of PBS
solution was injected via the tail vein as described above.
In the hP-MSCs group, each mouse was injected with an
hP-MSCs suspension (5.0 x 10° cells/kg of bw) via the tail
vein 0 and 6 h after model establishment as described above.

Appropriate numbers of mice in each group were killed
12 h, 24 h, 36 h, and 48 h after model establishment, and
blood, pancreas, and lung samples were properly collected
and preserved for subsequent experiments. The experi-
mental procedure is shown in the schematic illustration in
Fig. 4A.

In vivo tracing of hP-MSCs

The hP-MSCs were labeled with the fluorescent probe DiR
according to the manufacturer’s protocol.

For in vivo tracing, a DiR-labeled hP-MSCs suspension
was injected into SAP model mice (5.0 x 10° cells/kg of bw)
via the tail vein 0 and 6 h after model establishment. Specifi-
cally, the distribution of hP-MSCs in SAP model mice over
time was traced using a small animal imaging system 0 h
before the first injection and 12 h, 24 h, 36 h, and 48 h after
the first injection.

Survival assessment

All mice were housed in a suitable living environment after
surgery and had free access to potable water and standard
chow. Moreover, the survival of the mice in each group was
recorded at specific time points. In this study, events such
as mice killed for subsequent experiments and died from
abnormalities like death by an incision split were consid-
ered censoring.

ELISA

Blood samples were centrifuged for 15 min at 4.0 °C and
1,800 x g, after which the serum was collected. Subse-
quently, the activities of amylase and lipase and the concen-
trations of TNF-a, IL-6, IL-4, and IL-10 in the serum were
measured using the appropriate ELISA kits according to the
manufacturers’ protocols.

Pathological examination
After the mice were killed, they were fixed in the supine

position on an operating table, and then, the abdominal skin
was disinfected with 1.0% iodophor solution. Subsequently,
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the abdominal wall of each mouse was incised along the
anterior midline of the abdomen, and the pancreas tissues
were fully exposed and observed visually for edema, hem-
orrhage and other gross pathological changes.

For histopathological examination, fresh pancreas and
lung tissues were fixed with 4.0% paraformaldehyde solu-
tion, treated with a concentration gradient of ethanol and
xylene, and embedded in paraffin. Sections (4 pum thick)
were prepared, deparaffinized, rehydrated and stained with
H&E. Subsequently, the histopathological scores of the
pancreas and lung sections were performed blindly by two
pathologists following the criteria reported by Schmidt et al.
and Hu et al., respectively [20, 21].

Measurement of the wet/dry weight ratio

The wet weights of the fresh pancreas and lung tissues were
determined using an electronic balance and recorded. The
fresh tissues were then dried for 72 h at 80.0 °C. After dry-
ing, the dry weights of the pancreas and lung tissues were
again measured using an electronic balance, and the results
were recorded. The wet/dry weight ratio was calculated as
the wet weight of the fresh tissue divided by the dry weight
of the dried tissue.

Transmission electron microscopy (TEM) imaging

Fresh pancreas tissues were sequentially prefixed with 3.0%
glutaraldehyde solution, fixed with 1.0% osmium tetrox-
ide solution, dehydrated with a concentration gradient of
acetone, and embedded in Epon812 to make semithin sec-
tions and subsequent ultrathin sections with a thickness of
70 nm. Subsequently, the ultrathin sections were placed on
200-mesh copper grids, stained with uranyl acetate and lead
citrate solution and then observed by a transmission elec-
tron microscope at 80 kV.

Western blotting

Total protein was extracted from fresh pancreas tissues with
a whole protein extraction kit, after which protein quantifi-
cation was performed with a protein assay kit, and protein
denaturation was performed with loading buffer in prepara-
tion for subsequent protein experiments. All relevant steps
were carried out according to the manufacturers’ protocols.
Equal amounts of sample were electrophoresed in sodium
dodecyl sulfate-polyacrylamide gels, followed by transfer
of the proteins separated on the sodium dodecyl sulfate-
polyacrylamide gels to methanol—saturated polyvinylidene
difluoride membranes and subsequent blocking of the poly-
vinylidene difluoride membranes for 1 h with blot blocking
buffer at room temperature. For protein immunoblotting,

polyvinylidene difluoride membranes were co-incubated
overnight at 4.0 °C with the following primary antibodies:
anti-NLRP3 antibody (1/1,000 dilution), anti-ASC antibody
(1/1,000 dilution), anti-caspase-1 antibody (1/1,000 dilu-
tion), anti-GSDMD antibody (1/2,000 dilution), anti-IL-1§
antibody (1/1,000 dilution), and anti-GAPDH antibody
(1/5,000 dilution). The next day, the polyvinylidene difluo-
ride membranes were washed three times with Tris-buffered
saline containing Tween-20 (TBST), and the polyvinylidene
difluoride membranes were co-incubated for 1 h at room
temperature with the following secondary antibody: goat
anti-rabbit IgG H&L (HRP) antibody (1/10,000 dilution).
After incubation, the polyvinylidene difluoride membranes
were washed three additional times with TBST, and the
bands were subsequently visualized with diaminobenzidine
and imaged using a gel imaging system. Finally, the inten-
sity of the target protein bands was analyzed semi-quantita-
tively using ImagelJ.

Immunofluorescence

For immunofluorescence, deparaffinized and rehydrated
sections were heated in citrate buffer (pH=6.0) for 10 min
for antigen retrieval. Then, the sections were washed three
times with Phosphate-buffered saline containing Tween-
20 (PBST), after which the sections were blocked for 1 h
with 5.0% serum solution at room temperature, permeabi-
lized with 0.2% Triton X-100 solution and washed three
times with PBST. After performing the relevant procedures
as described above, the sections were co-incubated over-
night at 4.0 °C with the following primary antibodies: anti-
NLRP3 antibody (1/50 dilution), anti-caspase-1 antibody
(1/50 dilution), and anti-GSDMD antibody (1/100 dilution).
The next day, the sections were washed three times with
PBST and co-incubated for 1 h away from light at room
temperature with the following secondary antibody: donkey
anti-rabbit IgG H&L (Alexa Fluor 555) antibody (1/500
dilution). Subsequently, the sections were sequentially co-
incubated according to the process described above away
from light with the following antibodies: anti-amylase anti-
body (1/50 dilution) and goat anti-rabbit [gG H&L (Alexa
Fluor 488) antibody (1/500 dilution) 4,6-Diamino-2-phenyl
indole (DAPI) was used to identify the nuclei of the cells.
After incubation, the sections were washed three additional
times with PBST, and the images were taken under a fluo-
rescence microscope. Finally, the images were analyzed
semi-quantitatively using Imagel.

Statistical analysis

All the data in this study were statistically analyzed using
GraphPad Prism 9.5.0 and IBM SPSS Statistics 26.0. The
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product-limit method (Kaplan-Meier method) was used to
describe the survival process, and the log-rank test was used
to perform survival analysis. The measurement data are
expressed as the mean + standard error of the mean (SEM)
and were subjected to normality and homogeneity of vari-
ance tests. The Kruskal-Wallis test was used when the data
did not conform to a normal distribution, one-way analysis
of variance (ANOVA) was used when the data conformed
to a normal distribution and exhibited homoscedasticity,
and Welch’s ANOVA was used when the data conformed to
a normal distribution but did not exhibit homoscedasticity.
Differences were considered statistically significant when P
was <0.05.

Results

The ultrastructural injury to acinar cells tends to
increase during SAP

As shown in Fig. 1A, the pancreas from mice in the SAP
group at different time points exhibited varying degrees of
edema and hemorrhage, while the gross morphology and
color of the pancreas of mice in the sham group were nor-
mal. In addition, compared with the sham group, the SAP
group at different time points showed increased structural
disorganization of the pancreas with more interlobular
edema, necrosis of acinar cells, and hemorrhage (Fig. 1B
and C). Pancreatic injury was further assessed by measuring
serum amylase and lipase activities. The two biochemical
parameters were significantly increased in the SAP group
(Fig. 1D). These data demonstrate a mouse model of SAP
successfully established by the retrograde injection of 4.0%
(w/v) NaTC solution in the pancreatic duct.

Then, TEM was used to observe the ultramicroscopic
morphological features of the acinar cells. As shown in
Fig. 1E and F, the acinar cells from mice in the SAP group
at different time points exhibited significant pathological
features. Specifically, as time progressed, zymogen gran-
ules (ZG) accumulated. Pore formation increased, causing
the cytomembrane to lose its integrity and rupture. The mor-
phology of the ER changed, and cystic dilation gradually
occurred. Moreover, the mitochondria (Mi) were swollen,
and their ridges appeared lysed and fractured. In contrast,
the acinar cells from mice in the sham group were mor-
phologically normal and contained evenly distributed ZG.
The cytomembrane was structurally intact, and organelles
such as the ER and Mi were morphologically normal. These
results indicate that ultrastructural injury tends to be aggra-
vated in acinar cells during SAP.
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Pyroptosis is activated in acinar cells during SAP

Given the critical importance of acinar cell pyroptosis for
systemic inflammation and pancreatic injury during SAP,
the localization and expression of pyroptosis-associated
proteins were examined. Immunofluorescence showed that
the caspase-1 and GSDMD signals were mainly localized
in the cytoplasm of acinar cells. Furthermore, at different
time points, these signal intensities were more intense in the
SAP group than in the sham group, and the signal intensities
peaked at 24 h (Fig. 2A and B). Importantly, the NLRP3
signal was also localized mainly in the cytoplasm of acinar
cells. Similarly, at different time points, this signal intensity
was more intense in the SAP group than in the sham group,
and the signal intensity peaked at 24 h (Fig. 2C and D).

Western blot analysis revealed that the expression of
pyroptosis-associated proteins in the pancreas was signifi-
cantly greater in the SAP group than in the sham group at
different time points. More importantly, the expression of
pyroptosis-associated proteins peaked at 24 h and remained
high at 48 h (Fig. 3A and B). Considering that pyroptosis
triggers the activation of intracellular pro-IL-1p and the
release of its activated form, we further examined the levels
of pro-IL-1f and cleaved IL-1f in the pancreas. As shown
in Fig. 3C and D, the levels of pro-IL-1f and cleaved IL-1f
in the pancreas in the SAP group were significantly greater
at different time points than those in the sham group and
peaked at 24 h. In particular, the expression of NLRP3 and
ASC in the pancreas in the SAP group was significantly
upregulated at different time points compared with that in
the sham group, peaking at 24 h and remaining high at 48 h
(Fig. 3E and F). These findings indicate that acinar cells
undergo pyroptosis during SAP.

hP-MSCs colonize the injured pancreas

We characterized hP-MSCs previously and investigated the
ability of hP-MSCs to be used for in vivo tracing and hom-
ing in SAP model mice. As shown in Fig. SIA, hP-MSCs
exhibited a swirling arrangement and typical fibroblast-like
morphology during culture. Subsequently, hP-MSCs were
further subjected to three-lineage induction differentiation
to examine their differentiation ability. The results show that
hP-MSCs retain the ability to differentiate into adipogenic,
osteogenic, and chondrogenic lineages (Fig. S1B, C, and
D). Importantly, the surface-specific antigens of hP-MSCs
were analyzed to assess their phenotypic characteristics.
As shown in Fig. S1E, these cells were positive for CD29,
CD44, CD73, CD105, and CD166 but negative for CD11b,
CD14, CD34, CD45, and HLA-DR.

Then, we injected DiR-labeled hP-MSCs into SAP model
mice via the tail vein and observed their biodistribution in
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Fig. 1 The ultrastructural
injury to acinar cells tends to
be aggravated during SAP.

(A) Gross morphology images
of the pancreas from mice in the
sham group and the SAP group
at different time points. n=3 per
group. (B and C) Histopatho-
logic images and pathological
scores for the pancreas tissues
from mice in the sham group and
the SAP group at different time
points. Scale bar =100 pum. n=3
per group. (D) Serum amylase
and lipase activities in mice in
the sham group and the SAP
group at different time points.
n=3 per group. (E) TEM images
of local acinar cells from mice

in the sham group and the SAP
group at different time points.
Zymogen granules (ZG), cyto-
membrane (red arrow), nucleus
(N), endoplasmic reticulum

(ER) and mitochondria (Mi) are
shown in these images. Scale bar
=5 um. n=3 per group. (F) TEM
images of the cytomembrane and
major organelles of acinar cells
from mice in the sham group and
the SAP group at different time
points. The cytomembrane (red
arrow), endoplasmic reticulum
(ER) and mitochondria (Mi) are
shown in these images. Scale bar
=0.5 um. n=3 per group. (C
and D) Data are expressed as the
mean +SEM
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Fig. 2 Pyroptosis is activated in acinar cells during SAP. (A and
B) Immunofluorescence images and statistical analysis of caspase-1
and GSDMD in acinar cells from mice in the sham group and the SAP
group at different time points. The tricolor fluorescence signals are red
(caspase-1 or GSDMD), green (amylase), and blue (nucleus). Scale
bar =100 pm. Associate images are presented. scale bar =150 pm.
n=3 per group. (C and D) Immunofluorescence images and statistical

vivo at different time points. The fluorescent signals were
mainly distributed in the abdominal and thoracic cavities of
SAP model mice and that their intensity decreased over time
(Fig. 4B and C). The fluorescence signal intensity of DiR-
labeled hP-MSCs was greater than that of DiR (Fig. 4D, E,
and F). Moreover, fluorescent signals accumulated mainly
in the pancreas, lungs, liver, and spleen 12 h after the first
injection of DiR-labeled hP-MSCs. Fluorescent signals
were mainly distributed in the pancreas, liver, and lungs
48 h after the first injection of DiR-labeled hP-MSCs, but
the intensity of the corresponding fluorescence signals
decreased (Fig. 4G and H). These data demonstrate that hP-
MSC:s colonize the injured pancreas during SAP. To investi-
gate the role of hP-MSCs in SAP and acinar cell pyroptosis,
we selected 24 h as the time point for a more detailed study.

@ Springer

10 e REER
. .

‘ *%
6 " .

*
4 .
100 pm

2 .

Sham 12h 24h 36h 48h
150 pm — s

NLRP3 (fold change)

o

analysis of NLRP3 in acinar cells from mice in the sham group and
the SAP group at different time points. The tricolor fluorescence sig-
nals are red (NLRP3), green (amylase), and blue (nucleus). Scale bar
=100 um. Associate images are presented. scale bar =150 pm. n=3
per group. (B and D) Data are expressed as the mean + SEM. "P<0.05
versus the sham group, “"P<0.01 versus the sham group, =P <0.001
versus the sham group, and ***P<0.0001 versus the sham group

hP-MSCs attenuate systemic inflammation and local
injury in SAP

Systemic inflammation and local organ injury are two char-
acteristic features of SAP, and we next sought to determine
the effect of hP-MSCs on these two features. First, 48-h
survival was observed. As shown in Fig. 5A, dead mouse
individuals began to occur 2 h after model establishment
in the SAP group and 1 h after that in the hP-MSCs group.
The 48-h survival of mice in the hP-MSCs group was sig-
nificantly greater than that in the SAP group. Serum TNF-
o, IL-6, IL-4, and IL-10 levels were examined to assess
systemic inflammation. Compared with mice in the sham
group, mice in the SAP group had significantly higher
serum concentrations of TNF-a and IL-6 but significantly
lower serum concentrations of IL-10 and IL-4. Moreover,
hP-MSCs significantly decreased the serum concentrations
of TNF-a and IL-6 but increased the serum concentration of
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Fig. 3 Pyroptosis is activated in the pancreas during SAP. (A
and B) Western blot images and statistical analysis of pro-caspase-1,
cleaved caspase-1, GSDMD-full length, and GSDMD-NTD in the
pancreas from mice in the sham group and the SAP group at different
time points. n=3 per group. (C and D) Western blot images and sta-
tistical analysis of pro-IL-1p and cleaved IL-1p in the pancreas from
mice in the sham group and the SAP group at different time points.

IL-10. However, hP-MSCs did not change the serum con-
centration of IL-4 (Fig. 5B).

Pancreatic injury was then assessed by examining serum
amylase and lipase activities. Both biochemical param-
eters were significantly lower in the hP-MSCs group than
in the SAP group (Fig. 5C). To better understand the role
of hP-MSCs, we analyzed the micropathology of the pan-
creas and lung tissues. Compared with the SAP group, the
hP-MSCs group showed reduced structural disorganization
of the pancreas with less interlobular edema, necrosis of
acinar cells, and hemorrhage (Fig. 5D and E). Since lung
injury is a common complication of SAP, we next examined
whether hP-MSCs ameliorated lung injury in SAP model
mice. Compared with the SAP group, the hP-MSCs group
exhibited improved structural disorganization and signifi-
cant reductions in edema, inflammatory cell infiltration,
and hemorrhage (Fig. 5F and G). The wet/dry weight ratios
of the pancreas and lung tissues were measured to further
evaluate edema. Compared with those in the SAP group, the
degree of pancreas and lung tissue edema in the hP-MSCs
group was lower (Fig. SH). Furthermore, TNF-a and IL-6
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levels in the pancreas were significantly lower in the hP-
MSCs group than in the SAP group (Fig. 5I). These results
indicate that hP-MSCs effectively alleviate systemic inflam-
mation and local pancreatic injury in SAP model mice.

hP-MSCs alleviate pyroptosis-associated
ultrastructural injury to acinar cells in SAP

We sought to determine whether the protective effect of
hP-MSCs was associated with the inhibition of acinar cell
pyroptosis. TEM imaging revealed that the degree of injury
to acinar cells was significantly lower in the hP-MSCs
group than in the SAP group and that the number of accu-
mulated ZG was lower in the hP-MSCs group than in the
SAP group (Fig. 6A). Specifically, compared with those in
the SAP group, the number of cytomembrane pores in the
hP-MSCs group was lower. In addition, compared with the
SAP group, in the hP-MSCs group, there was a lower degree
of ER dilatation and Mi swelling (Fig. 6B). Immunofluores-
cence revealed that the signal intensities for caspase-1 and
GSDMD in the hP-MSCs group were lower than those in
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(A) a. Establishment of the animal model and subsequent first injection of (A) PBS or (¥) hP-MSCs suspension.

b. Second injection of (A ) PBS or (V) hP-MSCs suspension.
c. (x) Sacrifice.
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Fig. 4 hP-MSCs colonize the injured pancreas and other major
organs in SAP model mice. (A) Schematic illustration of the animal
experimental procedure. (B and C) in vivo tracing images and statisti-
cal analysis of DiR-labeled hP-MSCs at different time points. n=3
per group. (D and E) in vivo tracing images and statistical analysis
of DiR at different time points. n=3 per group. (F) Radiance for in
vivo tracing of DiR-labeled hP-MSCs and DiR at different time points.
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n=3 per group. "P<0.05 versus the DiR group, “"P<0.01 versus the
DiR group, ~*P<0.001 versus the DiR group. (G and H) Fluores-
cence images and statistical analysis of DiR-labeled hP-MSCs in the
pancreas, brain, heart, lung, liver, spleen, and kidney at different time
points. n=3 per group. (C, E, F, and H) Data are expressed as the
mean+SEM
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Fig. 6 hP-MSCs alleviate pyroptosis-associated ultrastructural
injury to acinar cells in SAP model mice. (A) TEM images of local
acinar cells from mice in each group. Zymogen granules (ZG), cyto-
membrane (red arrow), nucleus (N), endoplasmic reticulum (ER) and
mitochondria (Mi) are shown in these images. Scale bar =5 um. n=3
per group. (B) TEM images of the cytomembrane and major organ-
elles of acinar cells from mice in each group. The cytomembrane
(red arrow), endoplasmic reticulum (ER) and mitochondria (Mi) are
shown in these images. Scale bar =0.5 um. n=3 per group. (C and D)
Immunofluorescence images and statistical analysis of caspase-1 and
GSDMD in acinar cells from mice in each group. The tricolor fluores-

the SAP group (Fig. 6C and D). Importantly, compared with
the SAP group, the hP-MSCs group exhibited significantly
less signal intensity for NLRP3 (Fig. 6E and F). These find-
ings indicate that hP-MSCs attenuate ultrastructural injury
and decrease the expression of caspase-1, GSDMD, and
NLRP3 in acinar cells.

hP-MSCs inhibit NLRP3 inflammasome-mediated
pyroptosis in SAP

We then examined the effect of hP-MSCs on the expres-
sion of pyroptosis-associated proteins in the pancreas.
Western blot analysis revealed that the expression of pyrop-
tosis-associated proteins was significantly lower in the hP-
MSCs group than in the SAP group (Fig. 7A and B). The
hP-MSCs group showed significantly lower levels of pro-
IL-1B and cleaved IL-1f than did the SAP group (Fig. 7C
and D). In particular, the expression of NLRP3 and ASC
in the hP-MSCs group was significantly lower than that in
the SAP group (Fig. 7E and F). Overall, the above results
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cence signals are red (caspase-1 or GSDMD), green (amylase), and
blue (nucleus). Scale bar =100 pm. Associate images are presented.
scale bar =150 um. n=3 per group. (E and F) Immunofluorescence
images and statistical analysis of NLRP3 in cells from mice in each
group. The tricolor fluorescence signals are red (NLRP3), green (amy-
lase), and blue (nucleus). Scale bar =100 pum. Associate images are
presented. scale bar =150 um. n=3 per group. (D and F) Data are
expressed as the mean+SEM. ~“P<0.001 versus the sham group,
***P<0.0001 versus the sham group, *P <0.05 versus the SAP group,
and #P <0.01 versus the SAP group

demonstrate that hP-MSCs inhibit acinar cell pyroptosis
via suppressing NLRP3 inflammasome activation in SAP
model mice.

Discussion

In this study, we explore the regularity of acinar cell pyrop-
tosis during SAP and the protective role and mechanism of
action of hP-MSCs in SAP. The main findings include the
following: (I) acinar cell pyroptosis initially increases, with
a peak at 24 h, and subsequently decreases during SAP, (II)
hP-MSCs attenuate systemic inflammation parameters and
pancreatic injury and inhibit acinar cell pyroptosis in SAP
model mice, and (IIT) the protective role of hP-MSCs in SAP
may be associated with the inhibition of the NLRP3 inflam-
masome-mediated pyroptosis pathway. Taken together,
our results indicate that hP-MSCs exert a protective effect
via inhibiting NLRP3 inflammasome-mediated acinar cell
pyroptosis.
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Fig. 7 hP-MSCs inhibit NLRP3 inflammasome-mediated pyrop-
tosis in SAP model mice. (A and B) Western blot images and sta-
tistical analysis of pro-caspase-1, cleaved caspase-1, GSDMD-full
length, and GSDMD-NTD in the pancreas from mice in each group.
n=3 per group. (C and D) Western blot images and statistical analy-
sis of pro-IL-1P and cleaved IL-1p in the pancreas from mice in each

Pyroptosis is a novel form of RCD that serves as an
important natural immune response and plays an important
role in responses to exogenous and endogenous danger sig-
nals [13, 22]. As protein molecules involved in pyroptosis,
caspase-1 and GSDMD play important roles in exacerbating
AP [23]. It has been reported that the inhibition of caspase-1
reduces the secretion of proinflammatory cytokines and the
occurrence of acinar cell pyroptosis in AP and attenuates
the severity of AP [17]. In addition, Wang et al. showed that
the activation of GSDMD promoted acinar cell pyroptosis
to exacerbate AP [24]. However, how pyroptosis changes in
acinar cells during SAP is not fully understood. Our study
reveals that the expression of pyroptosis-associated proteins
in the SAP group is significantly greater than that in the
sham group and is mainly localized in the cytoplasm of aci-
nar cells, which is consistent with the findings of Gao et al.
[18]. Importantly, we found that the expression of pyropto-
sis-associated proteins tended to increase initially, peaking
at 24 h, decreasing afterward and remaining high at 48 h.
Additionally, the activation and release of IL-1B are down-
stream effects of activated caspase-1 and pore formation in
the cytomembrane [25]. In our study, the levels of pro-1L-1§
and activated IL-1f in the SAP group were also significantly
greater than those in the sham group. Moreover, the expres-
sion of these proteins peaked at 24 h and remained high at
48 h. Thus, acinar cell pyroptosis might result in increased
systemic inflammation and local injury in SAP. These find-
ings suggest that acinar cell pyroptosis plays an important
role in SAP. Therefore, inhibiting pyroptosis may be a
potential therapeutic strategy for the treatment of SAP.

Sham  SAP hP-MSCs

o
o

Sham  SAP hP-MSCs Sham  SAP hP-MSCs Sham  SAP hP-MSCs

group. n=3 per group. (E and F) Western blot images and statistical
analysis of NLRP3 and ASC in the pancreas from mice in each group.
n=3 per group. (B, D, and F) Data are expressed as the mean+ SEM.
**P<0.01 versus the sham group, P <0.001 versus the sham group,
P <0.0001 versus the sham group, and *P<0.05 versus the SAP

group

Numerous studies have shown that MSCs have immu-
nomodulatory and anti-inflammatory effects on various dis-
eases [26, 27]. The ways in which MSCs exert therapeutic
effects are multifaceted and include inducing the differen-
tiation of multiple cell types and exerting paracrine effects
through various bioactive mediators [28]. There is increas-
ing evidence that MSCs colonize immunomodulatory
organs and injured tissues to decrease inflammatory cas-
cades and exert reparative effects [29-32]. In this study, we
found that the fluorescence signal intensity in the pancreas
of SAP model mice significantly increased after the injec-
tion of hP-MSCs. These data suggest that hP-MSCs colo-
nize the injured pancreas in SAP model mice, which may be
an important basis for the therapeutic effects of hP-MSCs.
In addition, we also found that hP-MSCs colonized organs
such as the lungs and liver. SAP often leads to inflamma-
tory injuries, such as SAP-associated lung or liver injury,
and the injured tissues may chemoattract MSCs for colo-
nization [33, 34]. Taking the lungs as an example, possible
reasons for these tissue effects are the rich blood flow in the
lungs and a capillary diameter smaller than MSCs. There-
fore, when MSCs are infused intravenously, most colonize
the lungs through a process called the pulmonary first-pass
effect [35].

More recently, several studies have shown that MSCs
exert therapeutic or protective effects by regulating pyrop-
tosis in many inflammatory diseases [36—38]. Acinar cell
pyroptosis is an important component of the promotion of
pancreatic inflammation and plays a crucial role in driving
SAP. However, whether the protective effect of hP-MSCs
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against SAP is associated with the inhibition of acinar cell
pyroptosis is unknown. We systematically evaluated the
influence of hP-MSCs on acinar cell pyroptosis in SAP
model mice. Our study reveals that hP-MSCs significantly
inhibit the expression of pyroptosis-associated proteins
and decrease the level of IL-1B in SAP model mice. In this
study, for the first time, we explored that hP-MSCs signifi-
cantly inhibited the pyroptosis of acinar cells and attenuated
a variety of inflammatory parameters in SAP model mice.
These data are highly important for revealing the mecha-
nism by which hP-MSCs attenuate SAP.

Furthermore, we investigated the potential mechanism by
which MSCs inhibit acinar cell pyroptosis in SAP. Inflam-
masomes are molecular platforms for caspase-1 activation
and are assembled from self-oligomerizing scaffold pro-
teins. Inflammasome-dependent caspase-1 activation results
in a highly inflammatory form of pyroptosis [39]. NLRP3 is
an intracellular sensor that detects a wide range of endog-
enous danger signals and environmental irritants. When
NLRP3 is stimulated by the pathological signals described
above, NLRP3 inflammasomes form and are activated [40].
Several studies have reported that MSCs inhibit pyroptosis
via suppressing NLRP3 inflammasome activation in inflam-
matory diseases [41, 42]. Our study indicates that hP-MSCs
inhibit the pyroptosis of acinar cells in SAP via suppressing
NLRP3 inflammasome activation. These data provide new
insights into the mechanism by which hP-MSCs inhibit aci-
nar cell pyroptosis in SAP.

There are several limitations in our study. The exact
mechanism by which hP-MSCs inhibit NLRP3 inflamma-
some-mediated pyroptosis in SAP is unknown and needs
to be further explored. In addition, we investigated the
inhibitory effect of hP-MSCs on acinar cell pyroptosis in
SAP only in vivo, and therefore, the corresponding in vitro
experiments will be investigated in our future work.

Conclusions

In summary, the results of this study demonstrate that acinar
cell pyroptosis tends to increase initially and then decrease,
an effect that be related to the progression of SAP. Nota-
bly, hP-MSCs inhibit acinar cell pyroptosis and attenuate
inflammation in SAP model mice via suppressing NLRP3
inflammasome activation, thereby exerting a protective
effect against SAP. Although the underlying mechanisms
still need to be explored in depth, these results provide
important evidence that hP-MSCs exert a protective effect
against acinar cell pyroptosis in the treatment of SAP. Our
study provides new insights and strategies for the applica-
tion of cell therapy for the treatment of SAP.
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