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Background and Purpose: Pyroptosis is a lytic form of pro-inflammatory cell death

characterised as caspase 1 dependent with canonical NLRP3 inflammasome-induced

gasdermin D (GSDMD) activation. We aimed to investigate the role of acinar

pyroptotic cell death in pancreatic injury and systemic inflammation in AP.

Experimental Approach: Pancreatic acinar pyroptotic cell death pathway activation

upon pancreatic toxin stimulation in vitro and in vivo was investigated. Effects of phar-

macological (NLRP3 and caspase-1 inhibitors), constitutive (Nlrp3�/�, Casp1�/� and

Gsdmd�/�) and acinar cell conditional (Pdx1CreNlrp3Δ/Δ and Pdx1CreGsdmdΔ/Δ) genetic

inhibition on pyroptotic acinar cell death, pancreatic necrosis and systemic inflamma-

tion were assessed using mouse AP models (caerulein, sodium taurocholate and

L-arginine). Effects of Pdx1CreGsdmdΔ/Δ versus myeloid conditional knockout

(Lyz2CreGsdmdΔ/Δ) and Gsdmd�/� versus receptor-interacting protein 3 (RIP3) inhibi-

tor were compared in CER-AP.

Abbreviations: AP, acute pancreatitis; ARG-AP, L-arginine induced AP; ASC, adaptor molecule apoptosis-associated speck-like protein with a caspase recruitment domain; CCK, cholecystokinin;

CER-AP, caerulein induced AP; GSDMD, gasdermin D; H&E, haematoxylin and eosin; MLKL, mixed lineage kinase domain-like protein; NLRP3, NOD-1, LRR- and pyrin domain-containing 3;

NaTC-AP, sodium taurocholate induced AP; PI, propidium iodide; RIPK1 and RIPK3, receptor-interacting serine/threonine protein kinase 1 and 3; WT, wild-type.
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Key Results: There was consistent pyroptotic acinar cell death upon pancreatic toxin

stimulation both in vitro and in vivo, which was significantly reduced by pharmacologi-

cal or genetic pyroptosis inhibition. Pdx1CreGsdmdΔ/Δ but not Lyz2CreGsdmdΔ/Δ mice

showed significantly reduced pyroptotic acinar cell death, pancreatic necrosis and sys-

temic inflammation in caerulein-AP. Co-application of RIP3 inhibitor on Gsdmd�/�

mice further increased protection on caerulein-AP.

Conclusion and Implications: This work demonstrates a critical role for NLRP3

inflammasome and GSDMD activation-mediated pyroptosis in acinar cells, linking

pancreatic necrosis and systemic inflammation in AP. Targeting pyroptosis signalling

pathways holds promise for specific AP therapy.

K E YWORD S

acinar cell death, acute pancreatitis, gasdermin D, NLRP3 inflammasome, pyroptosis

1 | INTRODUCTION

AP is one of the commonest digestive diseases with an increasing

global incidence (Petrov & Yadav, 2019), causing significant mortality,

morbidity, reduced quality of life and socio-economic burden

(Machicado et al., 2017). Severe AP is characterised by persistent

organ failure, often accompanied with pancreatic necrosis and infec-

tion, with a mortality of 36–50% (Banks et al., 2013). Results from

randomised clinical trials of pharmacological therapies for AP have

been disappointing, without significant reduction of organ failure

and/or mortality (Moggia et al., 2017; van Dijk et al., 2017). Recent

evidence from large cohort studies has defined an early peak in both

organ failure and mortality in severe AP (Schepers et al., 2019; Shi

et al., 2019), highlighting a potentially critical interventional window

of early cellular events (Lee & Papachristou, 2019). In support of this

view, we found that early treatment had a much better effect than

delayed in both experimental (Wen et al., 2015) and human AP (Zhang

et al., 2019).

Two forms of pancreatic acinar cell death have long been

recognised: apoptosis and necrosis. Apoptosis in experimental AP

appears largely protective (Criddle et al., 2007), with the extent of

apoptosis inversely correlated with necrosis and severity in multiple

murine AP models (Kaiser et al., 1995). Since then, the role of differ-

ent modes of acinar cell death in the severity of AP has been exten-

sively investigated, including autophagic cell death (Gukovskaya

et al., 2017), mitochondrial permeability transition-mediated regulated

necrosis (Mukherjee et al., 2016) and necroptosis (Louhimo

et al., 2016). Necroptosis is a caspase-independent form of necrotic

cell death and is finely regulated by a set of intracellular signal path-

ways, including receptor-interacting serine/threonine protein kinase

1 and 3 (RIPK1 and RIPK3), as well as mixed lineage kinase domain-

like protein (MLKL) (Pasparakis & Vandenabeele, 2015). Crucially,

inhibition of necroptosis (Rip3 or Mlkl gene deletion or inhibitors)

could only exert partial protective effects on acinar cells (Louhimo

et al., 2016; Wu et al., 2013), suggesting that other forms of cell death

may contribute to acinar cell injury in AP.

Pyroptosis is a caspase-dependent (caspases 1 and 11 for mice;

caspases 1, 4 and 5 for human) and highly immunogenic form of cell

death, characterised by release of pro-inflammatory cytokines and cellu-

lar contents (Linkermann et al., 2014). Pyroptosis plays a pivotal role in

sepsis, ischaemia and type 2 diabetes mellitus (Guo et al., 2015) and is

mainly regulated by the canonical NOD-1, LRR- and pyrin domain-

containing 3 (NLRP3) inflammasome pathway (Schroder &

Tschopp, 2010). Upon sensing a danger signal, the inflammasome

recruits an adaptor molecule apoptosis-associated speck-like protein

with a caspase recruitment domain (ASC) and an effector, cysteine pro-

tease caspase 1, to form the NLRP3 inflammasome complex. Active

What is already known

• Acinar cell necrosis drives the inflammatory response in

AP.

• The role of pyroptotic acinar cell death in AP is unclear.

What does this study add

• A comprehensive study of the role of acinar cell

pyroptosis in AP to date.

• Genetic and pharmacological pyroptosis inhibition

reduced pyroptotic acinar cell death, pancreatic necrosis

and systemic inflammation.

What is the clinical significance

• Pyroptosis in AP contributes to both local and systemic

inflammatory response.

• These findings support the development of drugs that

target pyroptosis inhibition for AP.
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caspase 1 has two major functions within the cells:- first, to convert pro-

IL-1β into its bioactive form that promotes inflammation and second, to

cleave gasdermin D (GSDMD), the final and direct executor of pyroptotic

cell death, to release a 22-kDa C-terminal fragment and a 31-kDa N-

terminal fragment (Kayagaki et al., 2015; Shi et al., 2015). The N-terminal

fragment then moves to the plasma membrane, there binding to

phosphoinositide and cardiolipin, leading to pore formation (10–14 nm)

that allows release of mature IL-1β and IL-18 (Ding et al., 2016).

The study of pyroptosis in AP is a novel undertaking. The aim of

this study was to understand the role of pyroptosis in AP using

genetic and pharmacological inhibition of key pyroptotic pathway

components. Conditional acinar cell and myeloid-specific knockout

mice were used to assess the importance of acinar cell-specific

pyroptosis, with necroptosis inhibitors to assess the relative impact of

these different modes of cell death.

2 | METHODS

2.1 | Ethics

The Principles of Laboratory Animal Care (NIH Publication No. 85Y23,

revised 1996) were followed, and the study protocol was approved by

the Ethics Committee of Jinling Hospital, Medical School of Nanjing

University (No. 20160905). Human pancreatic sample collection was

approved by the Human Ethics Committee of Jinling Hospital

(No. 2018NZKY-009-01) and the study was conducted in accordance

with the principles of Good Clinical Practice and the Declaration of

Helsinki. Informed consents were obtained from all participants from

whom pancreatic samples were procured.

2.2 | Materials

Cholecystokinin (C2175), lipopolysaccharide (LPS) (L2630), sodium

taurocholate (T4009), caerulein (C9026), DMSO (D2650), BSA

(B2064), anti-GAPDH primary antibody (G9545, RRID:AB_796208),

the secondary goat anti-rabbit (AP132P, RRID:AB_90264) and goat

anti-mouse (AP124P, RRID:AB_90456) IgG HRP antibodies were from

Sigma-Aldrich (St. Louis, MO, USA). The NLRP3 inhibitor MCC950

(HY-12815), caspase-1 inhibitor VX-765 (beinacasin) (HY-13205) and

the RIP3 inhibitor GSK872 (HY-101872) were from MedChem

Express (Monmouth Junction, NJ, USA). Caspase-1 inhibitor Z-YVAD-

FMK was from APExBio (Houston, TX, USA). Anti-NLRP3 antibody

(15101, RRID:AB_2722591) was from Cell Signaling Technology

(Danvers, MA, USA). Anti-caspase 1 (sc-56036, RRID:AB_781816)

and anti-GSDMD (sc-81868, RRID:AB_2263768) were from Santa

Cruz Biotechnology (Dallas, TX, USA). Anti-GSDMD (ab-219800,

RRID:AB_2888940), anti-β-actin (ab-8227, RRID:AB_2305186), anti-

amylase (ab-21156, RRID:AB_446061) antibodies and anti-rabbit IgG

H&L (Alexa Fluor 488) (ab150073, RRID:AB_2636877) were from

Abcam (Cambridge, UK). Lipofectamine 3000 (L3000015) was

from Invitrogen (Carlsbad, CA, USA). FAM-FLICA Caspase-1 Assay Kit

(9146) was from ImmunoChemistry Technologies (Bloomington, MN,

USA). Mouse IL-1β ELISA Kit (MLB00C) was from R&D Systems

(Minneapolis, MN, USA). Mouse IL-6 (BMS603-2), TNF-α ELISA kits

(BMS607-3) and BCA protein assays were from Thermo Fisher

Scientific (Shanghai, China). Calcein-AM (C326), LDH Cytotoxicity

Assay Kit (CK12) and Cell Counting Kit (CK04) were from Dojindo

(Kumamoto, Japan). Serum amylase kit was from Biosino Bio-

technology (Beijing, China), and lipase kit was from Nanjing Jiancheng

Corp. (Nanjing, China). Antibodies used for flow cytometry, CD45

(clone 104), CD11b (clone M1/70), F4/80 (clone BM8) and TNF-α

(clone MP6-XT22) were from BioLegend (San Diego, CA, USA).

2.3 | Human pancreas collection

Normal human pancreatic tissues were procured from patients who

underwent Whipple's surgery or distal pancreatectomy for the indica-

tion of pancreatic malignancy. In view of the difficulty in getting

pancreatic tissues from patients with AP, tissues of chronic pancreati-

tis were obtained from patients who received therapeutic surgical

procedures instead. Briefly, a 2- to 4-cm3-sized pancreatic tissue was

cut and immediately washed twice with PBS. Then it was transferred

into 4% paraformaldehyde for preparation of formalin-fixed paraffin-

embedded specimen.

2.4 | Animals

Eight-week male wild-type (WT) and genetic knockout mice were from

the Model Animal Research Centre of Nanjing University (Casp1�/�

and Gsdmd�/�) or Nanjing Medical University (Nlrp3�/�). Pdx1Cre (IMSR

Cat# JAX:014647, RRID:IMSR_JAX:014647) and Lyz2Cre (IMSR Cat#

JAX:004781, RRID:IMSR_JAX:004781) mice were from The Jackson

Laboratory (Bar Harbor, ME, USA). Pancreatic acinar cell Nlrp3 and

Gsdmd specific knockout (Pdx1CreNlrp3Δ/Δ and Pdx1CreGsdmdΔ/Δ) mice

were generated by intercrossing Pdx1Cre mice with Nlrp3flox/flox and

Gsdmdflox/flox mice, respectively. Myeloid cell GSDMD specific knockout

(Lyz2CreGsdmdf/f) mice were generated by intercrossing Lyz2Cre mice

with Gsdmdflox/flox mice. All mice were of C57BL/6 background. All mice

were housed under specific pathogen-free (SPF) conditions in individu-

ally ventilated cages with wood pieces as bedding material (3–5 mice

per cage) at 24�C on a 12-h dark/light cycle. Animals were allowed

access to water and standard laboratory chow ad libitum. All animal

studies are reported in compliance with the ARRIVE guidelines (Percie

du Sert et al., 2020) and with the recommendations made by the British

Journal of Pharmacology (Lilley et al., 2020).

2.5 | Randomisation, blinding and sample size
estimation

Mice were marked with earmark, and randomised table was used.

Mice were divided into groups in completely randomised design

GAO ET AL. 3535
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manner. The animal groupings were blinded to the pathologists but

not to the experiment operators.

Based on our preliminary experiments, the usual values of cell

death area in pancreatic tissues from CER-AP mice are �20% with SD

of �6%. We want to be able to detect from the treatment/gene

modification a meaningful 50% reduction from diseased control levels

while assuming an alpha 0.05 and 80% power, this requires group size

�6 mice per group (sample size calculator: https://clincalc.com/Stats/

SampleSize.aspx).

2.6 | Induction of AP and administration of
pyroptosis inhibitors

Three different AP models were used: (i) caerulein (200 μg�kg�1), a

cholecystokinin (CCK) analog, was intraperitoneally injected at an

hour interval for 10 times to induce hyperstimulation AP (CER-AP),

whereas controls received PBS injections (Liu et al., 2018); (ii) Sodium

taurocholate was infused retrogradely into the pancreatic duct to

induce biliary acute pancreatitis. Briefly, a combination of nembutal

and buprenorphine was used as the anesthetic/analgesic agents. The

mouse was allowed to breath spontaneously and no intubation/venti-

lation was used. 2.5% sodium taurocholate was infused retrogradely

into the pancreatic duct (with a clamp across the upper end at the

liver hilum) at a speed of 5 μl�min�1 for 10 min by minipump (Harvard

Apparatus, Kent, UK) to induce biliary acute pancreatitis, whereas

controls underwent the same procedure without sodium taurocholate

infusion. After the procedures, the mouse was returned to its cage

placed on a heated pad (37 �C) until it recovered (Perides et al., 2010)

and (iii) L-arginine (8%, 3 g�kg�1; pH 7.4) was intraperitoneally admin-

istered hourly for three times to induce excessive amino acid-induced

AP (ARG-AP) and controls received PBS injections (Kui et al., 2015).

In the treatment groups for CER-AP and NaTC-AP, specific

inhibitors for NLRP3 (MCC950; 50 mg�kg�1) (Coll et al., 2015) and

caspase 1 (beinacasin/VX-765; 200 mg�kg�1) (McKenzie et al., 2018)

were intraperitoneally injected immediately before (prophylactically)

and 1 h after (therapeutically) AP induction, respectively. RIP3 inhibi-

tor (GSK872; 5 mg�kg�1) (Mandal et al., 2014) was intraperitoneally

injected to observe the effects of necroptosis inhibition on AP. If not

specified, mice in CER-AP, NaTC-AP and excessive ARG-AP and their

control groups were humanely killed at 12, 24 and 72 h after AP

induction, respectively.

2.7 | Isolation of pancreatic acinar cells, cell
culture and transfection

Pancreatic acinar cells were freshly isolated from mice using a collage-

nase digestion procedure as previously described (Huang et al., 2017).

Mouse pancreatic acinar carcinoma 266-6 cells were obtained from

American Type Culture Collection (ATCC Cat# CRL-2151, RRID:

CVCL_3481) and cultured in DMEM supplemented with 10% FBS,

100-U�m�1 penicillin and 100-μg�m�1 streptomycin. For siRNA

transfection, 266-6 cells were transfected with 150-nmol�L�1

GSDMD siRNA oligonucleotides for 24 h using Lipofectamine 3000

according to the manufacturer's protocol. Transfected cells were incu-

bated with CCK (8 μM) or sodium taurocholate (1 mM) for 12 h after

transfection. Knock-down efficacy was assessed by western blot anal-

ysis. The GSDMD siRNA sequence used for transfections is listed in

Table S1.

2.8 | Acinar cell death assays

Pyroptotic cell death in 266-6 cells was detected by double staining

of activated caspase 1 (FAM-FLICA Caspase-1 Assay Kit; dilution

1:50) and propidium iodide (PI) (4 μM) according to the manufac-

turer's instruction. Stained cells were then analysed by ACEA

Novocyte flow cytometry (ACEA Biosciences Inc., San Diego, CA,

USA). Necrotic cell death was determined by PI (4 μM; for dying/

dead cells) and calcein-AM (2 μM; for living cells) and visualised

with an Olympus Research Inverted System Microscope IX71

(Olympus, Tokyo, Japan). Cell death was also expressed as lactic

dehydrogenase (LDH) release in the cell culture supernatant and

assessed using a LDH Cytotoxicity Assay Kit. Viable cells were

determined by a Cell Counting Kit.

2.9 | Isolation of leukocytes and flow cytometry

The leukocytes in pancreas were isolated using a collagenase diges-

tion method described for flow cytometry analysis (Xue et al., 2012).

For surface staining, immune cells were stained with the following

antibodies: Alexa Fluor 700-conjugated CD45.2, APC-conjugated

CD11b, Pacific Blue-conjugated F4/80 and PE-conjugated TNF-α.

Pro-inflammatory macrophages (M1 phenotype) were gated as

(CD45.2+)/(CD11b+)/(F4/80+)/(TNF-α+) in flow cytometry. Flow

cytometry data collection was performed on FACS Aria II

flow cytometer (BD Inc., Franklin Lakes, NJ, USA) and analysed using

FlowJo software (RRID:SCR_008520).

2.10 | AP severity assessment

2.10.1 | Histopathological examination

The paraffin sections of pancreatic and lung tissue were stained

with haematoxylin and eosin (H&E). Pancreatic acinar cell death

was defined as a decrease in basophilic acinar cytoplasm or

vacuolar degeneration in cytoplasm, and formation of dense

nuclei. Cell death area was semi-quantified by two independent

observers who were unaware of the experimental design and

grouping. It was then calculated as cell death area divided by

total pancreatic parenchyma � 100% by using ImageJ 1.50

software (National Institutes of Health, USA, RRID:SCR_003070).

The degree of lung injury was evaluated by the severity of

3536 GAO ET AL.
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neutrophil infiltration, thickness of alveolar and alveolar congestion

and the scoring standards were described previously

(Pan et al., 2017).

2.10.2 | Serum amylase, lipase and pro-
inflammatory cytokines

Serum amylase and lipase levels were determined by respective

commercial kits; serum cytokines, IL-1β, IL-6 and TNF-α were

measured using ELISA kits according to the manufacturer's

protocols.

2.11 | Western blotting

Western blotting analysis was performed on whole-cell extracts and

pancreatic tissues. Total amounts of protein were quantified by BCA

protein assay according to the manufacturer's protocol. According to

our previously described methods (Gao et al., 2018), the membranes

were incubated overnight at 4�C with primary antibodies against

NLRP3 (1:1000 dilution), caspase 1 (1:500 dilution), GSDMD (1:500

dilution), β-actin (1:2000 dilution) or GAPDH (1:4000 dilution) in

blocking buffer. On the next day, membranes were washed with

Tris-buffered saline with Tween 20 (TBST; 3 � 10 min) and incubated

with a secondary IgG HRP antibody (1:10,000 dilution) diluted in 5%

(w/v) dry non-fat milk in TBST for 2 h at room temperature. Finally,

membranes were washed with TBST (3 � 10 min) and all blots were

developed by using the ECL Plus chemiluminescent system. The

Immuno-related procedures used comply with the recommendations

made by the British Journal of Pharmacology (Alexander et al., 2018).

2.12 | Immunofluorescence

Briefly, slices were prepared and blocked with 5% BSA in PBST (PBS

containing 0.05% Tween 20) for 0.5 h. Slices were then incubated

with anti-GSDMD (1:200 dilution) and anti-amylase (1:200 dilution)

antibodies overnight at 4�C, and Alexa Fluor 488 (green)-labelled anti-

rabbit IgGs were then loaded for 2 h at room temperature in the dark.

After washing, DAPI was used for nuclear staining. Stained specimens

were visualised with an Olympus Research Inverted System

Microscope IX71 (Olympus, Tokyo, Japan).

2.13 | Transmission electron microscope

Briefly, fresh tissue blocks are isolated preventing from physical

damage, with size of tissue block no more than 1 mm3. Put the tis-

sue blocks in fixative at 4�C for 2–4 h. Wash in 0.1-M PBS for

three times, 15 min each; postfix with 1% OsO4 in 0.1-M PBS

(pH 7.4) for 2 h at room temperature. Remove OsO4 and rinse in

0.1-M PBS (pH 7.4) for three times, 15 min each. Dehydrate as

follows: 50% ethanol for 15 min; 70% ethanol for 15 min; 80%

ethanol for 15 min; 90% ethanol for 15 min; 95% ethanol for

15 min; two changes of 100% ethanol for 15 min; and finally, two

changes of acetone for 15 min. Infiltrate 1:1 acetone:EMbed

812 for 2–4 h; 2:1 acetone:EMbed 812 overnight in desiccator with

top off; and pure EMbed 812 for 5–8 h; keep in 37�C oven over-

night; and embed by baking in 60�C oven for 48 h. Cut ultrathin

sections (60–80 nm) with ultramicrotome. Stain sections with uranyl

acetate in pure ethanol for 15 min and rinse with distilled water.

Then stain with lead citrate for 15 min and rinse with

distilled water. Allow sections air dry overnight. Observe with trans-

mission electron microscope (Hitachi, HT7700).

2.14 | Statistical analysis

The data and statistical analysis comply with the recommendations of

the British Journal of Pharmacology on experimental design

and analysis in pharmacology (Curtis et al., 2018). Statistical analysis

was undertaken only for studies where each group size was at least

n = 5. The declared group size is the number of independent values,

and the statistical analysis was done using these independent values.

Results are presented as the mean ± SEM in scatter plots. The distri-

bution of data was assessed by Kolmogorov–Smirnov test. If data fol-

low Gaussian distribution, parametric tests (Student's t-test for

comparison between two groups or one-way ANOVA for three or

more groups) were carried out. For ANOVA, Bonferroni posttest was

performed for data with F at P< .05 and no significant variance in

homogeneity. If data were not normally distributed, non-parametric

tests (Mann–Whitney U-test for two groups or Kruskal–Wallis test

with Dunns' posttest for three or more groups) were used. Data were

analysed using GraphPad Prism software (Version 6.0, GraphPad Soft-

ware Inc., San Diego, CA, USA, RRID:SCR_002798) and IBM SPSS

Statistics 22.0 (IBM Corporation, Armonk, NY, USA). A two-sided

p value of <.05 was considered to be statistically significant.

2.15 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in the IUPHAR/BPS Guide to PHARMACOL-

OGY http://www.guidetopharmacology.org and are permanently

archived in the Concise Guide to PHARMACOLOGY 2019/20

(Alexander et al., 2019).

3 | RESULTS

3.1 | Pancreatic toxins induce pyroptotic cell death
in pancreatic acinar cells

We first examined whether the classic pancreatic toxins CCK and

sodium taurocholate cause pyroptosis in freshly isolated mouse
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pancreatic acinar cells and cultured 266-6 cells (Talukdar et al., 2016;

Zhou et al., 2015), a mouse pancreatic acinar carcinoma cell line

retaining key acinar cell characteristics and displaying similar

responses on exposure to extracellular danger signals. The pyroptosis

activation-associated proteins,NLRP3, GSDMD and caspase 1, were

detected by western blot. Specifically, GSDMD and cleaved GSDMD,

caspase 1 and cleaved caspase 1 were exposed on an Immobilon-NC

membrane together using protocols by previous studies

(Li et al., 2020; Ma et al., 2020). LPS priming followed by nigericin

treatment, commonly used in a range of cell types but never

assessed in pancreatic acinar cells before, was used to induce

pyroptotic cell death pathway activation (Chang et al., 2018; He

et al., 2015). Double-positive staining of caspase 1/PI in flow

cytometry was used to detect the presence of pyroptosis in in vitro

experiments.

CCK induced NLRP3, caspase 1 and GSDMD activation, as

evidenced by up-regulation of NLRP3, cleaved caspase 1 and

cleaved GSDMD proteins in both freshly isolated mouse pancreatic

acinar cells and cultured 266-6 cells (Figure 1a). In 266-6 cells,

nigericin and LPS caused significant and dramatic increase of

pyroptotic cells, compared with PBS alone (35.4 ± 1.0% vs. 2.8

± 0.2%). Both CCK ([8 μM] 14.2 ± 0.3% vs. [4 μM] 10.6 ± 0.4%

vs. [2 μM] 6.9 ± 0.3%; vs. [PBS] 1.1 ± 0.4%) and sodium

taurocholate ([1 mM] 11.5 ± 0.7% vs. [0.75 mM] 8.8 ± 0.5%

vs. [0.5 mM] 5.3 ± 0.3% vs. [PBS] 0.7 ± 0.4%) dose-dependently

significantly induced pyroptotic cell death in 266-6 cells

(Figure 1b).

The transmission electron microscope was further used to

observe the morphological features of the pyroptotic cells. Compared

with the PBS control, there were marked nuclear membrane rupture,

nuclear chromatin condensation, and dilated mitochondria and

endoplasmic reticulum in pancreatic acinar cells in CER-AP mice

(Figure 1c).

3.2 | GSDMD is activated in mouse AP models and
human pancreatitis

Both repeated caerulein intraperitoneal injections and pancreatic

ductal retrograde sodium taurocholate perfusion caused typical

pathological changes of marked pancreatic oedema, diffused paren-

chymal inflammatory cell infiltration and acinar cell necrosis

(Figure 2a). The pancreatic necrosis peaked at 12 h in CER-AP and

remained high at 24 h, whereas in NaTC-AP, pancreatic necrosis

was maximal at 24 h and remained high at 72 h. Western blot ana-

lyses revealed significant up-regulation of NLRP3, cleaved caspase

1 and cleaved GSDMD proteins in pancreatic tissues from both

CER-AP and NaTC-AP at various time points (Figure 2b). In both

AP mouse models and human chronic pancreatitis, the pancreas

had a high density of anti-GSDMD immunofluorescence,

predominately within acinar cells compared with respective controls

(Figure 2c).

3.3 | Pyroptosis inhibition reduces acinar cell
death in vitro as well as pancreatic necrosis and
systemic inflammation in vivo

Selective NLRP3 inhibitor (MCC950) and selective caspase-1 inhibi-

tor (Z-YVAD-FMK) separately reduced CCK- and sodium

taurocholate-induced cell death significantly in freshly isolated aci-

nar cells and 266-6 cells, demonstrated as reduced PI-positive cells

in Calcein-PI staining (Figure 3a, Calcein-AM for living cells and PI

for dead/dying cells) as well as reduced LDH release and promoted

cell survival (Figure 3b,d). Of note, these inhibitors significantly mit-

igated both CCK- and sodium taurocholate-induced pyroptotic cell

death in 266-6 cells shown by flow cytometry (Figure 3c). In agree-

ment with the above findings, freshly isolated pancreatic acinar

cells from Gsdmd�/� mice showed significantly reduced cell death

in Calcein-PI staining (Figure 4a) and LDH release that was

inversely mirrored by surviving cells (Figure 4b) after CCK or

sodium taurocholate incubation. Knock-down of GSDMD (using

GSDMD siRNA) compared with scrambled siRNA in 266-6 cells

also significantly attenuated CCK- and sodium taurocholate-induced

pyroptotic cell death and LDH release and promoted cell survival

(Figure 4c,d).

Specific NLRP3 inhibitor (MCC950) and caspase-1 inhibitor

(VX-765) mitigated pancreatic injury and systemic inflammation as

reflected by significantly reduced pancreatic acinar cell death percent-

age, severity of acute lung injury (Figure 5a), and serum IL-1β, IL-6 and

TNF-α levels (Figure 5b) compared with caerulein alone. The similar

protective effects of MCC950 and VX-765 were shown in NaTC-AP

model (Figure S1). Neither inhibitor altered serum amylase or lipase

levels in both AP models. In order to explore the therapeutic effect of

NLRP3 inflammasome component inhibitors, MCC950 and VX-765

were administrated 1 h after CER-AP induction. Similarly, the protec-

tive effects on pancreatic injury and systemic inflammation were

shown, but serum amylase or lipase levels still remained unaffected

(Figure S2).

Genetic deletion of Nlrp3 or Casp1 also significantly reduced pan-

creatic acinar cell death percentages, severity of acute lung injury,

serum amylase and lipase, and serum IL-1β, IL-6 and TNF-α levels in

CER-AP (Figure 6a,b). These findings were consistent with a previous

published study (Hoque et al., 2011). Western blotting analyses dem-

onstrated that NLRP3 or caspase-1 deletion down-regulated

caerulein-induced activation of NLRP3, cleaved caspase 1 and cleaved

GSDMD compared with their respective WT littermates (Figure 6c).

Furthermore, Gsdmd genetic deletion significantly reduced pancreatic

acinar cell death percentages, severity of acute lung injury (Figure 7a),

serum amylase, lipase, and IL-1β, IL-6 and TNF-α levels (Figure 7b)

compared with WT littermates in CER-AP. Pancreatic acinar cell death

percentages, serum amylase, lipase and IL-1β levels were also signifi-

cantly reduced in Gsdmd�/� mice in both NaTC-AP and ARG-AP

(Figure 7a,b). Western blotting results of pancreatic tissues from CER-

AP and NaTC-AP indicated that activation of NLRP3, cleaved caspase

1 and cleaved GSDMD was suppressed in Gsdmd�/� mice (Figure 7c).
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3.4 | Acinar cell-specific Nlrp3 and Gsdmd
knockout attenuates the severity of CER-AP

To confirm that the decrease of pancreatic necrosis in knockout mice

was indeed attributable to the lack of NLRP3 and GSDMD expression

in pancreatic acinar cells, we generated conditional pancreatic acinar

cell-specific gene knockout mice. Both Nlrp3 and Gsdmd conditional

knockout mice were found to display significantly reduced pancreatic

acinar cell death percentages, severity of acute lung injury (Figure 8a),

reduced serum severity indices (Figure 8b) and down-regulation of

pyroptosis-related proteins in pancreatic tissues (Figure 8c) in CER-AP

compared with WT littermates.

Myeloid cell Gsdmd conditional knockout mice, however, dis-

played similar pro-inflammatory macrophage (M1) infiltration in pan-

creatic tissues after CER-AP induction when compared with their WT

littermates. The pancreatic acinar cell death percentages, serum amy-

lase and lipase levels were not significantly different between the two

groups (Figure S3).

F IGURE 1 Pancreatic toxins induce
pyroptosis in mouse pancreatic acinar cells.
(a) Cholecystokinin (CCK) induced activation
of caspase 1, NLRP3 and gasdermin D
(GSDMD) in (i) freshly isolated pancreatic
acinar cells and (ii) pancreatic acinar
carcinoma 266-6 cells. N = 5 per group. (b)
Pyroptotic 266-6 cells identified using double
staining of caspase 1 (dilution 1:50) and

propidium iodide (PI; 4 μM) and observed
using flow cytometry: (i) cells were incubated
with LPS (400 ng�m�1) for 4 h followed by
nigericin (20 μM) for 2 h, positive inducer for
pyroptosis. Data were expressed as mean
± SEM, n = 5 per group, *p < .05 versus PBS.
(ii) Cells were incubated with CCK for 12 h.
Data were expressed as mean ± SEM, n = 6
per group, *P < .05 versus PBS, #P < .05
versus CCK 2 μM and +P < .05 versus CCK
4 μM. (iii) Cells were incubated with sodium
taurocholate (NaTC) for 12 h. Data were
expressed as mean ± SEM, n = 6 per group,
*p < 0.05 versus PBS, #p < 0.05 versus
NaTC 0.5 mM, +p < 0.05 versus NaTC
0.75 mM. (c) Morphological features of
pyroptotic acinar cells observed by
transmission electron microscope. Mice
received 10 intraperitoneal injections of
caerulein (CER) at hourly interval to induce
acute pancreatitis (AP) or PBS served as
control and were killed 12 h after the first
PBS/CER injection. Left: electron micrograph
of a normal pancreatic acinar cell showing
normal nucleus (N), mitochondria (M),
zymogen granules (Z) and endoplasmic
reticulum (ER). Right: electron micrograph of
the pancreatic acinar cell from caerulein-
induced acute pancreatitis (CER-AP) mice
showing a nucleus (N) with peripheral
condensation of chromatin, dilated
mitochondria (M) and endoplasmic reticulum
(ER). Scale bar, 5 μm. n = 5 per group
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F IGURE 2 Pancreatic NLRP3 inflammasome and gasdermin D (GSDMD) activation in mouse acute pancreatitis (AP) models and human
pancreatitis. Details for experimental AP induction and human sample collection were described in Section 2. Caerulein (CER) and sodium
taurocholate (NaTC) were used to induce AP in mice. (a) Representative H&E images and pancreatic cell death percentages. Scale bar, 100 μm.
Data were expressed as mean ± SEM, n = 5 per group. (b) Western blotting analysis of pyroptosis-related proteins in mouse pancreatic tissues.
N = 5 per group. (c) Immunofluorescence GSDMD staining of pancreatic tissues from mice (PBS injection vs. caerulein-induced acute pancreatitis
(CER-AP); sham surgery vs. sodium taurocholate-induced acute pancreatitis [NaTC-AP]) and human (normal pancreas [NP] vs. chronic pancreatitis
[CP]). Scale bar, 100 μm. n = 5 per group
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3.5 | Necroptosis inhibition adds more protection
to Gsdmd knockout mice in CER-AP

As necroptosis has been reported to be important in AP (Louhimo

et al., 2016; Wu et al., 2013), we wondered whether GSDMD-

mediated pyroptosis was an independent cell death pathway and

distinct from necroptosis in pancreatic acinar cells. We added

necroptosis inhibitor GSK872 into GSDMD knock-down 266-6 cells

upon CCK stimulation. We found that GSDMD knock-down

significantly reduced the percentage of PI-positive cells by 32%

F IGURE 3 Pyroptosis
inhibitors attenuate pancreatic
acinar cell death. In these
experiments, freshly isolated
pancreatic acinar cells and 266-6
cells were incubated with 1- and
8-μM cholecystokinin (CCK) and
0.5- and 1-mM sodium
taurocholate (NaTC), respectively,

or PBS alone (vehicle), for 12 h. In
the treatment groups, cells were
co-incubated with selective
NLRP3 inhibitor (MCC950;
20 nM) and selective caspase-1
inhibitor (Z-YVAD-FMK; 10 μM).
(a) Representative living (calcein-
AM; 2 μM) and dying/dead
(propidium iodide [PI]; 4 μM) cell
images from epifluorescence
microscopy for acinar cells. Scale
bar, 200 μm. N = 5 per group. (b)
Cell death of acinar cells
determined by LDH release and
Cell Counting Kit. Data were
expressed as mean ± SEM, n = 5
per group, *P < .05 versus CCK
and #P < .05 versus NaTC.
(c) Pyroptotic 266-6 cells
identified using double staining of
caspase 1 (dilution 1:50) and PI
(4 μM) and observed using flow
cytometry. Data were expressed
as mean ± SEM, n = 5 per group,
*P < .05 versus CCK and #P < .05
versus NaTC. (d) Cell death of
266-6 cells determined by LDH
release and Cell Counting Kit.
Data were expressed as mean
± SEM, n = 5 per group, *P < .05
versus CCK and #P < .05
versus NaTC
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F IGURE 4 Gsdmd deficiency attenuates pancreatic acinar cell death. In these experiments, freshly isolated pancreatic acinar cells were
incubated with cholecystokinin (CCK; 1 μM) or sodium taurocholate (NaTC; 0.5 mM), respectively, 266-6 cells were incubated with CCK (8 μM),
or PBS alone, for 12 h. (a) Representative living (calcein-AM; 2 μM) and dying/dead (propidium iodide [PI]; 4 μM) cell images from epifluorescence
microscopy for acinar cells from wild-type (WT) and Gsdmd knockout (Gsdmd�/�) mice. Scale bar, 200 μm. N = 5 per group. (b) Cell death of
acinar cells (WT or Gsdmd�/�) determined by LDH release and Cell Counting Kit. Data were expressed as mean ± SEM, n = 8 per group, *P < .05
versus WT. (c) Pyroptotic 266-6 cells (scrambled or gasdermin D [GSDMD] siRNA) identified using double staining of caspase 1 (dilution 1:50)
and PI (4 μM) and observed using flow cytometry. Data were expressed as mean ± SEM, n = 6 per group, *P < .05 versus scrambled siRNA.
(d) Cell death of 266-6 cells (scrambled or GSDMD siRNA) determined by LDH release and Cell Counting Kit. Data were expressed as mean
± SEM, n = 8 per group, *P < .05 versus scrambled siRNA
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F IGURE 5 NLRP3 inhibitor (MCC950) and caspase-1 inhibitor (VX-765) mitigate pancreatic necrosis and systemic inflammation in caerulein-
induced acute pancreatitis (CER-AP). Details for experimental AP induction and severity assessment were described in Section 2. In the treatment
groups, mice received single intraperitoneal injection of MCC950 (50 mg�kg�1) or VX-765 (200 mg�kg�1) immediately before AP induction.
Animals were killed at 12 h after the first CER/PBS injection. (a) Representative H&E images of pancreas, lung and pancreatic cell death
percentages, and total histological scores of lung injury. Scale bar, 100 μm. Data were expressed as mean ± SEM, n = 6 per group, *P < .05 versus
CER. (b) Serum amylase, lipase, and IL-1β, IL-6 and TNF-α levels. Data were expressed as mean ± SEM, n = 6 per group, *P < .05 versus CER
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F IGURE 6 Pyroptosis-related gene
deletion reduces pancreatic necrosis and
systemic inflammation in caerulein-
induced AP (CER-AP) in mice. Details for
experimental AP induction and severity
assessment were described in Section 2.
Animals (WT, Casp1�/� and Nlrp3�/�)
were killed at 12 h after the first
CER/PBS injection. (a) Representative

H&E images of pancreas, lung and
pancreatic cell death percentages, and
total histological scores of lung injury.
Scale bar, 100 μm. Data were expressed
as mean ± SEM, n = 6 per group, *P < .05
versus CER. (b) Serum amylase, lipase,
and IL-1β, IL-6 and TNF-α levels. Data
were expressed as mean ± SEM, n = 6
per group, *P < .05 versus CER.
(c) Western blotting analysis of
pyroptosis-related proteins in pancreatic
tissues. n = 6 per group
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F IGURE 7 Gsdmd deficiency reduces
pancreatic necrosis and systemic inflammation in
three different mouse AP models. Details for
experimental AP induction and severity
assessment were described in Section 2.
Caerulein (CER), sodium taurocholate (NaTC)
and L-arginine (ARG) were used to induce AP in
mice, and animals (WT and Gsdmd�/�) were
killed at 12, 24 and 72 h for each model,

respectively. (a) Representative H&E images of
pancreas, pancreatic cell death percentages for
each model and representative H&E images of
lung, and total histological scores of lung injury
for CER-AP. Scale bar, 100 μm. Data were
expressed as mean ± SEM, n = 6 per group, *P
< .05 versus CER, #P < .05 versus NATC and
+P < .05 versus ARG. (b) Serum amylase, lipase
and IL-1β levels for each model and serum IL-6
and TNF-α levels for CER-AP. Data were
expressed as mean ± SEM, n = 6 per group,
*P < .05 versus CER, #P < .05 versus NATC and
+P < .05 versus ARG. (c) Western blotting
analysis of pyroptosis-related proteins in
pancreatic tissues for CER-AP and NaTC-AP.
n = 6 per group
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F IGURE 8 Acinar cell-specific
Nlrp3 or Gsdmd knockout
alleviates pancreatic necrosis and
systemic inflammation in
caerulein-induced acute
pancreatitis (CER-AP) in mice.
Details of specific acinar cell Nlrp3
and Gsdmd knockout, caerulein
(CER) injections, and severity

assessment were described in
Section 2. Animals were killed at
12 h after first CER/PBS injection.
(a) Representative H&E images of
pancreas, lung and pancreatic cell
death percentages, and total
histological scores of lung injury.
Scale bar, 100 μm. Data were
expressed as mean ± SEM, n = 6
per group, *P < .05 versus CER.
(b) Serum amylase, lipase and IL-1β
levels. Data were expressed as
mean ± SEM, n = 6 per group,
*P < .05 versus CER. (c) Western
blotting analysis of pyroptosis-
related proteins in pancreatic
tissues. n = 6 per group
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([CCK] 18.1 ± 0.6% vs. [GSDMD siRNA] 12.3 ± 0.7%), whereas

GSK872 could further significantly reduce PI-positive cells by 20%

([GSDMD siRNA] 12.3 ± 0.7% vs. [GSDMD siRNA + GSK872] 8.6

± 0.3%) (Figure 9a).

We further validated the above results in vivo. In the CER-AP,

Gsdmd�/� mice showed much more profound effects in

reducing pancreatic necrosis (Figure 9b) and serum pancreatic

enzymes (Figure 9c) compared with the necroptosis inhibitor

GSK872. The addition of GSK872 to Gsdmd genetic deletion

reduced pancreatic necrosis further when compared with

Gsdmd�/� mice alone, although not for pancreatic enzymes

(Figure 9b,c).

Taken together, the roles of pyroptotic acinar cell death

and pyroptosis inhibition in are summarised in Figure 10.

F IGURE 9 Necroptosis inhibition adds more protection to Gsdmd knockout mice in caerulein-induced acute pancreatitis (CER-AP) in mice.
Details of caerulein (CER) injections and severity assessment were described in Section 2. Animals (WT and Gsdmd�/�) were killed at 12 h after
first caerulein/PBS injection. (a) Scrambled or gasdermin D (GSDMD) siRNA transfected 266-6 cells were incubated with cholecystokinin (CCK;
8 μM) with or without RIP3 inhibitor GSK842 (2 μM), and necrotic cell death pathway activation was determined by propidium iodide (PI; 4 μM)
using flow cytometry. 266-6 cells with only PBS incubation were used as controls (vehicle). Data were expressed as mean ± SEM, n = 6 per
group, *P < .05 versus CCK + scrambled siRNA and #P < .05 versus CCK + GSDMD siRNA. (b) Representative H&E images of pancreas and
pancreatic cell death percentages. Scale bar, 100 μm. Data were expressed as mean ± SEM, n = 5 per group, *P < .05 versus WT + CER, #p < .05
versus WT + CER + GSK872 and +P < .05 versus Gsdmd�/� + CER. (c) Serum amylase and lipase levels. Data were expressed as mean ± SEM,
n = 5 per group, *P < .05 versus WT + CER, #P < .05 versus WT + CER + GSK872 and +P < .05 versus Gsdmd�/� + CER
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4 | DISCUSSION AND CONCLUSIONS

This study is the most extensive and detailed of pyroptosis in experi-

mental AP to date, combining in vitro and in vivo approaches with

genetic and pharmacological inhibition of key pyroptotic pathways.

We found that significant acinar cell pyroptosis was present in both in

vitro and in vivo models as well as in human pancreatitis tissue,

depending on GSDMD activation. Genetic and pharmacological

pyroptosis inhibition reduced pyroptotic acinar cell death, pancreatic

necrosis and systemic inflammation, which were further reduced by

simultaneous inhibition of necroptosis. Interestingly, acinar cell Nlrp3

or Gsdmd, but not myeloid cell Gsdmd, conditional knockout signifi-

cantly protected against pancreatic pyroptotic cell death activation,

pancreatic necrosis and systemic inflammation, confirming the impor-

tance of acinar cell injury. Taken together, our findings indicate that

pancreatic toxin-induced pyroptotic acinar cell death plays a critical

role in pancreatic necrosis and systemic inflammation during AP.

Therefore, pharmacological therapies targeted at pyroptosis-related

proteins including NLRP3 inflammasome components (Mangan

et al., 2018) and GSDMD (Qiu et al., 2017) may serve as a promising

strategy for AP treatment (Figure 10).

Pancreatic acinar cells are the predominant cell type of the pan-

creas and the primary victims from injury induced by pancreatic toxins

such as CCK (Murphy et al., 2008), bile acids (Voronina et al., 2005)

and ethanol metabolites (Huang et al., 2014). Clinically, severe AP rep-

resents a classic paradigm of regulated cell death initiating local

inflammation, forming a positive auto-amplification loop and ulti-

mately resulting in systemic inflammatory response syndrome and

organ failure (Hoque et al., 2011; Linkermann et al., 2014; Liu

et al., 2017). Unfortunately, there are no drugs specifically designed to

prevent further acinar cell injury, aiming to stop the ‘brake’ between

cell death, inflammation and organ failure. Thus, targeted therapy for

AP is urgently needed. In the current study, inhibition of NLRP3

inflammasome components by pharmacological inhibitors exerted

both prophylactic and therapeutic effects on AP, demonstrated as

reduced pancreatic necrosis and alleviated acute lung injury, which is

the most distinguished distant organ failure associated with AP

(Shields et al., 2002). These findings justify the translational perspec-

tives of pyroptosis inhibitors in the treatment of AP, especially in the

severe mode of AP, which is mainly featured as intensive pancreatic

necrosis and organ failure.

Of note, although NLRP3 inflammasome inhibitors have signifi-

cant effects on acinar cell death and systemic inflammation, they

fail to reduce the elevated serum amylase and lipase levels in AP.

Amylase and lipase, as markers of pancreatic inflammation, are used

to evaluate the severity of AP along with other histological param-

eters in animal models, but they are not considered clinically as dis-

ease severity markers for AP (Leppäniemi et al., 2019).

F IGURE 10 The role of acinar pyroptotic cell death and pyroptosis inhibition in acute pancreatitis (AP). In this study, we discovered that
there was consistent activation of NLRP3, cleaved caspase 1 and cleaved gasdermin D (GSDMD) when freshly isolated acinar cells and pancreatic
acinar carcinoma 266-6 cells were stimulated with cholecystokinin (CCK) or sodium taurocholate (NaTC), implicating induction of pyroptotic cell
death activation by common pancreatic toxins. Co-localisation of GSDMD and amylase (a marker for acinar cells) was also detected by
immunofluorescent staining in both mouse AP models and human pancreatitis. Genetic deletion of Gsdmd, GSDMD knock-down by siRNA and
pharmacological inhibition of inflammasome components (NLRP3 or caspase 1) all uniformly suppressed CCK- and NaTC-induced necrotic acinar
cell death. In concordance with these in vitro findings, we also observed activation of NLRP3, cleaved caspase 1 and cleaved GSDMD in both
caerulein- and NaTC-induced AP models at various different time points after disease induction. Further, genetic deletion (Nlrp3�/�, Casp1�/�

and Gsdmd�/�) or pharmacological inhibition (NLRP3-selective inhibitor MCC950 or caspase 1-selective inhibitor VX-765) all significantly
reduced pancreatic pyroptotic cell death activation, necrosis and systemic inflammation in various AP models
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Several previous animal studies also failed to observe the change in

amylase levels despite the significant reduction in distant organ

injury and systemic inflammation (de Almeida et al., 2006; de

Campos et al., 2008). Besides AP, elevations in amylase and lipase

levels could also be caused by critical illness, renal injury (e.g. from

reduced excretion) and medications (e.g. calcium channel blockers

and corticosteroids) (Alvarez et al., 2019). The effects of NLRP3

inflammasome inhibitors (MCC950 and VX-765) on renal function

or promoting the release of amylase and lipase cannot therefore be

ruled out.

An early study has shown that components of the inflammasome

(ASC, NLRP3 and caspase 1) within pancreatic resident macrophages

are activated by ATP released by injured acinar cells via the plasma

membrane purinoceptor P2X7 (Hoque et al., 2011). Another study

showed that nucleosome-induced absent in melanoma 2 (AIM2), but

not NLRP3, prompts inflammasome activation and subsequent pro-

inflammatory mediator release in macrophages (Kang et al., 2016).

These studies indicate that inflammasome activation in macrophage

plays an important role in the pathogenesis of AP, but the NLRP3

inflammasome activation in pancreatic acinar cells and its role in AP

have not been systematically explored before. Inflammasome activa-

tion is not restricted to immune cells, as seen in previous studies

showing that non-haematopoietic cells, for example, pancreatic acinar

cells, rather than haematopoietic cells exhibit NOD1 activity following

caspase-1 activation in both murine AP (Tsuji et al., 2012) and chronic

pancreatitis (Watanabe et al., 2016). In agreement with these findings,

we found the pancreatic acinar cell Nlrp3 or Gsdmd, but not myeloid

cell Gsdmd, conditional knockout that demonstrated significantly

reduced severity of AP. Our study highlights that inflammasome

activation and subsequent pyroptosis in pancreatic acinar cells

are critical for pancreatic necrosis and systemic inflammation

during AP.

It remains unclear whether pyroptosis or necroptosis plays a more

important role in pancreatic acinar necrotic cell death. Louhimo et al.

declared that under in vitro conditions, necrostatin (RIP1 inhibitor)

inhibited more than 50% of the cell death upon pancreatic toxin stim-

ulation, which was inconsistent with our findings. In our study, we

observed that pyroptosis (caspase 1 and PI double positive) was pre-

dominant following CCK or sodium taurocholate exposure. In addi-

tion, Gsdmd deletion demonstrated more profound effects in reducing

pancreatic necrosis when compared with RIP3 inhibitor in CER-AP.

There are two potential reasons for this. First, necroptosis inhibitors

may have off-target effects, unexpectedly affecting other cell death

pathways; second, a crosstalk between necroptosis and pyroptosis in

acinar necrotic cell death cannot be ruled out. For example, in human

cell lines, MLKL ion channel formation can lead to NLRP3

inflammasome activation in a cell-intrinsic manner, which suggests the

presence of crosstalk between pyroptosis and necroptosis (Conos

et al., 2017).

In summary, our results showcase the important role of

pancreatic acinar GSDMD activation-mediated pyroptosis in linking

pancreatic cell death responses and systemic inflammation in AP.

Translational drug discovery programmes are awaited to develop

novel molecules targeting the NLRP3 inflammasome and GSDMD for

clinical AP.
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