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Abstract

Acute pancreatitis is a common inflammatory gastrointestinal disease without any successful
treatment. Pancreatic exocrine acinar cells have high rates of protein synthesis to produce and
secrete large amounts of digestive enzymes. When the regulation of organelle and protein
homeostasis is disrupted, it can lead to endoplasmic reticulum (ER) stress, damage to the
mitochondria and improper intracellular trypsinogen activation, ultimately resulting in acinar cell
damage and the onset of pancreatitis. To balance the homeostasis of organelles and adapt to
protect themselves from organelle stress, cells use protective mechanisms such as autophagy.

In the mouse pancreas, defective basal autophagy disrupts ER homoeostasis, leading to ER
stress and trypsinogen activation, resulting in spontaneous pancreatitis. In this review, we discuss
the regulation of autophagy and its physiological role in maintaining acinar cell homeostasis

and function. We also summarise the current understanding of the mechanisms and the role of
defective autophagy at multiple stages in experimental pancreatitis induced by cerulein or alcohol.

INTRODUCTION

Acute pancreatitis (AP) is a common gastrointestinal disease with an annual incidence rate
of 34 per 100 000 person-years in developed countries. This disease is characterised by an
increased necrosis of acinar cells, followed by a local and systemic inflammatory response,
and has a varied clinical course. Most patients present with mild acute pancreatitis, which
self-resolves within a week. However, approximately one-fifth of patients develop moderate
or severe acute pancreatitis, which has a substantial mortality rate of 20%—-40%.1 2 Gallstone
disease and alcohol consumption are the most common causes of acute pancreatitis. Other
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risk factors include hypertriglyceridaemia, hypercalcaemia, viral infection, genetics and
autoimmune disease.! 2

Chronic alcohol consumption is responsible for 17%—25% of acute pancreatitis cases
worldwide. Alcohol-associated pancreatitis usually affects individuals who have been
consuming substantial amounts of alcohol on a daily basis for over 5 years, typically around
four to five drinks per day. Isolated episodes of heavy drinking are rarely the cause of AP.
However, when combined with other risk factors such as genetics, high-fat diet, cigarette
smoking and exposure to infectious agents, alcohol consumption can further compound the
damage to the pancreas.! 3 Notably, only less than 10% of heavy drinkers develop alcohol-
associated pancreatitis, whereas most heavy drinkers have mild and autolimited pathological
changes, suggesting that a refined adaptation underlies the autolimited induction of alcohol-
associated pancreatitis.* Pancreatic exocrine acinar cells possess high protein synthetic
rates to produce, store and secrete large amounts of digestive enzymes. To meet the high
demands of protein synthesis and trafficking, acinar cells are exceptionally enriched with
endoplasmic reticulum (ER) and other organelle machinery, including the mitochondria,
secretory vesicles, endosomes, autophagy and lysosomes. Dysregulation of ER homeostasis
can lead to ER stress and acinar cell damage, resulting in the onset of pancreatitis.> ¢ Cells
use protective mechanisms, such as autophagy, to balance the homeostasis of organelles

so that the ER and the mitochondria can adapt and protect themselves from ER stress

and mitochondrial damage. Here, we summarise the current understanding of the roles and
mechanisms of autophagy in the pathogenesis of pancreatitis.

CELLULAR AND MOLECULAR EVENTS OF AUTOPHAGY

Autophagy is a cellular degradation process that delivers excess or damaged cellular
components to lysosomes, an evolutionarily conserved process.” 8 Autophagy degrades
proteins, lipids and organelles, such as excess ER, ribosomes and damaged mitochondria.
This provides nutrients and building blocks to maintain cellular homeostasis and enable cell
survival.®-13 There are three main types of autophagy: macroautophagy, microautophagy
and chaperone-mediated autophagy (CMA). These types differ in how cargos are
delivered to lysosomes.14 Macroautophagy involves the formation of a double-membrane
autophagosome that surrounds the autophagic cargo and transports it to a lysosome,
where the membranes fuse to form an autolysosome that degrades autophagic cargos

by lysosomal acidic hydrolytic enzymes.8 During microautophagy, lysosomes directly
engulf autophagic cargos, bypassing autophagosome formation.1> 16 The process of CMA
involves the recognition of cellular proteins that contain the pentapeptide motif (KFERQ)
by cytosolic chaperones, such as the HSC70 (heat shock cognate protein of 70 kDa).

The chaperone proteins then bind to the lysosome-associated membrane protein type 2A
(LAMP-2A), triggering LAMP-2A multimerisation. This process results in the formation
of a translocation complex, which transports the CMA substrates across the lysosomal
membrane for degradation.1-19

Microautophagy and CMA have been previously reviewed for their mechanisms and role in
pathophysiology.29 21 However, their connection with pancreatitis has not been extensively
studied. Therefore, in this review, we will focus on the current understanding of autophagy
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mechanisms and their potential role in pancreatitis. At present, more than 40 autophagy-
related (ATG) proteins have been identified, which regulate the six key steps of autophagy
and are detailed in the following.

The initiation of autophagosome formation is regulated by the uncoordinated 51-like
kinase (ULK) complex, consisting of ULK1 (or ULK2), FAK family-interacting protein

of 200 kDa (FIP200), ATG13 and ATG101.22 Serine/threonine-protein kinase ULK1 is

the sole kinase discovered among all ATG proteins. Its activity is inhibited by a nutrient
sensor called the mechanistic target of rapamycin complex 1 (mTORC1) and stimulated
by an energy sensor called AMP-activated protein kinase (AMPK).23 When there is a
shortage of nutrients, MTORCL1 is inhibited. This leads to the activation of ULK1, which

is phosphorylated and activated. This results in the formation of an isolation membrane
also called a phagophore. The exact source of the membrane for the isolation membrane is
still being debated. However, it is suggested that the ER, omegasomes (a portion of the ER
membrane extension), ER—-mitochondria contact site, ER—Golgi intermediate compartment
(ERGIC), and plasma membrane or endocytosis-derived vesicles could be contributing to the
formation of autophagosomes.24

Autophagosome membrane biogenesis

The second autophagy-specific kinase complex, PIK3C3 complex | (PIK3C3-Cl), consists
of VPS34 (vacuolar protein sorting 34), BECLIN-1, VPS15 and ATG14L (ATG14-like).
PIK3C3-Cl is recruited to the initiation sites of the autophagosome by the activated ULK
complex. The phosphorylation of several PIK3C3-ClI subunits, including BECLIN-1 and
VVPS34, and the direct binding of ATG13 in the ULK complex with ATG14L in PIK3C3-Cl
achieve this process.25 26 VPS34 is an enzyme that belongs to class 111 phosphatidylinositol
3-phosphate kinase family. It produces a molecule called phosphatidylinositol 3-phosphate
(P13-P), which acts as a signalling molecule. This molecule then recruits other proteins,
such as WD repeat protein interacting with phosphoinositide (WIPI) and double FYVE
containing protein 1 (DFCP1), that bind to P13-P. DFCP1 and WIPI then work together

to form the omegasome, which is a structure that looks like the Greek letter omega (Q).
The omegasome is formed at a specific subdomain of the ER enriched with P13-P.27
Concurrently, there are two ubiquitin-like conjugation systems that operate in the process
of autophagy. These systems are the ATG7-ATG3-ATG8/microtubule-associated protein
1A/1B-light chain 3 (LC3) and ATG12-ATG5-ATG16L1 complexes. The function of
these complexes is to conjugate the cytosolic form of LC3 (also known as LC3-I) to
phosphatidylethanolamine (PE). This process creates the membrane-anchored LC3-I1, a
widely known autophagy marker protein. LC3-11 is functionally essential for the recognition
of cargo, expansion of the autophagosome membrane, closure of the autophagosome and
possible fusion with the lysosome. In the ubiquitin-like conjugation system, ATG proteins
behave similarly to ubiquitin enzymes. The process begins with the covalent binding of
ATG12 to ATGS. This reaction is catalysed by ATG7, acting as an E1-like enzyme, and
ATG10, acting as an E2-like enzyme. The resulting ATG12-ATG5 conjugate then interacts
with ATG16L 1, forming a non-covalent bond. This complex acts as an E3 ubiquitin ligase
on the isolation membrane for LC3 lipidation. Before entering the system, newly synthesised
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pro-LC3 is cleaved by ATG4 proteases, exposing a free C-terminal glycine residue and
transforming into the cytosolic form LC3-1. The E3-like ATG12-ATG5-ATG16L1 complex,
together with the E1-like ATG7 and the E2-like ATG3, then mediates the covalent binding
of LC3-I to the PE, forming the lipidated LC3-1I that resides on the autophagosome
membrane.28

Autophagosome membrane expansion and elongation

Autophagosome membrane expansion requires lipid delivery. ATG2A and VPS13 family
proteins are two lipid transport proteins that possess high-capacity lipid-binding surfaces.
They act as a non-selective lipid tunnel which is most likely located at a contact site
between the edge of the expanding isolation membrane and the exit site of the endoplasmic
reticulum.2® ATG9 is a unique ATG protein with multimembrane spanning domains and
lipid scramblase activity. It plays a crucial role in transporting lipids with the help of
proteins. Additionally, ATG9 is responsible for recycling membrane components from other
organelles like endosomes and the ERGIC to the site of autophagosome biogenesis. This
process is dependent on the ULK complex. Although there is no direct evidence, lipid
extrusions from the ER and mitochondria have also been proposed as potential sources for
phagophore expansion.2®

Autophagosome closure and maturation

As the autophagosome membrane expands, it eventually envelops the cargo and detaches
from the ER to form a self-contained autophagosome. The endosomal sorting complexes
required for transport (ESCRT) machinery play a crucial role in regulating phagophore
closure, as evidenced by the accumulation of autophagosomes containing holes in cells
depleted of ESCRT.30 31

CHAMP2A, an ESCRT-I1I component, is required for autophagosome closure. This is
shown by a HaloTag-LC3 assay that distinguishes unclosed from closed autophagosome
membranes and an optogenetic assay for sealed versus open mitophagosomes.32 33 The
mechanism by which the ESCRT machinery is directed towards unsealed phagophores is not
yet fully understood. However, in the yeast system, it has been shown that the interaction

of CHMP4 and ATG17 (the human counterpart of FIP200) may play a role in recruiting

the ULK complex to ESCRT-11.34 The ER-localised metazoan-specific protein vacuole
membrane protein 1 (VMP1; also known as transmembrane protein 49/TMEMA49) and its
interactor TMEMA41B are phospholipid scramblases that may play roles in ER—membrane
communication and autophagosome closure.3® VMP1 may also regulate organelle-organelle
contact and the departure of closed autophagosomes from the ER. Deletion of VMP1

leads to tight isolation membrane—ER contacts, thus resulting in failed fusion of the
autophagosome with the lysosome.36 More recent evidence indicates that VMP1 and
TMEMA41B also regulate ER-mitochondria contact and lipoprotein secretion independent
of their autophagy functions.37-40

Fusion of autophagosomes with lysosomes

After the autophagosome has been closed, it joins together with the lysosome to create an
autolysosome. The autolysosome is responsible for breaking down the enclosed contents

eGastroenterology. Author manuscript; available in PMC 2024 May 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ding et al.

Termination

Page 5

using acidic lysosomal hydrolases. The fusion process is facilitated by SNARE (soluble
NSF (N-ethylmaleimide-sensitive fusion protein) attachment protein receptor) family
proteins, which include vesicle-associated membrane protein 7 (VAMP7), VAMPS8, VAMP9,
synaptosomal-associated protein 29 (SNAP29) and syntaxin 17 (STX17).41-43 Before fusion
occurs, a specific group of small GTPase proteins, such as RAB7 and RAB2A, move to

the late endosomes and autophagosomes. This movement connects them to motor proteins
associated with the cytoskeleton, enabling successful encounters. In addition, tethering
factors like the HOPS (homotypic fusion and protein sorting) complex can bind to RAB7 or
RAB2A and help anchor autophagosomes to lysosomes, facilitating the fusion process.*4

of autophagy and lysosome biogenesis

After autophagy is complete, the process is terminated, and lysosomes are reformed through
a process called autophagic lysosome reformation (ALR). During ALR, proto-lysosomes are
generated from the tubulation, scission and budding of autolysosomes.#> Additionally, new
lysosomes can be generated through a transcriptional programme mediated by the master
lysosomal biogenesis transcription factor EB (TFEB).46 This process helps meet the needs
of autophagic degradation in various tissues and cells, including the pancreas.4’ 48 The
mammalian autophagy machinery is summarised in figure 1.

CELLULAR ORGANELLE STRESS AND AUTOPHAGY IN PANCREATITIS

Pancreas physiology

The pancreas is a complex metabolic organ with both endocrine and exocrine components.
The endocrine component makes up only 2% of the pancreatic mass. It regulates blood
glucose homeostasis by various types of endocrine cells clustered in islets (Langerhans)
dispersed throughout the pancreatic parenchyma (figure 2A, arrow). These cell types include
a cells, B cells, & cells and pancreatic polypeptide or -y cells. They secrete different
hormones such as glucagon, insulin, somatostatin and pancreatic polypeptide in response

to the status of fasting or food intake. After a meal, insulin-producing g cells, the most
common cell type in the islet, increase insulin secretion to lower blood glucose levels.
Conversely, during the fasting stage, glucagon-producing a cells increase glucagon secretion
to promote hepatic glycogen breakdown and glucose release.*®

The exocrine pancreas, which accounts for more than 95%-98% of the pancreatic mass, is
the main contributor to pancreatitis. Structurally, the exocrine pancreas comprised lobules,
with acinar cells surrounding a duct system. The exocrine compartment contains two major
cell types: the acinar cells, which produce enzymes that are transported to the gut via

a ductal system that is lined up with the other prominent cell type, and the ductal cells
(figure 2A). The primary function of the exocrine pancreas is to facilitate food digestion
by secreting digestive enzymes from acinar cells into the pancreatic ducts and reaching the
intestine. Owing to its functions for producing and secreting digestive enzymes in a timely
manner to meet the demand after food consumption, acinar cells have developed complex
intracellular protein synthesis processes as well as storage and trafficking machineries.
Pancreatic acinar cells are highly polarised cells with distinct basal lateral and apical
membranes. Acinar cells have remarkably abundant ER adjacent to the basal lateral
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membrane, whereas zymogen granules (ZGs) cluster around the apical membrane. These
granules contain and store trypsinogen, the inactive precursor to trypsin, a key digestive
protease (figure 2B). After the meal, the contents of ZGs are secreted to the pancreatic
duct, and trypsinogen is activated to trypsin in the duodenum by enteropeptidase for protein
digestion.50

Pancreatitis pathogenesis has been traditionally believed to be triggered by intra-acinar

cell trypsin activation, which leads to acinar cell ‘autodigestion’, necrosis and subsequent
pancreatic inflammation. This hypothesis is based on two key presumptions: (1) pancreatic
trypsinogen is prematurely activated in the pancreas early in the course of pancreatitis, and
(2) the pathologically activated enzymes are responsible for ‘auto digesting the pancreas’,
resulting in acinar cell necrosis and progression of pancreatitis. Experimental pancreatitis
models have well documented the increased acinar cell trypsinogen activation.! 5152 |n
addition, genetic mutations of serine protease 1 (PRSS1) and the serine protease inhibitor
gene (SPINK1) are linked to hereditary pancreatitis.>3 54 The PRSS1 gene encodes cationic
trypsinogen, and most of the PRSS1 variants convert trypsinogen to trypsin prematurely
within the pancreas, whereas others prevent the degradation of trypsin. SP/INK1 encodes a
trypsin inhibitor that can inhibit 20% of trypsin activity, which is expressed in the pancreatic
acinar cells and binds to activated trypsin. SPINK1 may cause chronic pancreatitis in the

setting of autosomal recessive inheritance by promoting premature trypsinogen activation.>3
54

Recent research has challenged the traditional belief that trypsinogen activation is the
primary cause of pancreatitis.>® Studies using mice genetically modified to lack trypsinogen
isoform 7 (T7) have shown that while these mice do not exhibit pathological trypsinogen
activation and are partially protected against early acinar cell damage induced by cerulein,
they still show an inflammatory response in acute pancreatitis. Additionally, when

exposed to a chronic pancreatitis model induced by cerulein, T7 knockout mice still
develop pancreatic atrophy, chronic inflammation and other histological features of chronic
pancreatitis similar to those of wild-type mice.%8 57 This suggests that the development of
chronic pancreatitis may be independent of trypsinogen activation. Further research may
be necessary to determine whether intra-acinar trypsin activation is a prerequisite for the
pathogenesis of pancreatitis, both acute and chronic, in various animal or more clinically
relevant pancreatitis models.

Acinar cell damage is believed to be the major trigger for acute pancreatitis. The main
function of the pancreatic acinar cell is to synthesise, transport, store and secrete digestive
enzymes. To do this, several intracellular organelles, such as the ER, mitochondria, Golgi
apparatus, endolysosomal and autophagy system, and storage and secretory organelles, must
work together. If these organelles do not function properly, it can lead to pancreatitis.

This is a common problem in both humans and experimental animals and has been well
documented in recent excellent review papers.>8-60 In the following sections, we will

focus on the latest research regarding ER homeostasis, mitochondrial damage, lysosomal
dysfunction and impaired autophagy in the development of pancreatitis.
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ER homeostasis and ER stress

Acinar cells, which produce zymogens, are prone to ER stress due to the high risk of
protein misfolding. To counteract this, acinar cells use the unfolded protein response (UPR)
to restore cellular homeostasis. This involves decreasing general protein translation and
increasing the translation of chaperone proteins to facilitate protein folding. There are

three branches of functional UPR: inositol-requiring enzyme la (IREla)-the spliced X-box
binding protein 1 (XBP1s), protein kinase R (PKR)-like endoplasmic reticulum kinase
(PERK)-eukaryotic initiation factor 2a (elF2a)-activating transcription factor 4 (ATF4), and
the ATF6 axis that mediates the transcription of ER stress-inducible genes.®! If the UPR is
insufficient to relieve ER stress, ER stress can further activate ER-associated proteasomal
degradation (ERAD) or autophagic degradation as another layer of adaptive response.51 62
Failure to adapt to ER stress can lead to acinar cell death and thus pancreatitis.® Thus,

UPR and autophagy can act as the homeostatic adaptive processes to balance the effect of
proteostasis in the exocrine pancreas. Activation of XBP1 via increased levels of XBP1s,

a key transcription factor, increases the expression of genes involving oxidative protein
folding, ERAD and lipid synthesis. Alcohol feeding increases ER stress and activation

of the PERK-elF2a. UPR branch as well as induction of ATF4 and C/EBP homologous
protein (CHOP), resulting in more severe pancreatitis in XbpZ*/~ mice, but does not induce
obvious pancreatitis in wild-type mice that only have mild ER stress.53 64 Nuclear protein 1
(NUPRY) is a stress response protein induced on cell injury in virtually all organs, including
the exocrine pancreas. Loss of NUPR1 in mice remarkably prevents ER stress inducer
tunicamycin-induced ER dilation in acinar cells from wild-type mice. Mechanistically,
NUPR1 interacts and promotes dephosphorylation of p-elF2a, and thus loss of NUPR1
promotes the recovery of normal protein synthesis by maintaining elF2a. phosphorylation.85

The ER is crucial for proper protein folding, stability and movement. These processes
involve both co-translational and post-translational modifications of nascent proteins in the
ER. One important post-translational modification is protein acetylation via ER-resident
acetyltransferases. This process requires the import of cytosolic acetyl-CoA into the ER
lumen through the ER acetyl-CoA transporter AT-1 (also known as SLC33A1). Loss of
AT-1 in mouse pancreas can lead to chronic ER stress, persistent activation of UPR,56
inflammation and fibrosis, which are similar to mild/moderate chronic pancreatitis-like
phenotypes. These findings suggest that disrupting ER-associated post-translational protein
modifications can increase the risk of ER stress and pancreatitis.

In addition to UPR and proteasome-mediated ERAD, selective autophagy for ER (ER-
phagy) is another primary quality control mechanism to maintain ER homeostasis. The
ER-phagy, specifically, helps degrade excess ER through autophagosomes that envelop ER
with the help of a group of ER-phagy receptors such as RTN3L (a long isoform of RTN3),
CCPG1, SEC62, ATL3 and TEX264 in mammalian cells.” Studies have shown that loss
of CCPG1, one of the ER-phagy receptors, leads to defective proteostasis, increased UPR
and infiltration of inflammatory cells in the mouse pancreas, although there is no obvious
generalised defect in pancreatic exocrine function.88 On the other hand, another study

has found that piperine, the active phenolic component of black pepper, protects against
L-arginine-induced acute pancreatitis in mice by enhancing ER-phagy. The protection is
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lost in either FAM134B and CCPG1 knockout mice,® which supports the crucial role of
ER-phagy in the pathogenesis of pancreatitis.

Notably, ER is also the primary storage site for intracellular Ca2*. In experimental
pancreatitis, supraphysiological doses of cerulein increase intracellular Ca2*, resulting in
mitochondrial damage, premature trypsinogen activation and NFxB activation.5® 70 Loss
of pancreatic VMPL1 leads to ER stress, which promotes alcohol-induced or spontaneous
pancreatitis (more discussions in the next sections). Taken together, it is clear that
maintaining ER homeostasis is critical to exocrine pancreas physiology. Disruption of ER
homeostasis may contribute to pancreatitis.

Mitochondrial damage

Mitochondria are intracellular organelles that act as ‘powerhouses’ in cells, generating
ATP for cellular functions and survival. They also play a crucial role in intracellular
signalling and metabolism, including calcium buffering, lipid and glucose metabolism,
redox homeostasis, and cell death.”? In various acute experimental pancreatitis cases, it

has been demonstrated that mitochondrial depolarisation is an early and common event.
This is concurrent with the activation of the mitochondrial permeability transition pore
(MPTP), which is associated with mitochondrial calcium overload. In rodent models of
L-arginine-induced acute pancreatitis, swollen mitochondria with loss of mitochondrial
cristae and increased mitochondrial fragmentation were observed in acinar cells. Cyclophilin
D, an essential component of MPTP, was found to play a critical role in regulating
mitochondrial ultrastructure and function during pancreatitis in mice. Genetic loss of
cyclophilin D or pharmacological inhibition of MPTP markedly protects from various
experimental pancreatitis by improving ER stress and autophagic flux.”2 73 This suggests
that mitochondria may crosstalk with other cellular organelles and autophagy to regulate
acinar cell functions and prevent acinar cell damage, although how MPTP would regulate
autophagy in acinar cells is not clear. Damaged mitochondria can be removed via selective
mitophagy, either through PARKIN-PINK1 dependent or independent mechanisms, to
maintain mitochondrial homeostasis.”* However, the role of mitophagy in the pathogenesis
of pancreatitis remains largely unknown.

Lysosomal dysfunction and impaired autophagy in pancreatitis

Pancreatitis is an inflammatory disease resulting from damage to the exocrine acinar cells.
Acinar cells have tremendous capacities for protein synthesis, trafficking and storage. Thus,
properly regulating these processes is critical to maintaining acinar cell functions. As
autophagy plays a vital role in the quality control of proteins and organelles for cellular
homeostasis, it is unsurprising that defective autophagy would be detrimental to acinar cells.
Indeed, the accumulation of large vacuoles has long been noted as a typical phenotype

in experimental and human pancreatitis (figure 3, arrow).#8 75 Research conducted by
Gukovskaya’s team®8 75 76 suggests that the large vacuoles found in acinar cells may be
dysfunctional autolysosomes caused by defective lysosome and autophagy functions in
various experimental pancreatitis induced by cerulein, L-arginine or choline-deficient or
ethionine-supplemented diet in rodents, as well as in isolated acinar cells hyperstimulated
with cholecystokinin-8 (CCK-8).7” Subsequent experimental evidence shows that these large
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vacuoles are often positive for LC3, an important marker of autophagosomes, and LAMP-1,
a marker for lysosomes/autolysosomes, 8 80 further supporting these large vacuoles are
most likely autolysosomes. An earlier study also reveals abnormal subcellular distribution
of the lysosomal enzymes cathepsin B and D among ZGs, lysosomes and mitochondria in
cerulein-induced pancreatitis in rats.”8

The cause of lysosome dysfunction is likely due to impaired processing of the lysosomal
proteases cathepsin L and cathepsin B into their fully active, mature forms in experimental
pancreatitis.”’ The mannose 6-phosphate (M6P) pathway plays a crucial role in delivering
newly synthesised hydrolases to lysosomes. GNPTAB encodes the catalytic a/p subunits of
N-acetylglucosamine-1-phosphotransferase, a key enzyme in the M6P-tag formation. Loss
of Grptabin mice leads to the accumulation of non-esterified cholesterol in late endosomes/
lysosomes and autophagic vacuoles, resulting in spontaneous pancreatitis.”® Increased
cellular free cholesterol impairs lysosome function and causes autolysosome accumulation
in hepatocytes.8% Although it has yet to be studied, it is likely that increased cholesterol may
also contribute to the dysfunction of endosomes/lysosomes, leading to impaired autophagic
flux in acinar cells. Notably, decreased pancreatic LAMP-1/2 expression also contributes

to lysosome dysfunction in experimental pancreatitis models.#” 48 81 The enlarged lysosome/
autolysosome compartments containing undegraded ZG and other partially degraded cellular
contents are likely due to impaired lysosomal functions or decreased lysosome numbers
resulting in insufficient autophagy.8? Indeed, TFEB directly regulates lysosomal biogenesis
and indirectly autophagy, which is impaired by cerulein or alcohol, causing pancreatitis.#” 48

As discussed above, VMPL1 is an ER-resident multispanning transmembrane protein, which
regulates autophagy by promoting the closure of autophagosomes.83 84 VVMP1 also regulates
soluble protein secretion in Drosophila cells, and lipoprotein secretion in zebrafish intestine
and liver, independent of its autophagy activity.3"-3° Recent studies suggest that VMP1

has phospholipid scramblase activity, which regulates the cellular distribution of cholesterol
and phosphatidylserine. This activity is also involved in the formation of lipid droplets

and is associated with SARS-CoV-2 and other coronavirus infections.85-87 Cerulein and
alcohol feeding decrease VMP1 expression at both mRNA and protein levels.88 Damaged
and excess ER can be removed via selective autophagy, termed as ER-phagy, which

helps maintain ER homeostasis and relieve ER stress. Consequently, impaired autophagy/
ER-phagy can lead to the accumulation of abnormal ER structures, ER dilation and ER
stress (figure 4). Nonetheless, it remains unclear whether VMP1 may act as an ER-phagy
receptor that regulates ER homeostasis in pancreatitis. It has been reported that fragile ZGs
are removed by VMP1-p62-mediated selective autophagy to avoid intracellular activation
of trypsinogen in cerulein-induced pancreatitis.8 Moreover, ZGs are colocalised with green
fluorescence protein (GFP)-LC3 positive autophagosomes, and purified ZG fractions are
enriched with LC3-11 in alcohol-induced or cerulein-induced pancreatitis.4’ 48 Therefore, it
is possible that one mechanism by which autophagy protects against the pathogenesis of
pancreatitis is by the removal of damaged and fragile ZGs.

The highly dynamic autophagy process involves the early biogenesis of autophagosomes
and later fusion of autophagosomes with lysosomes for degradation. This is facilitated
by membrane fusion, which is mainly mediated by the SNARE proteins.?% 92 Among
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them, the SNARE protein VAMP7 and its partner SNAREs (STX7, STX8 and Vtilb)

are necessary for the formation of autophagosomes.®! In contrast, STX17, VAMPS8 and
SNAP29 are crucial for the fusion of autophagosomes with lysosomes.92 93 STX2 is

a target membrane-SNARE syntaxin and is usually located on the apical membrane of
acinar cells. In experimental pancreatitis induced by the supraphysiological concentration
of CCK-8 or a low concentration of CCK-8 together with ethanol, STX2 is decreased by
cysteine protease-mediated cleavage, resulting in increased autophagosome formation by
enhancing Atgl6L/CHC (clathrin heavy chain) complex assembly. Deletion of STX2 in
mouse acini increases susceptibility to pancreatitis associated with increased autophagy.?
SNAP23 is reported as part of ZG exocytotic SNARE complexes regulating apical

and basolateral exocytosis. In cerulein and cerulein with ethanol-induced experimental
pancreatitis, SNAP23 is phosphorylated by inhibitor of nuclear factor kappa B kinase

B (IKKp) and translocates to autophagosomes to bind STX17 in mediating excessive
autolysosome formation. Pancreas-specific SNAP23 knockdown decreases autolysosome
formation and protects against pancreatitis.%> An interesting concept has been proposed
based on these findings that mild attenuation of autophagy and autolysosome formation
could be beneficial, while enhancing autolysosome formation, but hindering its maturation
could worsen pancreatitis. However, it should be noted that the assessment of autophagy
activity is mainly based on the levels of LC3-1l, which could increase due to either increased
autophagosome biogenesis or impaired autolysosome/lysosome functions. Moreover, a
recent study shows that cerulein also decreases STX17, which reduces the fusion of
autophagosomes with lysosomes, and knockdown of StxZ7exacerbates cerulein-induced
pancreatitis.% Furthermore, as discussed in detail below, genetic deletion of Atg5, Atg7
or Tfebin mouse pancreas leads to spontaneous pancreatitis. Therefore, it is still unclear
whether autophagy is helpful or harmful in the development of pancreatitis, although all
studies support the importance of autophagy in pancreatitis.”

Perhaps another direct connection between the autophagy-lysosomal pathway and
pancreatitis is from the genetic mouse models, which was further demonstrated by the
deletion of the essential Atg gene Atg5or Atg7, a lysosomal gene lysosomal-associated
membrane protein-2 (Lamp-2), as well as more recently the deletion of VimpZ in mice,

all of which led to spontaneous pancreatitis.81 88 98 Cre/LoxP has been widely used to
generate genetic mouse models to study the role of autophagy in pancreatitis in mice. The
Ptfla-Cre or Pax-Cre-driven recombination occurs during pancreas development, which
impacts both exocrine acinar cells and endocrine islet cells.?9 Ptfla-Cre, Afg5, and Pdx-Cre,
Alg7, conditional knockout mice deleted Afg5and Afg7in both endocrine and exocrine
cells, and these mice developed spontaneous pancreatitis.98 190 However, concerns are raised
on whether the pancreatitis phenotype in these knockout mice is also affected by impairing
endocrine pancreatic functions. Indeed, controversial observations were also reported that
deletion of Afg5 using an acinar cell-specific Ela Cre improves cerulein-induced acute
pancreatitis in mice.101 We have recently created mice with a specific gene modification
(acinar cell-specific Afg5 knockout or Tfeb knockout mice) by using a tamoxifen-inducible
Cre, known as BAC-Ela-CreErT. This modification results in the deletion of Afg5or Tfeb
only in acinar cells of adult mice. These modified mice only develop mild pancreatitis when
fed a regular chow diet. However, they display severe pancreatitis when fed a liquid ethanol
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diet or liquid control diet.#” In contrast, using the same BAC-Ela-CreErT Cre to delete
Vmp1 in mouse acinar cells leads to severe spontaneous pancreatitis in mice fed a chow
diet.88 This suggests that the loss of acinar cell Afg5or Tfebmay not be enough to trigger
spontaneous pancreatitis under normal conditions, but they become susceptible to stresses
that can induce pancreatitis. Alternatively, targeting different phases of autophagy, such

as early autophagosome formation (ATG5) versus late autophagosome closure (VMP1) or
lysosome hiogenesis (TFEB) and possible non-autophagic functions of these proteins, may
have a different impact on acinar cell functions. Although the Cre/LoxP system is useful,
caution must be taken as Cre transgenic mice can cause toxicity.102 Therefore, interpretation
of the mouse data should include Cre transgenic mice for comparison purposes.

The above-mentioned ATG-mediated autophagy generally requires the conjugation of

PE to the cytosolic LC3-1 to form LC3-11 on the double-membrane autophagosomes
(so-called canonical autophagy). In contrast, in the absence of ATG5 or ATG7, double-
membrane autophagosomes can still be formed for bulk degradation of intracellular
proteins that is dependent on ULK1, BECLIN1 and RAB9 via alternative/non-canonical
autophagy.193 Moreover, non-canonical autophagy can also occur without the formation
of double-membrane autophagosomes in which LC3-11 targets single-membrane vesicles
or compartments of the endolysosomal system, which is a crucial distinction between
canonical and non-canonical autophagy. Non-canonical autophagy shares some subsets of
common ATGs, such as core ubiquitin-like conjugation systems that support LC3 lipidation
to membranes, including ATG3, ATG4, ATG5, ATG7, ATG10, ATG12 and ATG16L1.
However, the upstream autophagy machinery, including ULK1/2, FIP200, ATG13, ATG9,
WIPI2 and ATG14L1, is not required for non-canonical autophagy.194 Recent findings
show that pancreatic levels of RAB9 decrease in rodent and human pancreatitis. Moreover,
overexpression of RAB9 switches canonical autophagy to non-canonical autophagy,
exacerbating experimental pancreatitis.19% During CCK-induced experimental pancreatitis,
increased LC3-positive single-membrane endocytic vacuoles reminiscent in its properties
to LC3-associated phagocytosis (LAP) were found to be associated with pancreatitis.106
However, it remains to be determined whether LAP plays a causal role in the pathogenesis
of pancreatitis.

Taken together, it appears that multiple steps of the autophagy process can be altered either
at the early autophagosome formation/closure or late stage of fusion of the autophagosome
with lysosome or lysosomal functions/numbers to promote the pathogenesis of pancreatitis.
Moreover, canonical and non-canonical autophagy may be involved in exocrine pancreas
homeostasis and pancreatitis.

Alcohol-associated pancreatitis

Alcohol-associated pancreatitis is a major, untreatable complication of alcohol abuse.
Pancreatitis arises through alcohol-induced damage to pancreatic acinar cells. These
cells metabolise alcohol through oxidative and non-oxidative pathways.’6 107 108 Alcohol
dehydrogenase catalyses the oxidative pathway of alcohol metabolism, leading to the
production of acetaldehyde and increased reactive oxygen species (ROS), which are
highly toxic. The isoform 2 of aldehyde dehydrogenase, found in mitochondria, further
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metabolises acetaldehyde to acetate. On the other hand, the non-oxidative pathway of
alcohol metabolism in acinar cells is mediated by fatty acid ethyl ester (FAEE) synthases,
which esterify alcohol to form FAEE. Both FAEE and products of oxidative metabolism,
acetaldehyde and ROS can destabilise and damage lysosome and ZG membranes. Although
no study has been conducted to examine the effects of alcohol metabolism on impaired
autophagy in acinar cells, we have previously demonstrated that alcohol metabolism plays
a crucial role in inducing autophagy in hepatocytes.109 Therefore, it may be worthwhile to
further investigate this topic in future research. Alcohol consumption can cause lysosome
dysfunction, leading to the premature intracellular activation of digestive enzymes and
subsequent acinar cell death and pancreatitis.”® 110-112 Timely removal of fragile and
deleterious ZGs and damaged lysosomes is crucial for protecting against alcohol-induced
pancreatic injury in both mice and humans. High alcohol consumption can increase the
number of damaged ZGs and directly injure lysosomes, leading to the accumulation of
large vacuoles in pancreatitis.89 113 Studies from cultured non-pancreatic cells indicate that
damaged lysosomes/endosomes can also be selectively sequestered by autophagy (a process
termed as lysophagy).114 115 Since lysosomes sit at the last step of autophagy by fusing
with autophagosomes, the accumulation of dysfunctional lysosomes will lead to impaired
autophagic degradation. Therefore, maintaining the quantity and quality of lysosomes
through lysosomal biogenesis is critical to maintaining sufficient autophagic degradation

to remove damaged lysosomes and fragile ZGs to protect against the pathogenesis of
pancreatitis. Typically, pancreatitis is prevented by controlling the homeostasis and quality
of ZGs and lysosomes through autophagy and lysosomal biogenesis. However, these normal
protective autophagy processes are impaired by alcohol at multiple steps.

Lysosomes are the final stage of autophagy, where they merge with autophagosomes.

If dysfunctional lysosomes accumulate, it can hinder proper autophagic degradation.

Hence, it is crucial to maintain the quality and quantity of lysosomes through lysosomal
biogenesis to ensure sufficient autophagic degradation. This helps in removing damaged
lysosomes and fragile ZGs and protects against alcohol-associated pancreatitis. TFEB is

a transcription factor that belongs to the CLEAR (coordinated lysosomal expression and
regulation) gene network,18 which is a crucial regulator of genes involved in lysosome
creation and autophagy.117 118 |t coordinates a transcriptional programme to activate genes
that are responsible for both the early (autophagosome formation) and late (lysosome
biogenesis) phases of autophagy in response to increased degradation needs. TFEB is
mainly regulated at the post-translational level through specific amino acid phosphorylation.
TFEB phosphorylation at Ser142 and Ser211 by mTOR and the mitogen-activated protein
kinase (MAPK) increases its binding with the cytosolic chaperone 14-3-3, resulting in
TFEB sequestration in the cytosol and reduced TFEB transcription activity.116 Conversely,
lysosomal Ca?* release activates the phosphatase calcineurin, which dephosphorylates TFEB
at Ser142 and Ser211 and promotes TFEB nuclear translocation.19

Our lab’s findings suggest that alcohol inhibits mTOR but increases the levels of
phosphorylated MAPK in the mouse pancreas, indicating that impaired TFEB is mediated
by MAPK activation but independent of mTOR.#” Alcohol feeding decreases both the
mRNA and protein levels of TFEB in the mouse pancreas, suggesting that alcohol may
regulate pancreatic TFEB at both transcriptional and post-translational levels. Acinar cell-
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specific TFEB knockout mice fed with a chow diet develop mild pancreatic oedema, but
severe pancreatic changes resembling chronic pancreatitis in alcohol-fed mice. Interestingly,
the Lieber-DeCarli control diet-fed acinar cell-specific TFEB knockout mice also developed
severe pancreatitis with no apparent difference compared with alcohol-diet fed TFEB
knockout mice.#” These results suggest that the administration of a liquid diet can trigger
pancreatic damage in the absence of acinar cell TFEB. How the liquid diet potentiates
pancreatic damage in the absence of TFEB is currently unknown. Increased mucosal
permeability and translocation of intestinal bacteria to the pancreas have been implicated

in the pathogenesis of pancreatitis,120 121 and it is likely that the Lieber-DeCarli diet

may alter the microbiota and prime the TFEB knockout mice to be more sensitive to
develop pancreatitis. Future studies are needed to test this hypothesis by profiling the

gut microbiome and administering antibiotics to these Lieber-DeCarli diet and alcohol-fed
TFEB knockout and their matched wild-type mice. In addition to impaired TFEB, alcohol
feeding increases pancreatic ATG4B, a critical cysteine protease, by inhibiting its proteolytic
degradation, resulting in increased LC3-11 deconjugation and impaired autophagy.122 More
recent findings from our lab show that alcohol also decreases VMP1 to impair the closure
of autophagosomes.88 Notably, decreased pancreatic VMP1, TFEB and LAMP-1/2 is also
found in human pancreatitis, 8 81 88 123 indicating the relevance of impaired autophagy in
pancreatitis in the clinical setting. More importantly, overexpression of TFEB or knockdown
of ATG4B increases autophagic activity and alleviates alcohol-induced pancreatitis.47 122
Taken together, targeting TFEB and ATG4B-mediated autophagy may be beneficial for
attenuating alcohol-associated pancreatitis.

SUMMARY AND FUTURE PERSPECTIVES

In summary, autophagy is a multistep process that plays a crucial role in regulating

the health of pancreatic acinar cells. It serves as a self-degradative and quality control
mechanism that helps remove damaged or fragile organelles such as ZGs, mitochondria,
ER and lysosomes. Disruption of autophagy at any stage, including autophagosome
formation, closure or fusion with lysosomes, as well as lysosomal functions and biogenesis,
can lead to pancreatitis. Selective autophagy is essential for maintaining healthy acinar
cells and protecting against pancreatitis. However, it is unclear whether a specific or
general autophagy receptor is required for selective zymophagy, ER-phagy, mitophagy and
lysophagy in acinar cells during pancreatitis (figure 5). Although cerulein has been widely
used as an experimental pancreatitis model, it may not completely mimic the pathogenesis
of human pancreatitis. Moreover, rodents are resistant to alcohol-induced pancreatitis,
which has limited the development of proper animal models and therapeutic strategies for
preventing and treating alcohol-associated pancreatitis. While recent progress has greatly
enriched our understanding of the role and mechanisms of autophagy in the pathogenesis of
pancreatitis, many important questions remain unanswered. Pancreatitis is an inflammatory
disease, and it is known that immune cells play critical roles in its development and
progression. An increased number of macrophages and neutrophils is well documented

in pancreatitis. Studies in mice have shown that myeloid-specific deletion of A#g5 leads

to more proinflammatory polarisation, resulting in increased secretion of inflammatory
cytokines.124 However, no study has investigated the direct impact of autophagy deficiency
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in immune cells in the development of pancreatitis. Changes in ER structure, ER stress and
damaged mitochondria are involved in the development of pancreatitis. However, it is still
unclear how these changes in ER structure and damaged mitochondria contribute to the
production of membrane sources for autophagosome biogenesis. Further research is needed
to understand this process thoroughly. Furthermore, future studies are needed to determine
the translational value of targeting autophagy for treating pancreatitis. It remains to be tested
whether a pharmacological boost of autophagy or lysosomal activities would be beneficial
for treating pancreatitis.
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Figurel.
A scheme for the autophagy machinery in mammalian cells. Nutrient deprivation inhibits

mTORC1 and activates AMPK, which then dephosphorylates or phosphorylates ULK1

at different sites, leading to the activation of the ULK complex and initiation of the

isolation membrane (phagophore) formation. The activated ULK complex recruits the
PIK3C3 complex | (PIK3C3-Cl) to the initiation sites of the autophagosome, producing

the signalling molecule phosphatidylinositol 3-phosphate to promote phagophore membrane
biogenesis. Concurrently, two ubiquitin-like conjugation systems, the ATG7-ATG3-ATG8/
microtubule-associated protein 1A/1B-light chain 3 (LC3) and ATG12-ATG5-ATG16L1
complexes, conjugate the cytosolic form LC3 (called LC3-1) to phosphatidylethanolamine
(PE), forming an autophagosome membrane-anchored LC3-11. By supplying membranes
from donor sources, ATG9-mediated cycling systems, which comprise the core proteins
ATG9, ATG2, VPS13D and WIPI1/2, facilitate the elongation of phagophore. A mature
autophagosome will be formed when the extending phagophore closes, mediated by the
ESCRT protein CHAMP2A and the ER transmembrane protein VMP1 and TMEM41B.
Autophagosomes eventually fuse with the lysosome mediated by STX17-VAMP7/8—
SNAP29 complex and the GTPase RAB7 and complex HOPS, resulting in the degradation
of cargos within autolysosomes. Autolysosomes then undergo ALR and lysosome
biogenesis mediated by TFEB. ALR, autophagic lysosome reformation; ER, endoplasmic
reticulum; ESCRT, endosomal sorting complexes required for transport; TFEB, transcription
factor EB.
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Figure 2.
Histology of endocrine and exocrine pancreas and ultrastructure of exocrine acinar cells.

(A) Representative H&E staining image of a mouse pancreas. The black arrow denotes the
acinar cells and the white arrow denotes the islet. (B) Representative image of electron
microscopy analysis of mouse pancreatic acinar cells. The white dotted line and the

arrow denote the apical membrane. The black dotted line and the arrow denote the basal
lateral membrane. ER, endoplasmic reticulum; M, mitochondria; N, nucleus; ZG, zymogen
granule.
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Cerulein

Figure 3.
Electron microscopy photographs of a large vacuole in acute pancreatitis tissues. (A)

Representative image of electron microscopy analysis of mouse acute pancreatitis tissues
induced by cerulein treatment (for details, see Wang S et a/*8). (B) An enlarged photograph
from the boxed area in (A) showing a large autophagic vacuole (black arrow). ER,
endoplasmic reticulum; M, mitochondria; N, nucleus; ZG, zymogen granule.
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Cerulein

Figure 4.
Electron microscopy photographs of abnormal ER structures in acute pancreatitis tissues.

(A) Representative image of electron microscopy analysis of mouse acute pancreatitis
tissues induced by cerulein treatment (for details, see Wang S et a/*). (B) An enlarged
photograph from the boxed area in (A) showing abnormal ER structures (black arrows) and
ER dilation (white arrows). ER, endoplasmic reticulum; N, nucleus; ZG, zymogen granule.
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Figure5.
A proposed model of impaired autophagy in experimental acute pancreatitis induced by

cerulein or alcohol. Cerulein or alcohol impairs autophagy at multiple steps to promote
pancreatitis. Cerulein or alcohol decreases pancreatic VMPL1 to impair the closure of
autophagosomes. Cerulein also decreases STX17 to impair the fusion of the autophagosome
with a lysosome. Cerulein or alcohol decreases pancreatic TFEB, resulting in impaired
lysosomal biogenesis and insufficient autophagy. Autophagy may selectively remove
damaged mitochondria (mitophagy), abnormal ER (ER-phagy), leaky ZGs (zymophagy) and
damaged lysosomes (lysophagy) to protect against acinar cell death and pancreatitis. ER,
endoplasmic reticulum; STX17, syntaxin 17; TFEB, transcription factor EB; VMP1, vacuole
membrane protein 1.
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