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Abstract

Recent findings from our group, obtained on experimental in vivo and ex vivo models of
pancreatitis, reveal that this disease causes a profound dysfunction of key cellular organelles,
lysosomes and mitochondria. We found that autophagy, the main cellular degradative, lysosome-
driven process, is activated but also impaired in acute pancreatitis because of its’ inefficient
progression/resolution (flux) resulting from defective function of lysosomes. One mechanism
underlying the lysosomal dysfunction in pancreatitis is abnormal processing (maturation) and
activation of cathepsins, major lysosomal hydrolases; another is a decrease in pancreatic levels of
key lysosomal membrane proteins LAMP-1 and LAMP-2. Our data indicate that lysosomal
dysfunction plays an important initiating role in pancreatitis pathobiology. The impaired
autophagy mediates vacuole accumulation in acinar cells; furthermore, the abnormal maturation
and activation of cathepsins leads to increase in intra-acinar trypsin, the hallmark of pancreatitis;
and LAMP-2 deficiency causes inflammation and acinar cell necrosis. Thus, the autophagic and
lysosomal dysfunctions mediate key pathologic responses of pancreatitis. On the other hand, we
showed that pancreatitis causes acinar cell mitochondria depolarization, mediated by the
permeability transition pore (PTP). Genetic (via deletion of cyclophilin D) inactivation of PTP
prevents mitochondrial depolarization and greatly ameliorates the pathologic responses of
pancreatitis. Further, our data suggest that mitochondrial damage, by stimulating autophagy,
increases the demand for efficient lysosomal degradation and therefore aggravates the pathologic
consequences of lysosomal dysfunction. Thus, the combined autophagic, lysosomal and
mitochondrial dysfunctions are key to the pathogenesis of pancreatitis.
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Introduction

Pancreatitis is an inflammatory disorder of the exocrine pancreas, with considerable
morbidity and mortality and without specific treatment. Its pathogenesis remains obscure.
Severe pancreatitis requires prolonged hospitalization and multiple interventions and thus
places a heavy burden on the US healthcare system; from recent data,? pancreatitis was the
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5t most common nonmalignant cause of death from digestive diseases in the US. The
disease is believed to initiate in acinar cells, the main cell type of the exocrine pancreas.l 3
Hallmark responses of pancreatitis include the premature, intra-acinar conversion of
digestive proteases from inactive zymogens into their active forms (e.g., trypsinogen to
trypsin); accumulation of large vacuoles in acinar cells; inflammation; and parenchymal cell
death through apoptosis and necrosis.1: 32

Alcohol abuse is a major etiologic factor for pancreatitis, accounting for 30-50% of cases of
acute pancreatitis and 60-90% of chronic pancreatitis. 8 The pathogenic mechanism of
alcoholic pancreatitis is poorly understood.® Of note, clinically relevant disease develops in
< 10% of heavy drinkers; also, ethanol feeding alone does not induce pancreatitis in animal
(rodent) models. Thus, it is believed that alcohol alone is not sufficient to cause pancreatitis
and that in addition to alcohol, other, yet unidentified, factors are important for the disease
expression.

There are a number of experimental models of (nonalcoholic) acute pancreatitis that
reproduce the responses of human disease — animal models, such as pancreatitis induced in
rats or mice by administration of cerulein (CCK-8 analog), bile acid (e.g., taurocholate) or
L-arginine, or by feeding mice a choline-deficient, ethionine supplemented (CDE) diet; and
the ex vivo model of isolated pancreatic acinar cells hyperstimulated with supramaximal
CCK-8 (CCK) or cerulein (CR).1: 37 As stated above, ethanol feeding by itself does not
induce pancreatitis in rodents; therefore, models of alcoholic pancreatitis combine ethanol
with another “hit”, for example, low dose of CCK or CR.% 812 |n both in vivo and ex vivo
models, ethanol sensitizes pancreas to CCK/CR-induced pancreatitis and thus decreases the
threshold for the initiation of pancreatic injury.8: 912

The focus of research during the last 15 years has been primarily on signaling pathways
involved in the pathologic responses of pancreatitis, leading to elucidation of the roles of a
number of molecules mediating the inflammatory (e.g., NF-«xB, cytokines/chemokines,
adhesion molecules, and novel protein kinase C isoforms) and cell death responses (e.g.,
caspases).l: 3 4. 13-15 By contrast, the role of intracellular organelles’ damage, such as the
lysosomes and the mitochondria, in pancreatitis — and in particular, in disease initiation —
has been under-appreciated and under-explored. This review summarizes our findings in
experimental models of pancreatitis®: 6 1625 indicating critical roles for lysosomal/
autophagic and mitochondrial dysfunctions in the pathogenesis of this disease.

Lysosomal dysfunction and impaired autophagy in pancreatitis

The lysosome is the principal “digestive” organelle of eukaryotic cells serving both to
eliminate obsolete components of the cell itself (autophagy) and to degrade material taken
up from outside (endocytosis and phagocytosis).28: 27 The lysosome contains many types of
hydrolytic enzymes (e.g., proteases, glycosidases, phospholipases) that usually exert their
maximal enzymatic activity at low pH. The acidic milieu of lysosome (pH ~5) is maintained
by a vacuolar ATPase (VATPase), which pumps protons from the cytosol into the lysosomal
lumen.2” Cathepsins represent a major class of lysosomal proteases.28: 29 They are
synthesized as inactive proforms that are activated through proteolytic processing
(maturation) during cathepsins’ transit along the endolysosomal pathway. LAMPS
(lysosome-associated membrane proteins) are integral membrane proteins that account for
approximately half of the protein content in the lysosomal membrane. LAMPSs maintain
lysosomal structural integrity and function; they are highly glycosylated and abundant
enough to form a carbohydrate “coat” on the inner surface of lysosomal membrane, thus
protecting the membrane (and the cytoplasm) from the action of lysosomal hydrolases.2

J Gastroenterol Hepatol. Author manuscript; available in PMC 2013 March 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gukovsky et al.

Page 3

LAMPs regulate the fusion of lysosomes with other organelles (e.g., endosomes), and are
important for progression of autophagy.26

Macroautophagy (hereafter referred to as autophagy) is a multistep, lysosome driven,
adaptive process whereby cells degrade cytoplasmic organelles and long-lived proteins.30: 31
At its initial stage (autophagy induction), an isolation membrane develops and wraps around
material to be sequestered, e.g., mitochondria, forming a unique double-membrane vacuole,
the autophagosome. Autophagy progression/resolution (flux) proceeds through fusion of
autophagosomes with lysosomes, generating autolysosomes, in which sequestered material
is degraded. Autophagy induction is controlled by a series of evolutionary conserved ATG
genes.39 Autophagy progression and resolution critically depends on lysosomal function,
i.e., the correct fusion of lysosomes with autophagosomes and efficient lysosomal
proteolytic activity. Physiologically activated autophagy requires both the induction of
autophagosome formation and efficient autophagic flux mediated by lysosomal
degradation.30

Lysosomal and autophagic dysfunctions in pancreatitis

Using several experimental models, we showed that (nonalcoholic) pancreatitis has 2 effects
on autophagy: autophagy is activated but its flux is impaired/retarded.> 19. 20, 23,25
Autophagy impairment in pancreatitis is caused by defective lysosomal degradation. Our
data indicate that impaired lysosomal function is a common event in models of pancreatitis,
a key manifestation of which is abnormal functioning of lysosomal hydrolases. In particular,
a dramatic decrease in enzymatic activities of cathepsins in the lysosome-enriched
pancreatic subcellular fraction (first shown by Steer and Saluja group 2 decades ago) is an
early event in models of pancreatitis. We found® 19 20. 25 that cathepsin processing is
impaired in experimental pancreatitis: there is a decrease in the fully mature (“double-
chain”) cathepsin forms and accumulation of their immature forms. Our results further
indicate that pancreatitis causes an imbalance between 2 major cathepsins, cathepsin B
(CatB) and CatL, so that the ratio of their activities (CatB/CatL) increases in pancreatitis.

Another important (and early) lysosomal defect is a dramatic decrease in pancreatic levels of
LAMP-1 and -2.23: 2532 \We found this decrease in 4 dissimilar in vivo models of
nonalcoholic pancreatitis induced in rats and mice by CR, L-arginine, and CDE diet, as well
as in the ex vivo model. Furthermore, pancreatic LAMP-2 dramatically decreases in
pancreatitis induced by ethanol feeding combined with low-dose CR.2> Marked decreases in
LAMP-1 and -2 have been reported for human pancreatitis.32 Our data indicate that LAMP
degradation in pancreatitis occurs in an acidic compartment and is mediated by cathepsins.
Indeed, the decrease in LAMP levels was largely prevented by a broad-spectrum cysteine
protease inhibitor E64d, the specific CatB inhibitor CA-074Me, and the inhibitor of
VATPase, bafilomycin A. Of note, hydrolases are normally present in the lysosome as large
multi-protein complexes which are spatially separated from LAMPs.2”: 33 One may
speculate that because of abnormal processing of cathepsins, their interactions and
localization within the lysosome are altered in pancreatitis, making LAMPs accessible to
proteolytic cleavage by cathepsins. In particular, our data indicate that pancreatitis primarily
affects LAMPs C-terminus, which might result from the action of cathepsins at a site close
to the transmembrane LAMP domain that becomes accessible to lysosomal hydrolases in
pathologic conditions.3*

Lysosomal dysfunction mediates autophagy impairment leading to pathologic responses
of pancreatitis

Cathepsins’ impairment and LAMPs decrease both play an important role in pancreatitis
(Figs. 1, 2). Our results® 19 20 indicate that defective cathepsin processing/activation leads
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to inefficient lysosomal degradation and retarded autophagic flux (Fig. 1). Autophagy
impairment in pancreatitis!® is manifest, first of all, by accumulation of large autolysosomes
containing partially degraded material (Fig. 2). In fact, accumulation of large vacuoles in
acinar cells is a long-noted feature of both human and experimental pancreatitis;3>-38
however, neither the identity of these vacuoles nor the mechanisms mediating their
formation have been established.

Among lysosomal hydrolases, cathepsins B and L are particularly relevant to pancreatitis
because both play a role in the pathologic, intra-acinar cell accumulation of active trypsin, a
hallmark of human and experimental pancreatitis.l: 3 Importantly, these cathepsins have
opposite roles in trypsin accumulation: whereas CatB converts trypsinogen to trypsin,3: 19. 39
CatL does not activate trypsinogen but, on the contrary, degrades both trypsin and
trypsinogen.19 40 As stated above, our datal® 20 indicate that lysosomal dysfunction in
pancreatitis results in an imbalance between CatB and CatL, such that CatL activity is
decreased relative to CatB and is not sufficient to degrade trypsin, resulting in its
accumulation in autophagic vacuoles (Fig. 2).

To determine the significance of LAMP decrease in pancreas damage, we assessed the
effects of LAMP-2 genetic ablation?! on exocrine pancreas. Accumulation in pancreatic
acinar cells of abnormally large autophagic vacuoles containing partially degraded material
was already prominent in LAMP-2 null mice at the age of 1 month, as seen with both light
and electron microscopy. This was associated with progressive increase in the inflammatory
cell infiltration, particularly macrophages, and in acinar necrosis. Thus, pancreatitis-like
injury spontaneously develops in LAMP-2 null mice. The mechanisms by which LAMP
deficiency causes impaired autophagy in pancreas remain to be determined. In other cells
and organs, LAMP deficiency was shown to impair the ability of lysosomes to fuse with
endosomes and autophagosomes.*!

Thus, our data indicate that lysosomal dysfunction is a critical initiating event of
pancreatitis. The 2 features of lysosomal dysfunction in pancreatitis are defective
processing/activation of cathepsins and the decreases in LAMP-1 and LAMP-2. These
defects lead to impaired autophagy, trypsinogen activation, inflammation, and acinar cell
vacuolation and death — the key pathologic responses of pancreatitis (Figs. 1, 2).

Mitochondrial dysfunction in pancreatitis

Mitochondria play a central role in regulating both cell life and death.#2: 43 These organelles
generate most of the cell’s energy in the form of ATP supply. On the other hand,
mitochondrial membrane permeabilization is a universal trigger of both apoptosis and
necrosis and is often considered “the point of no return” in the chain of events leading to cell
death. However, the molecular mechanisms mediating mitochondrial permeabilization are
not fully understood.*2 44 Key manifestations of mitochondrial permeabilization triggering
apoptotic and necrotic pathways are, respectively, the release of the mitochondria resident
protein cytochrome ¢ (as well as other apoptosis-inducing factors) into the cytosol and
mitochondrial depolarization. Once in the cytosol, cytochrome c stimulates activation of
specific cysteine proteases, the caspases, which mediate the downstream apoptotic events.
On the other hand, loss of the mitochondrial membrane potential, AYm, ultimately leads to
ATP depletion and necrosis. Thus, mitochondrial permeabilization is a central event in both
apoptotic and necrotic cell death.

Permeability transition pore

The permeability transition pore (PTP) is a key mediator of mitochondrial
permeabilization.42 44 PTP is a high conductance channel permeating both the outer and
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inner mitochondrial membranes, a multi-protein complex (Fig. 3A) a critical component of
which is cyclophilin D (CypD). A major regulator of PTP opening is its sensitivity to Ca2*,
which is affected by various factors, including pyridine nucleotides, lipid composition of
mitochondrial membrane, etc.** Transient PTP opening likely servesphysiologic purposes
by regulating mitochondrialCa2* level. In contrast, sustained, pathologic PTP opening,
caused primarily by Ca?* overload, results in mitochondria permeabilization to small (<1.5
kDa) solutes and the collapse of A¥m. As a result of PTP opening, water may penetrate the
matrix, causing rupture of the outer mitochondrial membrane. Mice with genetic ablation of
CypD?* provide a specific tool to inactivate PTP and test its physiologic and pathologic
roles.

Mitochondrial depolarization in pancreatitis

We and other groups showed that loss of pancreatic mitochondria membrane potential is an
early common event in models of nonalcoholic acute pancreatitis, including those induced
by CR, L-arginine or taurocholate administration, and by CDE diet.5: 14 16-18, 21, 46-48
Moreover, we showed?4 that incubation of acinar cells with 50-100 mM ethanol causes
mitochondrial depolarization, which is further potentiated by low-dose CCK. Mitochondrial
depolarization in both nonalcoholic and alcoholic pancreatitis is mediated through PTP
opening as it is largely prevented in CypD null mice (Mareninova OA et al, submitted).
Thus, PTP-mediated mitochondrial depolarization emerges as a key early pathologic event
of acute pancreatitis.

Interestingly, the data indicate that the mechanisms leading to PTP opening and A¥m loss
differ between models of pancreatitis (Fig. 3B). In particular, PTP opening in the CCK/CR-
and bile acid-induced models of pancreatitis is mediated by Ca?* increase.14: 1617, 21,47, 48
Experiments on isolated pancreatic mitochondria showed that Ca2* directly depolarizes the
mitochondria.5 16. 17. 21, 24 Moreover, it appears that the pancreatic mitochondria PTP is
highly sensitive to Ca2* — as compared, for example, to the “classical” liver

mitochondria.> 16. 17. 21 Differently, the PTP opening in L-arginine pancreatitis is caused by
arginine-induced impairment of ATP synthase.*® Further, our recent data4 show that
ethanol depolarizes pancreatic mitochondria by decreasing the mitochondrial NAD level
necessary to maintain PTP in the closed state.

Mitochondrial and lysosomal dysfunctions act in concert to promote impaired autophagy
leading to pancreatitis

As discussed above, we showed® 19: 20. 22,25 that (nonalcoholic) pancreatitis has 2 effects on
autophagy: it stimulates autophagy induction and at the same time impairs late stages of
autophagy, resulting in retarded, inefficient autophagic flux. The autophagic flux
impairment in pancreatitis is caused by lysosomal dysfunction (i.e., defective cathepsins and
LAMPs). The mechanisms regulating autophagy induction in pancreatitis are yet to be
determined. Our results indicate that the pathologic consequences of impaired autophagic
flux are most pronounced when the level of autophagy induction is high. Therefore,
inhibition of autophagy induction could be a promising approach to alleviate pancreatitis.
Indeed, inhibiting autophagy induction by genetic or pharmacologic means markedly
improved CR pancreatitis.1% 49 Of note, mitochondrial depolarization prominently activates
autophagy, in particular mitophagy (autophagic removal of mitochondria).? It is tempting to
speculate that mitochondrial depolarization in pancreatitis triggers autophagy induction.
Conversely, the impaired autophagy caused by lysosomal dysfunction in pancreatitis results
in accumulation of dysfunctional mitochondria that fail to synthesize ATP, and therefore
promotes both necrosis and further autophagy induction. Thus, the combined lysosomal and
mitochondrial dysfunctions create a “vicious cycle” resulting in persistent autophagy
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impairment and mitochondrial depolarization, mediating the pathobiology of pancreatitis
(Fig. 4).
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Lysosomal dysfunction in pancreatitis
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Figure 1.

Lysosomal dysfunction leads to autophagy impairment and other pathologic responses of

pancreatitis.
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Figure 2.

In pancreatitis, defective cathepsin processing/activation, resulting in impaired autophagy,
causes accumulation of large autophagic vacuoles and active trypsin in acinar cells. (A).
Electron micrograph showing abnormally large autophagic vacuoles in pancreas of a rat
with cerulein pancreatitis. Boxed area demonstrates various types of autophagic vacuoles
containing intact or partially degraded cargo (e.g., zymogen granules). (B). Schematic
illustrating the hypothesis that in pancreatitis, the pathologic, intra-acinar trypsin
accumulation results from an imbalance between the activities of CatB, which converts
trypsinogen to trypsin, and CatL, which degrades both trypsin and trypsinogen. The
stimulatory and inhibitory effects of pancreatitis on these cathepsins are shown by (+) and
(=) symbols, respectively.
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Figure 3.

Permeability transition pore (PTP) opening, leading to loss of the mitochondrial membrane
potential A¥m, is a common event in models of pancreatitis. (A). Schematic of PTP. OM,
the outer mitochondrial membrane; IM, the inner mitochondrial membrane; VDAC, voltage-
dependent anion channel; ANT, adenine nucleotide translocase: CypD, cyclophilin D. (B).
PTP opening in experimental pancreatitis is mediated by different mechanisms: through an
increase in cytosolic CaZ* in the cerulein and bile acid models (Ref. 21); a decrease in ATP-
synthase activity in arginine-induced pancreatitis (Ref. 46); and a decrease in NAD level in

alcoholic pancreatitis (Ref. 24).
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Figure 4.

Schematic illustrating the hypothesis that mitochondrial and lysosomal dysfunctions in
pancreatitis potentiate each other, promoting impaired autophagy.
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