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1. Introduction 
 

1.1 Pancreas 
 

The pancreas is a 6- to 10-inch organ located behind the stomach(1,2). The pancreas has three 

distinct parts: the head, the body, and the tail. The head is smaller in women and is located 

near the intestine. The tail points toward the stomach(2,3). The pancreas is divided into 

exocrine and endocrine sections. The endocrine section includes beta, alpha, and delta cells 

that regulate blood sugar (4). The exocrine pancreas comprises acinar cells and the pancreatic 

duct and is essential for producing digestive enzymes (5)(Fig.1). 

Digestive enzymes enter the duct through bicarbonate fluid and are released into the 

duodenum(6). In response to food intake, the liver secretes bile acids and transports them 

through the bile duct to the intestine, where they aid in lipid emulsification(7). The pancreas, 

liver, and gallbladder collaborate to break down food(8). Bile acids aid in digesting and 

absorbing fat, while bicarbonate fluid neutralizes stomach acid to create optimal conditions 

for pancreatic enzyme digestion(8). In response to food, cholecystokinin (CCK), a peptide 

hormone, is released from I-cells in the intestine and binds to the basolateral side of the acinar 

cell, stimulating the secretion of digestive enzymes (9,10). I-cells are specialized 

enteroendocrine cells primarily found in the duodenum and upper jejunum(11). They detect 

nutrients in the intestinal lumen and secrete CCK  (11). These flask-shaped cells have apical 

surfaces that face the lumen and basal regions that are packed with hormone-containing 

granules(11). 

As a serine protease, trypsin hydrolyzes the CCK inducer(12,13). CCK has a short half-life and 

functions similarly to the leptin hormone(14,15). This means that CCK causes satiety while 

slowing the emptying of the stomach into the intestine, allowing enough time for 

digestion(16). Additionally, CCK stimulates the release of gastrointestinal enzymes and bile 

acids(17).  
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The pancreas generates serine proteases in their precursor forms, which are called 

zymogens(18). The zymogen granules are catalytically inactive until they reach the duodenum 

and become active(18). Zymogens are found in the apical pole of acinar cells. They are 

released into the lumen and ultimately into the duct(18). In contrast to lipase and amylase, 

which are already active, enterokinase activates trypsinogen to trypsin at the brush border of 

the duodenum(18,19). Other serine proteases, such as chymotrypsin and carboxypeptidase, 

can be activated by trypsin(18).  

 

 

 

Figure 1. Pancreas anatomy. Structure and cellular organization of the pancreas. The figure 

shows the pancreas connected to the bile duct, gallbladder, and small intestine. The 

magnified view highlights acinar cells that produce digestive enzymes, ducts that transport 

these enzymes, and pancreatic islets containing hormone-secreting cells surrounded by 

capillaries(20).  
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1.2 Pancreatitis 

Pancreatitis is a disease that affects the exocrine function of the pancreas. It is characterized 

by the premature activation of digestive enzymes, which leads to the self-digestion of 

pancreatic tissue(18). This condition manifests through various symptoms, including 

abdominal pain, nausea, vomiting, rapid heart rate, fever, and high blood pressure(21–24). 

Diagnosis typically involves a combination of laboratory tests, ultrasounds, and X-rays(21).  

To date, various risk factors have been identified for pancreatitis, including alcohol 

consumption, gallstones, high triglyceride levels, elevated calcium levels, certain infections 

(such as hepatitis and mumps), the administration of steroid drugs, and genetic 

mutations(18,25,26). In general, alcohol consumption in men and gallstones in women are 

considered the most significant underlying causes of pancreatitis(27). Pancreatitis is 

categorized into three types: acute pancreatitis (AP), which manifests as sudden pancreatic 

inflammation; recurrent acute pancreatitis (RAP), marked by repeated episodes of 

inflammation; and chronic pancreatitis (CP), which leads to lasting pancreatic damage(28). 

Individuals with AP have a 20% chance of progressing to RAP, and those with RAP have a 35% 

chance of developing CP(28). Pancreatitis is associated with the risk of developing conditions 

such as Exocrine Pancreatic Insufficiency (EPI), pancreatic cancer, and diabetes(29–31).  

1.2.1 Acute Pancreatitis 

Acute pancreatitis is one of the most relevant causes of hospitalization for gastrointestinal 

diseases(18). The disease usually occurs in middle age, with an incidence rate of 34 per 

100,000 people in North America and 29 per 100,000 in Europe(32). According to the Atlanta 

classification, acute pancreatitis is categorized into three types: mild, moderately severe, and 

severe(33). While the mild form of acute pancreatitis is a self-limiting disease, the severe form 

of pancreatitis is associated with serious complications, such as persistent organ failure or 

infection of the pancreatic necrosis with commensal intestinal bacteria. The disease is 

generally triggered by the premature activation of trypsinogen within secretory cells, leading 

to heightened inflammation due to the systemic release of cytokines, increased intracellular 

calcium, endoplasmic reticulum stress, mitochondrial dysfunction, autophagy disruption, and 

edema(34–36). A diagnosis can be made using imaging and laboratory tests. These tests may 
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reveal elevated levels of serum amylase and lipase, as well as increased trypsinogen-2 in the 

urine (37)(Fig.2). 

 

Figure 2. Acute pancreatitis. The figure shows the anatomical relationship between the 

gallbladder, bile duct, pancreas, and duodenum. Gallstones originating in the gallbladder can 

migrate and become lodged at the common bile duct and pancreatic duct junction. This 

blockage impedes the flow of digestive fluids, leading to inflammation of the pancreas, a 

hallmark of acute pancreatitis(38). 

1.2.2 Signaling Pathways in Acinar Cells 

Acinar cells synthesize and secrete digestive enzymes in their inactive pro-forms, known as 

zymogens(39). Their secretion is primarily stimulated by three physiological ligands: 

cholecystokinin (CCK), acetylcholine, and gastrin(39). CCK, released from the duodenum, 

promotes the synthesis and exocytosis of digestive enzymes from pancreatic acinar cells and 

stimulates bile acid release from the gallbladder(40). During the cephalic phase of digestion, 

vagal nerve endings release acetylcholine in response to sensory cues such as the sight, smell, 

or thought of food (41). In the gastric phase, G cells of the stomach secrete gastrin when food 

enters the stomach lumen. All three ligands activate G-protein-coupled receptors (GPCRs) on 

acinar cells, initiating intracellular signaling cascades that converge on protein kinase A (PKA) 

and protein kinase C (PKC) activation (42–44).  
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The binding of CCK to its GPCRs, CCK-A (CCK1) and CCK-B (CCK2), activates protein kinase C 

(PKC) or protein kinase A (PKA)(42–44). Activation of PKC leads to activation of Inositol 

trisphosphate (IP3) and Diacylglycerol  (DAG) (42–44). IP3 binds to the calcium receptor on 

the endoplasmic reticulum (ER) surface, leading to the release of intracellular calcium(42–44).  

An oscillating Ca2+ signal triggers the fusion of zymogen granules at the apical pole of the cell, 

resulting in the secretion of digestive enzymes into the ductal system. In addition, PKA and 

PKC stimulate the production and maintenance of digestive enzymes(42–44).  The rise in 

intracellular calcium serves as a secondary signal following CCK stimulation, triggering the 

release of digestive enzymes(42–44). This increase in calcium levels within the apical region 

of acinar cells facilitates the fusion of zymogen granules(45)(Fig.3). Hyperstimulation of the 

CCK receptor leads to depletion of intracellular Ca²⁺ stores. To restore these stores, 

extracellular Ca²⁺ channels open, causing a further increase in cytosolic Ca²⁺ concentration. 

This pathological Ca²⁺ signaling results in a secretion blockade and premature intracellular 

activation of trypsinogen to trypsin. 

 

Figure 3. The signaling pathways of acinar cells. This schematic depicts the signaling 

pathways involved in pancreatic enzyme secretion. Stimulation by acetylcholine (ACh) and 

cholecystokinin (CCK) activates their respective receptors (M3 and CCK1-R), leading to 

intracellular signaling via the PKC and PKA pathways. This cascade promotes the release of 
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zymogen granules into the ductal lumen, assisted by the coordinated movement of ions (Na⁺, 

K⁺, and Cl⁻) across the plasma membrane (Created by Biorender).  

 

1.3 Role of Trypsin in Pancreatitis 

Trypsin is a serine protease composed of 223 amino acids, with a serine residue in its catalytic 

site. Trypsinogen can be activated by enterokinase or via autoactivation upon reaching the 

duodenum(18). The conversion of trypsinogen to trypsin results in the release of a 5-8 amino 

acid sequence known as trypsin activation peptide (TAP)(18). The detection of TAP in urine 

can be used as a diagnostic method for pancreatitis in clinical settings(46). Three isoforms of 

human trypsinogen have been identified: cationic trypsinogen (PRSS1, ~60%), anionic 

trypsinogen (PRSS2, ~30%), and mesotrypsin (2–10%). The premature intracellular activation 

of trypsinogen into trypsin is a hallmark of acute pancreatitis. This process is considered the 

initial step in the development of the disease. Under normal physiological conditions, 

trypsinogen is activated by enterokinase in the duodenum. Pancreatic acinar cells, however, 

do not express enterokinase; in the case of pancreatitis, the lysosomal hydrolase cathepsin B 

functions as trypsinogen-activating enzyme. The premature intracellular activation of 

trypsinogen leads to the activation of the entire digestive enzyme cascade within the cell, 

initiating self-digestion from within. 

Trypsin activity can be regulated by inhibitors, such as SPINK1 (serine peptidase inhibitor 

Kazal type 1) and serpins, as well as by trypsinogen-activating or -degrading proteases, such 

as CTRC (chymotrypsin C), cathepsin L, and cathepsin B(18,47,48). Genetic mutations in 

trypsin have also been reported, which can affect its degradation by inhibitors or its 

autoactivation mechanism(18). For instance, the p.N291 and p.A16V mutations enhance 

trypsinogen autoactivation, while the R122H mutation prevents the degradation of active 

trypsin by CTRC (18). Besides mutations in PRSS1, loss-of-function mutations in CTRC and 

mutations in SPINK1 are associated with chronic pancreatitis. Conversely, mutations in PRSS2 

are generally considered non-pathogenic and are more tolerated in cases of chronic 

pancreatitis(18). 
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1.3.1 Regulators of trypsin 
 

1.3.1.1 SPINK1 
 

Serine peptidase inhibitor Kazal type 1 (SPINK1), located on chromosome 5, encodes a 

structure of 59 amino acids. The amount of SPINK1 limits the further catalysis of 

trypsinogen(49). In the regulation of the trypsinogen mechanism, newly synthesized trypsin 

interacts with SPINK1, limiting the amount available for further trypsinogen catalysis(50). 

Meanwhile, SPINK1 stores are depleted, and autoactivation continues freely(50). SPINK1 

slows down the activation of enzymes in the bicarbonate liquid until it reaches the 

intestine(50). Finally, decreasing SPINK1 and disrupting this protective mechanism can 

increase the risk of immature trypsinogen activation(50). The liver secretes SPINK1 as one of 

the acute-phase proteins that can suppress trypsin activation(51). Therefore, Spink1 is crucial 

for protecting the exocrine pancreas against premature activation of trypsinogen(52). 

Furthermore, the association between the SPINK1 gene variants and chronic pancreatitis has 

been reported (18).  

1.3.1.2 Chymotrypsin-C (CTRC) 

Chymotrypsin-C (CTRC) is a regulatory enzyme that influences trypsin activation and is 

modulated by calcium levels(18). In the trypsinogen degradation pathway, active trypsin first 

converts chymotrypsinogen C into chymotrypsin C, which then cleaves trypsinogen at the 

Arg122–Val123 site, leading to its inactivation(53). The cleavage of PRSS1 within the Ca2+ 

binding loop by CTRC induces the autodegradation of trypsin(53). In the presence of Ca2+, 

trypsin activation is enhanced, whereas in the absence of Ca2+, CTRC degrades trypsin, 

thereby preventing its premature activation(53). Genetic mutations in CTRC can mostly lead 

to its degradation by trypsin or impair its activation by trypsin(18). 

1.4 Cathepsins 

Cathepsins are the predominant proteases found in lysosomes and are classified into three 

main groups based on their catalytic mechanisms(54,55). The first group, serine proteases, 

includes cathepsins A and G. The second group, aspartic proteases, includes cathepsins D and 
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E (54). The third group, cysteine proteases, consists of cathepsins B and L(54). Cathepsins are 

expressed in all cells, and their optimal activity can vary under different pH conditions(56). 

1.4.1.1 Cathepsin B 

Cathepsin B (CTSB) is a lysosomal cysteine protease (54) primarily responsible for degrading 

proteins delivered to the lysosome. Beyond its proteolytic function, CTSB also plays roles in 

adipogenesis, autophagy, and immune regulation (57,57,58).  Cathepsin B is encoded on 

chromosome 9 and undergoes maturation through autocatalysis when lysosomal 

compartments become acidic (59). Cathepsin B is synthesized as a pro-enzyme of 44 kDa in 

the ER and then forms the active form of ~27 kDa (60,61).  The enzyme exhibits optimal 

activity at an acidic pH range of 4.4-5.5 but can also function at neutral pH levels (62). During 

an acute case of pancreatitis, cathepsin B acts as a trypsinogen-activating protease, playing a 

decisive role in the onset of the disease. The activity of cathepsin B is regulated by various 

factors, including pH and specific inhibitors such as cystatin C and B (61,63).   

Cystatin C inhibits cathepsin B activity in both the zymogen and lysosome fractions, whereas 

cystatin B selectively targets cathepsin B activity in the cytosolic fraction(61,64). Acidic pH can 

activate cathepsin B, which can then convert trypsinogen to trypsin(45). Additionally, 

cathepsin B plays a significant role in apoptosis, contributing to the controlled process of 

programmed cell death (65). If Cathepsin B is located in the cytosol, it initiates apoptosis 

through several mechanisms, including the degradation of BCL-2(BCL2 apoptosis regulator), 

TFAM (transcription factor A, mitochondrial), and trypsin activation(65). Cathepsin B 

suppresses antiapoptotic signaling by degrading BCL-2(65). The degradation of TFAM (a 

mitochondrial transcription factor) disrupts cellular function by producing reactive oxygen 

species (ROS)(65). At the same time, the activation of trypsin leads to the activation of 

caspases(65). These actions collectively contribute to the initiation of programmed cell 

death(65). The absence of cathepsin B led to less apoptosis in acinar cells(45). Furthermore, 

high concentrations of cathepsin B in the cytosol induce a shift from apoptosis to necrosis(66). 
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1.4.1.2 Cathepsin L 

Cathepsin L is initially produced as a pro-enzyme(~35 KDa) and subsequently activated at 

acidic pH. (61,67). It exhibits optimal activity in acidic conditions; however, it loses its function 

in neutral or highly acidic environments(67). Cathepsin L has diverse biological functions, 

including promoting cell cycle progression, mediating protein degradation in the lysosome, 

and contributing to antigen presentation(68–70). Its activity can be inhibited by protease 

inhibitors, such as cystatin C(61). Unlike cathepsin B, cathepsin L ameliorates pancreatitis by 

degrading both trypsinogen and active trypsin(45). 

1.4.1.3 Serpins 

Serpins are the largest group of peptidase inhibitors that irreversibly inhibit their target(71). 

Serpins are involved in various functions, including controlling inflammation through IL-1α, 

regulating blood pressure, promoting immune cell growth, and facilitating hormone 

transfer(71,72). Serpins are generally located in the cytoplasm and can inhibit serine and 

cysteine proteases(71). To date, 1,500 distinct types of Serpins have been identified(73). For 

example, serpin B6 inhibits trypsin and chymotrypsin, while serpin I2 specifically inhibits 

chymotrypsin and elastase activity(74,75). Spi2A (serine protease inhibitor 2A), which also 

belongs to the family of Serpins, is under the control of the transcription factor NFκB and is 

upregulated during pancreatitis to prevent cytosolic protease activation(76). It is suggested 

that Serpins play a crucial role in controlling protease activity in the acinar cells and act as a 

protective mechanism. 

1.5 Regulators of Cathepsin 
 

1.5.1 Cystatins 

Cystatins, also known as stefins, are competitive, reversible inhibitors of cysteine proteases 

such as cathepsin B, H, and L(77,78). Cystatins have three groups: stefins (cystatin A and B), 

cystatins (C, F, E, M, S), and kininogens (78). Cystatin B is a 98-amino-acid protein that is 

usually located inside cells and does not contain disulfide or carbohydrate bonds(79). Its 

primary function is to protect the cytoplasm by inhibiting Cathepsin B activity. In contrast, 

cystatin C is a 120-amino acid protein that contains two disulfide bonds and is transferred by 
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a signal peptide(80). Unlike cystatin B, cystatin C resides in secretory granules and can inhibit 

both cathepsin B and L activity(61). 

1.5.1.1 Cystatin B 

Cystatin B is found in various cellular locations and serves multiple functions. In the nucleus, 

it protects the transcription factor Cut Like Homeobox 1 (CUX1) from cleavage by cathepsin 

L, thereby delaying cell cycle progression(81). CUX1 is essential for the transition from the G1 

to S phase of the cell cycle, so a deficiency in Cystatin B can lead to increased cell proliferation, 

particularly in hepatic cells(81). 

Cathepsin L plays a role in the proteolysis of histone H3. Without Cystatin B to inhibit it, 

Cathepsin L's activity leads to the premature degradation of histone H3. This disrupts the 

expression of nuclear genes associated with the mitochondrial respiratory chain during 

neurogenesis(82). This dysregulation is especially significant in Progressive Myoclonus 

Epilepsies (PMEs), a neurological disorder linked to Cystatin B deficiency (83). The deficiency 

leads to oxidative stress accumulation, changes in gene expression, and mitochondrial 

damage(83). The severity and occurrence of PMEs are influenced by the levels of Cystatin B 

expression(83). 

Cystatin B is essential against safeguarding mitochondria from oxidative stress(84). Upon 

stimulation with lipopolysaccharides (LPS), it translocates to the mitochondrial membrane, 

helping to maintain its structural integrity(64). Additionally, Cystatin B inhibits cathepsin B, 

preventing it from causing proteolytic degradation of mitochondrial proteins such as TFAM 

and inducing apoptosis, which can damage mitochondria(65). Cystatin B plays a crucial role in 

the cytoplasm by protecting against proteases(85). For instance, the lysosomal Cathepsin B 

and L leakage alters the mitochondrial proteome in macrophages(85). In pancreatitis, the 

release of lysosomal Cathepsin B into the cytoplasm triggers cell apoptosis(45). Thus, cystatin 

B's presence in the nucleus, mitochondria, and cytoplasm is significant in pancreatitis. 
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1.5.1.2 Cystatin C 
 

The CST3 gene produces cystatin C, a protein composed of 120 amino acids with a molecular 

weight of 13 kilodaltons (kDa). In the endoplasmic reticulum (ER), cystatin C forms a dimer, 

which prevents its interaction with cysteine proteases along the secretory pathway(86). 

However, cystatin C remains active and functions as an inhibitor of cysteine proteases in its 

monomeric form (86). It is present in both the zymogen and lysosomal fractions, where it 

binds to cathepsins B and L, thereby inhibiting their activity (61). In a previous study, we 

demonstrated that during pancreatitis, the acidic environment within cellular compartments 

promotes the dissociation of cystatin C from cathepsin B, leading to increased CTSB activity 

(45). Cystatin C can be cleaved by trypsin, which prevents it from inhibiting cathepsin B(61). 

Additionally, the dimeric form of cystatin C can bind to an allosteric site on cathepsin B, 

enhancing its activity and thereby contributing to the severity of pancreatitis(61)(Fig.4). 

 

Figure 4. The inhibitory effect of cystatin C on cathepsin B&L activity: A schematic overview 

illustrates how CST3 processing affects the regulation of cathepsin B (CTSB) and cathepsin L 

(CTSL) activities, as well as the intracellular activation of trypsinogen. Upon processing, CST3 

loses its inhibitory effect on CTSB but continues to suppress CTSL activity (61).  
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1.6 Mitochondria in pancreatitis 

Mitochondria are essential for sustaining cellular energy balance(36,87,88). In acinar cells, 

mitochondria are strategically positioned among the endoplasmic reticulum (ER) and the 

apical region to regulate intracellular calcium levels (36,87,88). Upon stimulation with CCK or 

ACh, calcium is released from the ER at the apical pole of the cell, creating a transient calcium 

peak (36,87,88). The mitochondrial belt prevents an overflow of the Ca2+ influx to the basal 

pole of the cell. This calcium release is essential for zymogen secretion into the acinar duct. 

CCK signaling activates inositol trisphosphate (IP3) and ryanodine receptors in the ER, further 

facilitating calcium release(36,87,88). 

Mitochondrial ATP production is enhanced in response to calcium signaling to meet the cell's 

energy requirements(36,87,88). Furthermore, mitochondria absorb excess cytosolic calcium, 

helping to stabilize calcium oscillations and prevent dysregulation(36,87,88). However, 

excessive stimulation of acinar cells depletes ER calcium stores, triggering the activation of 

Orai1/STIM1 channels and facilitating extracellular calcium influx(36,87,88). Therefore, 

mitochondria absorb excessive amounts of calcium, and the ATP production declines. 

Furthermore, cytochrome C is released, and cell fate shifts toward apoptosis or, in extreme 

cases, necrosis. Mitochondrial calcium overload triggers the opening of the mitochondrial 

permeability transition pore (mPTP), leading to depolarization (36,87,88). 

Under normal conditions, the proton concentration in the mitochondrial intermembrane 

space is higher than in the matrix. An increase in the mitochondrial matrix's negative charge 

enhances proton influx, boosting adenosine triphosphate (ATP) and reactive oxygen species 

(ROS) production, a phenomenon known as mitochondrial hyperpolarization(83,84). This 

eventually leads to mitochondrial depolarization and functional loss as the matrix potential 

dissipates. Since cystatin B regulates mitochondrial ROS and prevents protein aggregation in 

the cytoplasm, its deficiency may impair mitochondrial function, particularly in pancreatitis, 

which links cathepsin activity to mitochondrial damage(83,84)(Fig. 5). 
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Figure 5.Mitochondria in pancreatitis. cathepsin B-Mediated Mitochondrial Dysfunction and 

Calcium Dysregulation Trigger Apoptosis in Acinar Cells (Created by Biorender). 

 

1.7 Immune response 

Pancreatitis develops in two distinct phases. The first phase occurs during the early hours of 

the disease and is marked by the activation of intracellular proteases within pancreatic acinar 

cells(34). The second phase, which can escalate to severe systemic inflammation, is 

characterized by the infiltration of leukocytes into the site of injury(34).  Following the onset 

of pancreatitis, the rise in intracellular calcium levels in acinar cells triggers the activation of 

nuclear factor-kappa B (NF-κB), which drives the transcription of pro-inflammatory cytokines 

and chemokines(34). In addition, necrotic acinar cells release danger-associated molecular 

patterns (DAMPs), which activate tissue-resident macrophages(34). Macrophages and 

neutrophils, as the first responders of the innate immune system, rapidly migrate to the site 

of injury(34). Neutrophils release myeloperoxidase (MPO), which catalyzes the production of 

reactive oxygen species (ROS), leading to an oxidative burst that contributes to tissue 

damage(89,90). Along with neutrophils, macrophages play a key role by phagocytosing dead 

cells and debris(34). In the first phase, the increasing release of cytokines further amplifies 
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the inflammatory response, recruiting additional immune cells to the acinar tissue(34). Later, 

the adaptive immune response is activated, with CD4+ and CD8+ T cells migrating to the site 

of inflammation(34). These cells contribute to tissue repair by inducing the polarization of 

alternatively activated macrophages via IL-4/IL-13 signaling. Alternatively, activated 

macrophages release transforming growth factor-beta (TGF-β), which is involved in tissue 

regeneration and the development of fibrosis (34) (Fig.6). 

 

Figure 6. Pancreatic Injury and Immune Response in Acute Pancreatitis: This diagram 

outlines the temporal sequence of immune responses during pancreatitis, transitioning from 

necrosis to fibrosis. The initial phase involves local tissue damage and activation of resident 

immune cells, followed by recruitment of neutrophils and macrophages. As acinar cell death 

progresses, systemic inflammation emerges, marked by ROS and TNF-α production. Clearance 

of necrotic debris by macrophages facilitates tissue remodeling, with pancreatic stellate cells 

and T-cells contributing to regeneration and fibrotic repair(34). 

 

1.8 Inflammasome formation in pancreatitis 

Inflammation in pancreatitis is driven by the release of various danger signals, including ATP 

and damage-associated molecular patterns (DAMPs), which can activate inflammasome 

formation in macrophages(34,65). Cathepsin B plays a critical role in this process through 

multiple pathways(65). Upon release from lysosomes, cathepsin B contributes to the 
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generation of reactive oxygen species (ROS), especially in the absence of cystatin B, acting as 

a crucial second signal for inflammasome activation(84). 

Additionally, cathepsin B can activate the NF-κB pathway, which promotes the transcription 

of pro-inflammatory genes such as IL-1β and NLRP3(65). Beyond this, recent studies suggest 

that cathepsin B might interact with NLRP3 within the trans-Golgi network, further facilitating 

NLRP3 activation(65). This interaction underscores the complex intracellular signaling 

mechanisms that contribute to the inflammatory response in pancreatitis, highlighting 

potential therapeutic targets for managing the disease(65). 

 

1.8.1 Pyroptosis 
 

Pyroptosis is a type of inflammatory cell death that involves the formation and activation of 

the inflammasome(34,65). The process of inflammasome activation occurs in two stages: 

priming and activation. In the priming stage, an inflammatory factor, such as 

Lipopolysaccharide (LPS), damage-associated molecular patterns (DAMPs), or pathogen-

associated molecular patterns (PAMPs), binds to a Toll-like receptor (TLR) (34,65). This 

binding initiates intracellular signaling pathways, ultimately activating NF-κB. In the next step, 

NF-κB induces the transcription of inflammasome-related genes, including NLR family pyrin 

domain containing 3 (NLRP3) and apoptosis-associated speck-like protein containing a CARD 

(ASC) (34,65).  

A second signal, such as ROS production, ATP, or increased intracellular potassium levels, 

triggers the activation stage(34,65). This results in the formation and function of the 

inflammasome, which consists of three components: a sensor domain, ASC with a CARD 

domain, and caspases. When the sensor proteins detect inflammatory agents like DAMPs and 

PAMPs, they interact with the ASC-CARD domain, activating caspase-1. Activated caspase-1 

cleaves Gasdermin-D to produce N-Gasdermin, forming pores in the plasma 

membrane(34,65). Caspase-1 also processes pro-IL-1β and pro-IL-18 into their active forms, 

which are then released from the cell to recruit additional immune cells to the injury 

site(34,65). The influx of cytokines and water into the cell causes osmotic swelling and 
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eventual cell death(34,65). Phagocytes are then recruited to the site to clear away cellular 

debris, microbes, and dead cells, thus facilitating tissue repair(34,65). 

2 Aims 

Pancreatitis imposes a significant economic burden on societies. In the United States alone, 

approximately 41,946 individuals are hospitalized annually due to acute pancreatitis, with 

associated healthcare costs averaging US$13,187 per case. Understanding and addressing the 

key factors contributing to pancreatitis is crucial for improving its management and 

treatment. By identifying these factors, effective strategies can be developed to mitigate the 

disease's impact, ultimately reducing its economic costs and social burden on communities 

(24). 

Cathepsin B, a lysosomal protease, plays a crucial role in activating trypsin within secretory 

vesicles, contributing significantly to the pathophysiology of acute pancreatitis. Despite being 

in distinct compartments, various mechanisms have been proposed to explain how cathepsin 

B activates trypsin: 

1. Lysosome-Zymogen Fusion: One theory suggests that the fusion of lysosomes with 

zymogen granules facilitates the interaction between cathepsin B and trypsinogen, 

leading to trypsin activation(45). 

2. Defects in the M6P pathway: Disruptions in the mannose-6-phosphate (M6P) 

pathway, which is critical for proper lysosomal enzyme trafficking, can cause cathepsin 

B to be mislocalized. This misdirection may allow abnormal interactions with 

trypsinogen, resulting in its premature activation within pancreatic acinar cells(45). 

3. Direct Localization in Secretory Vesicles: Cathepsin B may also be directly present in 

secretory vesicles, where it becomes activated during pancreatitis, leading to trypsin 

activation(45). 

Cystatins tightly regulate the activity of cathepsin B. In lysosomes, cystatin C inhibits cathepsin 

B under normal conditions. During pancreatitis, lysosomal disruption and the acidic 

environment can impair cystatin function, for example, cystatin C dimerizes at low pH, 

reducing its inhibitory capacity, thereby allowing cathepsin B to remain active and contribute 
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to premature trypsinogen activation. As the disease progresses and cathepsin B leaks into the 

cytosol, cystatin B plays a protective role by suppressing its activity, thereby safeguarding the 

cytoplasm from cathepsin B's harmful effects. In this study, we investigated the role of 

cathepsin B in trypsin activation and the progression of acute pancreatitis without cystatin B. 
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2 Materials and methods 
2.1 Material 

 

2.1.1 Mouse strains 
 

Strain Supplier 

C57BL/6-J Janvier Labs 

129-Cstbtm1Rm/J 
(Cystatin B -/-) 

Jackson Laboratory 

 

2.1.2 Laboratory Equipment and Consumables 
 

Equipment Company 

1 ml syringes 
 

B. Braun (Melsungen, Germany) 
 

6-Well-Plate  Falcon (Amsterdam, Netherlands) 
 

12-Well-Plate  Greiner Bio-One (Frickenhausen, 
Germany) 

24-Well-Plate  Falcon (Amsterdam, Netherlands) 
 

96-Well-Plate U-Bottom  Greiner Bio-One (Frickenhausen, 
Germany) 

96-Well-Plate V-Bottom  Falcon (Amsterdam, Netherlands) 

Adventurer® balance Ara520  OHAUS Europe GmbH (Nanikon, 
Switzerland) 

Amersham Protran Premium 0.45 NC Cytiva (Marlborough, Massachusetts, 
USA) 

BD Plastipak fine dosing syringes  Becton Dickinson (Franklin Lakes, New 
Jersey, USA) 

BD Vacutainer® SST™ II Advance  Becton Dickinson (Franklin Lakes, New 
Jersey, USA) 

Cell counter Casy® 1 Model TT Roche Innovatis GmbH (Bielefeld, 
Germany) 

Cell culture incubator Binder (Tuttlingen, Germany) 

Centrifuge 5425 R  Eppendorf AG (Hamburg, Germany) 

Centrifuge 5702 R  Eppendorf AG (Hamburg, Germany) 

Centrifuge 5703 Eppendorf AG (Hamburg, Germany) 

Centrifuge 5810 R Eppendorf AG (Hamburg, Germany) 

Centrifuge tubes 15 ml SARSTEDT AG & Co. (Nümbrecht, 
Germany) 
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Centrifuge tubes 50 ml  Falcon (Amsterdam, Netherlands) 

Coverslips  R. Langerbrink (Emmendingen, 
Germany) 

Cryo-Mikrotom  Leica (Wetzlar, Germany) 

cryogenic vessel  Greiner Bio-One (Frickenhausen, 
Germany) 

Douncer homogenizer  DWK Life Science (Wertheim am Main, 
Germany) 

Erlenmeyer flasks with 14/23 ground joint, 10 
ml and 25 ml 

Lenz Laborglas (Wertheim, Germany) 

Fine scale MC1 Analytic AC 120 S  Sartorius AG (Göttingen, Germany) 

FluorChem SP  Alpha Innotech Cell Biosciences (San 
Leandro, California, USA) 

FluoStar Optima  BMG Labtech (Ortenberg, Germany) 

Fusion FX  Vilber Lourmat Germany GmbH 
(Eberhardzell, Germany) 

Gauze compresses  Fuhrmann (Much, Germany) 

Grant Bio™ PV-1  Grant Instruments™ (Cambridge, United 
Kingdom) 

Ice machine  Manitowoc Company Inc. (Manitowoc, 
Wisconsin, USA) 

Magnetic stirrer RFT  IKA (Staufen, Germany) 

Micro-hematocrit capillaries  BRAND (Wertheim, Germany) 

Microscope  Zeiss (Oberkochen, Germany) 

Microscope Olympus FLUOVIEW FV1000  Olympus (Hamburg, Germany) 

Microtome  Leica (Wetzlar, Germany) 

Millipore Water Treatment  Merck (Darmstadt, Germany) 

Mini-PROTEAN® Tetra Cell  Bio-Rad (Hercules, California, USA) 

MSC-Advantage™ Biological safety workbench
  

Thermo Fisher Scientific Inc. (Waltham, 
Massachusetts, USA) 

Multifunctional shaker PTR-60  Grant Instruments™ (Cambridge, United 
Kingdom) 

Multipette® stream  Eppendorf AG (Hamburg, Germany) 

Pannoramic Midi  3D Histech (Budapest, Hungary) 

peqSTAR Thermal Cycler  PeqLab (Erlangen, Germany) 

Petri dish  Merck (Darmstadt, Germany) 

ph-Meter HI2211 Basic  Hanna Instruments (Woonsocket, Rhode 
Island, USA) 

Pipette tips 10 µl  Carl Roth GmbH (Karlsruhe, Germany) 

Pipette tips 1000 µl  Eppendorf AG (Hamburg, Germany) 

Pipette tips 200 µl  Greiner Bio-One (Frickenhausen, 
Germany) 

Pipettes  Eppendorf AG (Hamburg, Germany) 

Serological pipettes (5 ml; 10 ml; 25 ml)  SARSTEDT AG & Co. (Nümbrecht, 
Germany) 

Shaking water bath GFL-1083  LAUDA-GFL mbH (Burgwedel, Germany) 
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Shaking water bath GFL-1092  LAUDA-GFL mbH (Burgwedel, Germany) 

slide  R. Langerbrink (Emmendingen, 
Germany) 

SpectraMax Plus384 microplate reader  Molecular Devices (Sunnyvale, 
California, USA) 

Surgical instruments  Carl Roth GmbH (Karlsruhe, Germany) 

Thermoblock  Eppendorf AG (Hamburg, Germany) 

Tissue-Tek® Cryomold® Cryo Embedding 
Cassettes 10 mm × 10 mm × 5 mm 

Sakura Finetek Europe B.V. (Alphen aan 
den Rijn, Netherlands) 

Trans-Blot™ SD Semi-Dry Transfer Cell  Bio-Rad (Hercules, California, USA) 

Tubes (0.5 ml; 1.5 ml; 2 ml)  Eppendorf AG (Hamburg, Germany) 

Universal 320 Centrifuge  Andreas Hettich GmbH & Co. KG 
(Tuttlingen, Germany) 

VWR® Ergonomic High Performance 
Multichannel pipette, 20–200 µl 

VWR (Radnor, Pennsylvania, USA) 

Whatman 3MM CHR cellulose Paper Cytiva (Marlborough, Massachusetts, 
USA) 

µ-Dish, 35 mm, high, ibiTreat  Ibidi GmbH (Grafelfing, Germany) 
 

 

 

2.1.3 Chemicals/Kits 
 

Chemicals/Kits Company 

Acetic acid CHEMSOLUTE™, TH. Geyer GmbH & CO. 
KG (Renningen, Germany)) 

Acrylamide 30 % Carl Roth GmbH (Karlsruhe, Germany) 

AMC-Arg-Arg Bachem Holding AG (Bubendorf, 
Switzerland) 

AMC-PHe-Arg Bachem Holding AG (Bubendorf, 
Switzerland) 

Ammonium persulfate (APS) Carl Roth GmbH (Karlsruhe, Germany) 

Amylase Kit Roche diagnostic Germany 

ApopTag® Plus In Situ Apoptosis Fluorescein 
Detection Kit 

Merck KGaA (Darmstadt, Germany) 

ß-Mercaptoethanol Merck KGaA (Darmstadt, Germany) 

Bovine Serum Albumin (BSA) PAN-Biotech GmbH (Aidenbach, 
Germany) 

Bradford Reagent Sigma-Aldrich (St. Louis, Missouri, USA) 

Bromphenol-Blau Merck KGaA (Darmstadt, Germany) 

Caerulein Bachem Holding AG (Bubendorf, 
Switzerland) 

Calcium chloride Sigma-Aldrich (St. Louis, Missouri, USA) 
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Carbonyl cyanide 3-chlorophenylhydrazone 
(CCCP) 

Thermo Fisher Scientific Inc. (Waltham, 
Massachusetts, USA) 

Cholecystokinin (CCK) Sigma-Aldrich (St. Louis, Missouri, USA) 

Collagenase Serva Electrophoresis GmbH (Heidelberg, 
Germany) 

Cryocompound Clear Immunologic a WellMed company 
(Arnhem, Netherlands) 

Dimethyl sulfoxide (DMSO) Carl Roth GmbH (Karlsruhe, Germany) 

Dipotassium phosphate ( K₂HPO₄) Merck KGaA (Darmstadt, Germany) 

Disodium hydrogen phosphate Merck KGaA (Darmstadt, Germany) 

Dithiothreitol (DTT) Carl Roth GmbH (Karlsruhe, Germany) 

DMEM, high glucose, GlutaMAX™ Supplement Gibco™, Thermo Fisher Scientific Inc. 
(Waltham, Massachusetts, USA)) 

Eosin MORPHISTO GmbH (OffenbACham Main, 
Germany) 

Ethanol CHEMSOLUTE™, TH. Geyer GmbH & CO. 
KG (Renningen, Germany) 

Ethylenediaminetetraacetic acid (EDTA) Carl Roth GmbH (Karlsruhe, Germany) 

Fetal Calf Serum (FCS) Gibco, Thermo Fisher Scientific 
(Waltham, Massachusetts, USA) 

Fluorescence Mounting Medium Agilent Dako (Santa Clara, California, 
USA) 

Formaldehyd 4,5 % (pH =7) UniPHarmacy (Greifswald, Germany) 

Glucose Fluka™ Analytical, Honeywell 
International 
Inc. (Charlotte, North Carolina, USA) 

Glycerin Carl Roth GmbH (Karlsruhe, Germany) 

Glycerol Thermo Fisher Scientific Inc. (Waltham, 
Massachusetts, USA) 

Glycine Carl Roth GmbH (Karlsruhe, Germany) 

Hematoxylin MORPHISTO GmbH (OffenbACham Main, 
Germany) 

HEPES Sigma-Aldrich (St. Louis, Missouri, USA) 

Hexacetryltrimethylammoniumbromid Sigma-Aldrich Chemie GmbH (Germany) 

Hydrogen peroxide Merck KGaA (Darmstadt, Germany) 

IL-1β Elisa kit R&D systems (Minneapolis,USA) 

Isopropanol CHEMSOLUTE™, TH. Geyer GmbH & CO. 
KG (Renningen, Germany) 

Ketamine   10% Selectavect(Dr.Otto fischer GmbH) 

Lipase Kit Roche diagnostic Germany 

LPS(Lipopolysaccharides) Sigma-Aldrich (Merck KGaA, Darmstadt, 
Germany) 

Magnesium chloride Sigma-Aldrich (St. Louis, Missouri, USA) 

Magnesium sulfate Sigma-Aldrich (St. Louis, Missouri, USA) 

M-CSF (Macrophage colony stimulating factor) BioLegend (San Diego, California, USA) 

Methanol J.T. Baker (Deventer, Netherlands) 
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3-(N-Morpholino) propanesulfonic acid 
(MOPS) 

Carl Roth GmbH (Karlsruhe, Germany) 

Myeloperoxidase Cellbiochem 

o-Dianisidine Sigma-Aldrich(USA) 

PageRuler™ Prestained Protein Ladder Thermo Fisher Scientific Inc. (Waltham, 
Massachusetts, USA) 

Penicillin-Streptomycin (10.000 U/ml) Gibco™, Thermo Fisher Scientific Inc. 
(Waltham, Massachusetts, USA) 

Ponceau S Merck KGaA (Darmstadt, Germany) 

Potassium chloride Merck KGaA (Darmstadt, Germany) 

Potassium dihydrogen phosphate(KH2PO4) Merck KGaA (Frankfurt,Germany) 

Propidium iodide Sigma-Aldrich (St. Louis, Missouri, USA) 

Proteinase K Thermo Fisher Scientific Inc. (Waltham, 
Massachusetts, USA) 

Rhodamine 110, bis-(N-CBZ-L-arginine amide), 
dihydrochloride 

Biotium( Fremont, California, USA) 

Roswell Park Memorial Institute medium( 
RPMI 1640 Medium) 

Gibco™, Thermo Fisher Scientific Inc. 
(Waltham, Massachusetts, USA) 

Sodium acetate Merck (Darmstadt, Germany) 

Sodium chloride Bachem Holding AG (Bubendorf, 
Switzerland) 

Sodium dodecyl sulfate (SDS) Thermo Fisher Scientific Inc. (Waltham, 
Massachusetts, USA) 

Sodium fumarate Thermo Fisher   Inc. (Waltham, 
Massachusetts, USA) 

Sodium glutamate Sigma-Aldrich (St. Louis, Missouri, USA) 

Sodium pyruvate Invitrogen (Karlsruhe, Germany) 

10 × Target Retrieval Solution Agilent Dako (Santa Clara, California, 
USA) 

Tramal® 100 mg/ml Grunenthal GmbH (Aachen, Germany) 

Tris Carl Roth GmbH (Karlsruhe, Germany) 

Triton X-100 Ferak Berlin GmbH (Berlin, Germany) 

VectaMount™ Permanent Mounting Medium Vector Laboratories (Newark, California, 
USA) 

Xylase Selectavet Dr. Otto Fischer GmbH 
(Weyarn, Germany) 

Xylol Carl Roth GmbH (Karlsruhe, Germany) 
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2.1.4 Buffers and solutions 
 

Buffers/Solutions Composition Amount 

 
Acinar cell medium 

DMEM 
HEPES (100mM) 
BSA (5 %) 
HCL (1M) 

90 ml 
10 ml 
23 ml 

1 – 1.5 ml 

 
 
 
 
 
 
 
Acinar cell 
measurement 
buffer 

HEPES (pH 7.5) 
Sodium chloride 
Potassium chloride 
Magnesium chloride 
Sodium dihydrogen 
phosphate 
Calciumchlorid 
Glucose 
Na-Pyruvat 
Na-Glutamat 
Na-Fumarat 
DMEM 
BSA 
Ethanol 

24.5 mM 
96 mM 
6 mM 
1 mM 

2.5 mM 

0.5 mM 
11.5 mM 

5 mM 
5 mM 

5 mM 
1 % 
1 % 
1 % 

Bone marrow 
derived 
macrophages 
buffer 

RPMI 
FCS 
M-CSF (20 ng/ml) 
Penicillin-
streptomycin(1%) 

500 ml 
50 ml 
50 µl 
5ml 

Immunofluorescenc
e blocking buffer 

FCS 
Triton X-100 in PBS 

20 % 
0.01 % 

CTSB/CTSL 
measurement 
buffer pH = 5.5 (for 
CTSB) or pH = 4 (for 
CTSL) 

Sodium acetate 
Calcium chloride 
in H2O 

100 mM1 

5 mM1 

Homogenization 
buffer for 
pancreas(pH = 6.5) 

Sucrose 
MOPS 
Magnesium sulfate in H2O 

240 mM 
5 mM 
1 mM 

 
 
Laemmli Puffer 2 × 

TRIS-HCL pH 6.8 
SDS 
Glycerin 
Bromphenol-Blau 
ß-mercaptoethanol in H2O 

125 mM 

4 % 
30 % 

0.01 % 
10 % 

Run buffer for SDS-
PAGE 

TRIS 
Glycine 
SDS in H2O 

25 mM 
192 mM 
0.01 % 
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NET-Gelatin 
Blocking Buffer for 
western blot 

NaCl 
EDTA 
TRIS-HCl 
Triton X-100 in H2O 

150 mM 
5 mM 

50 mM 
0.05 % 

 
Phosphate buffered 
saline (PBS) 10 ×   
pH = 7.4 

Sodium chloride 
Potassium chloride 
Dipotassium hydrogen 
phosphate 
Disodium hydrogen 
phosphate in H2O 

1.4 mM 
27 mM 
15 mM 
80 mM 

 
 
Ponceau S staining 
solution 

Ponceau S 
acetic acid in H2O 
Stripping Puffer Western 
Blot 
Tris (1 M, pH 6.5) 
SDS (10%) 
ß-Mercaptoethanol in H2O 

1.3 mM 
0.874 mM 

12.5 % 
20 % 
0.8 % 

 
Tris-Acetate-EDTA 
Puffer (TAE) 10 × 

Tris 
EDTA 
Acetic acid 
in H2O 

0.4 M 
10 mM 
0.2 M 

 
 
 
Tetramethylrhoda
mine methyl ester 
buffer (TMRM 
buffer) 

Sodium chloride 
Potassium chloride 
Magnesium chloride 
Calcium chloride 
Glucose 
HEPES (pH 7.2) 
Sodium Pyruvate 
Glutamin in H2O 

140 mM 
4.7 mM 

1.13 mM 
1 mM 

10 mM 
10 mM 
10 mM 
1 mM 

 
Towbin Transfer 
buffer Western Blot 

Tris 
Glycine 
SDS (10 %) 
Methanol in H2O (1 l) pH 
8.3 

3.02 g 
14.4 g 
10 % 
20 % 

Trypsin/Chymotryp
sin 
Measurement 
buffer 

Tris 
Calcium chloride in H2O 
pH= 8 

100 mM 

5 mM  

 
Cell culture 
medium 

DMEM 
Fetal calf serum (FCS) 
Penicillin/Streptomycin 

450 ml 
50 ml 
5 ml 

MPO extraction 
buffer 

50 mM KH2PO4 
0.5% 
hexacetryltrimethylammo
nium bromide 
pH 6.0 (adjusted with 
KOH) 

50mM KH2PO4 
0.5%Hexacetryltrimethylammoniumbr

omide 
pH 6.0 (adjusted with KOH) 
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Primary antibodies 

4′,6-Diamidine-2′-
phenylindoles 

Sigma (Taufkirchen, Germany) 

dihydrochloride (DAPI)  

Anti-Cathepsin B 
(MAB965) 

CalBiochem(Merck KGaA,USA) 

Anti-CD68 Santa Cruz (Dallas, Texas, USA) 

Anti- CCR2 Abcam (Cambridge, United Kingdom) 

Anti-Cathepsin L + V 
antibody 

Abcam (Cambridge, United Kingdom) 

Anti-Cystatin B Santa Cruz (Dallas, Texas, USA) 

Anti-GAPDH Meridian Bioscience(Ohio,USA) 

Anti-LIMPII (NB400-129) Rabbit Novus Biologicals (Centennial, 
Colorado, 

USA) 

 Anti-Syncollin (ab178415) Rabbit Abcam (Cambridge, United 
Kingdom) 

 Anti-TFAM polyclonal Rabbit Invitrogen(Waltham, 
Massachusetts, USA.) 

 
 
 
 
 
 
 
Secondary 
antibodies 

Anti-Mouse IgG-Cy3-
Conjugated 

Jackson Immun Research (West 
Grove, Pennsylvania, USA) 

Anti-Rabbit IgG-Cy5-
Conjugated 

Jackson Immun Research (West 
Grove, Pennsylvania, USA) 

Anti-Goat IgG-HRP (sc-
2020) 

Santa Cruz (Dallas, Texas, USA) 

Anti-Mouse IgG-HRP 
(NA931) 

Amersham plc (Amersham, United 
Kingdom) 

Anti-Rabbit IgG-HRP 
(NA934V) 

Amersham plc (Amersham, United 
Kingdom) 

Anti-Rat IgG-HRP (HAF005) R&D systems (Minneapolis, 
Minnesota, USA) 

 

2.1.5 Software 
 

Software Company 

CaseViewer 2.4 Sysmex GmbH (Norderstedt, Germany) 

Fusion Capt Advance Vilber Lourmat Germany GmbH 
(Eberhardzell, Germany) 

GraphPad Prism 8.01 GraphPad Software, Inc. (La Jolla, California, USA) 

Microsoft Excel 2016 Microsoft Corporation (Redmond, Washington, USA) 

Microsoft PowerPoint 2016 Microsoft Corporation (Redmond, Washington, USA) 

Microsoft Word 2016 Microsoft Corporation (Redmond, Washington, USA) 

R studio Posit, PBC (Boston, MA, USA) 

SigmaPlot 15.0 Systat Software Inc. (San Jose, California, USA) 

SlideViewer 2.5 Sysmex GmbH (Norderstedt, Germany) 

Soft MaxPro 6.3 Molecular Devices (Sunnyvale, California, USA) 
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Zotero Inkscape Project (Boston,USA) 
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2.2 Methods 

2.2.1 Animals 
 

All mouse experiments were conducted in accordance with the State Office for Agriculture, 

Food Safety, and Fisheries (LALLF) guidelines in Mecklenburg-Western Pomerania, under 

reference number 7221.3-1-002/23.  

The mice were purchased from Jackson Laboratory. To disrupt the Cstb gene, a 12.3-kb PGK-

neo expression cassette was inserted into the EagI site in exon 1 of a Cstb targeting vector. 

This construct was then electroporated into (129X1/SvJ x 129S1/Sv) F1-derived R1 embryonic 

stem (ES) cells. Correctly targeted ES cells were then injected into blastocysts. The resulting 

chimeric animals were bred and crossed with 129/Sv mice(91). 

To ensure comparability, all experimental animals were between 8 and 12 weeks old. The 

C57BL6/J mice, which were used as the wild-type group, and the J/CSTB knock-out mice, 

which were used as the case group, were purchased from JAX (stock #003486).  The 

experiments were conducted in the animal facility at the University of Greifswald's Medical 

School according to German law. 

2.2.2 Pancreatitis model 
 

The caerulein-induced model was used to study acute pancreatitis. Pancreatitis was triggered 

by administering hourly intraperitoneal (i.p.) injections of caerulein (50 µg/kg body weight) 

following overnight fasting. Mice were sacrificed at designated time points—0h, 1 h, 4h, 8h, 

and 24h—after receiving an analgesic injection of ketamine (Fig.7). Caerulein, a 

cholecystokinin (CCK) analogue, stimulates the production and release of digestive enzymes. 

Excessive stimulation by caerulein leads to protease activation within the pancreas, ultimately 

inducing pancreatitis. 
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Figure 7. Pancreatitis model of acute pancreatitis. The figure illustrates a protocol in which 

cerulein was administered to mice at regular hourly intervals. Mice were then sacrificed at 

specific, predetermined time points for downstream analysis. 

2.2.3 Preparation of Organs 
 

At each designated time point, blood samples were obtained via retro-orbital bleeding. The 

collected blood was centrifuged at 5000 × g for 5 minutes in serum tubes and subsequently 

stored at -20°C. Mice were euthanized using cervical dislocation, followed by the dissection 

of organs, including the pancreas and lungs. Tissue samples were preserved in paraffin 

cassettes with 4% paraformaldehyde, while a portion was snap-frozen in cryomolds. 

Additionally, cryotubes containing pancreatic tissue for homogenization were stored in liquid 

nitrogen for further analysis. 

 

2.2.4 Subcellular fractionation 
 

After inducing pancreatitis in mice using cerulein, the animals were sacrificed at specific time 

points (0h, 1h, and 8h after the first injection of caerulein). The fresh pancreas was collected 

and placed in a homogenization buffer on ice (Table 1). A Douncer homogenizer was used to 

prepare the pancreas homogenate, employing pestles A and B for effective homogenization. 

The homogenate was transferred to 1.5 mL tubes and centrifuged for 10 minutes at 150 × g 

to remove the post-nuclear fraction, yielding a supernatant containing the zymogen fraction. 

This supernatant was centrifuged for 15 minutes at 500 × g to isolate the zymogen fraction 

further. Following this, the resulting supernatant was transferred to an additional tube and 

centrifuged at 12200 × g for 12 minutes to separate the lysosome-containing compartment 

from the cytoplasmic components. To each fraction (zymogen and lysosome), 400 µL of PBS 
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was added. The zymogen and lysosome fractions were then sonicated for two cycles of 10 

seconds each. Samples were collected as follows: 100 µL for western blot analysis, 20 µL for 

protein concentration measurement, and 20 µL for enzyme activity assays. All samples were 

stored at -80°C until further analysis. The quality of the fractions was confirmed via western 

blotting, using Syncollin as a marker for the zymogen fraction, LIMPll for the lysosome 

fraction, and GAPDH for the cytoplasmic fraction. For proteome analysis, the fractions were 

heated in 4% SDS and then snap-frozen in liquid nitrogen at -80°C to preserve the samples 

before further processing using the LC-MS/MS method. 

 

Table 1 . Homogenization buffer components  

Homogenization buffer(pH=6.5) 

240 mM Sucrose 

5 mM 3-(N-morpholino)propanesulfonic acid(MOPS) 

1 mM Magnesium sulfate 

 

 

2.2.5 Pancreas homogenization 
 

To evaluate enzyme activity, pancreatic tissue is homogenized in PBS. Specifically, 1 part of 

the pancreas is homogenized in 500 µL PBS using a douncer until fully homogenized. The 

homogenate is then transferred to a 1.5 mL tube and subjected to sonication for one cycle of 

10 minutes. Following sonication, the sample is centrifuged at max speed for 10 minutes at 4 

°C. After centrifugation, 20 µL of the supernatant is collected and diluted 1:20 with PBS for 

analysis, while the remaining supernatant and diluents are stored at -80°C for future use. All 

steps should be performed on ice to preserve enzyme activity. 

2.2.6 Amylase and Lipase measurements 
 

Serum amylase and lipase levels were measured using Roche diagnostic kits, following the 

manufacturer's instructions. Serum samples were diluted 1:20 with PBS, and 10 µl of each 

sample plus 90 µl of substrate were measured in triplicate.  The enzyme activities were 

measured in a photometric assay over 30 minutes at 37°C. The amylase was detected at 405 
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nm and lipase at 570 nm by a photometer. The linear increase in the activity was used for the 

measurement. 

2.2.7 Protein measurement by the Bradford method 
 

Protein concentration was measured by the Bradford method. In this method, the binding of 

Coomassie brilliant blue dye with proteins shifts the absorption from 470 to 590 nm. These 

changes of wavelength can be measured by the photometer. The protein samples were 

diluted 1:50 with distilled water. Bovine serum albumin (BSA) at a concentration of 0.1 mg/ml 

was serially diluted to create a standard curve for protein quantification (Table 2). Ten 

microliters of each standard and sample were added in triplicate to a 96-well plate. To each 

well, 190 µl of Bradford reagent, diluted 1:5 with distilled water, was added. SpectraMax 

Plus384 microplate reader and the Soft MaxPro 6.3 software from Molecular Devices were 

used for measurement. The protein concentrations of the samples were calculated based on 

the standard curve generated from the BSA standards. 

Table 2. Standards for Bradford method 

Amount of standard 
(0.1mg/ml) BSA 

5 10 25 37.5 50 75 100 
 

 

2.2.8 Kinetic enzyme measurement 
 

Fluorogenic substrates were used to measure the enzyme activity of the pancreatic 

homogenate. 10 µl of each sample, plus 90 µl of the buffer and 10 µl of substrate, was 

measured kinetically over 1h in Fluo-Optima with BMG Lab-tech software. Each enzyme 

activity was measured at its optimum pH condition and with a specific substrate. Cathepsin B 

activity at neutral pH was evaluated using 10 ml PBS +100 μl DTT. The activity was determined 

based on the linear increase (Table 3). 
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Table 3. Florigenic Substrates 

Enzyme Substrate pH of buffer λex-λem(nm) 

Cathepsin B AMC-Arg2 5.5 340 - 460 
 

Cathepsin B AMC-Arg2 7 340 - 460 
 

Cathepsin L AMC-Phe-Arg 4 340 - 460 
 

Chymotrypsin Suc-Ala-Pro-Phe-AMC 8 340 - 460 
 

Trypsin R110-Ile-Pro-Arg 8 485 - 520 

 

 

2.2.9 Myeloperoxidase (MPO) measurement in the lung 
 

Myeloperoxidase (MPO) is a peroxidase enzyme located in the granules of neutrophils. It is a 

key marker of neutrophil presence and activity, and its elevated levels indicate systemic 

inflammation. Lung tissues were homogenized in 500 µL of homogenization buffer, and 100 

µL of the homogenate was reserved for protein concentration determination. The samples 

were sonicated at maximum power for two 10-second cycles. The samples were then 

centrifuged at 18,398 × g for 10 minutes at 4°C. The supernatant was diluted 1:200 for protein 

analysis and stored at -20°C. The supernatant from the MPO tubes was carefully removed, 

and the pellet was resuspended in 500 µL of extraction buffer. These MPO samples were 

stored at -80°C or in liquid nitrogen until further use. Before analysis, the MPO samples were 

thawed on a 37°C thermoblock and homogenized on ice using pipette tips, and this process 

was repeated four times to ensure complete extraction. The samples were then sonicated 

again and centrifuged at 18,398 × g for 10 minutes at 4°C. Finally, 40 µL of the supernatant 

was diluted with 160 µL of measurement buffer for MPO quantification. For MPO 

measurement, the supernatant was prepared according to Table 1 and standards. MPO 

activity was measured using a photometric kinetic assay. In each well of a 96-well ELISA plate, 

10 µL of standards and test samples were added in triplicate. Subsequently, 90 µL of substrate 

solution was added to each well. The plate was placed in a Spectra Max 190 ELISA reader 
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(Molecular Devices, Germany) set at 30°C. MPO activity was monitored by measuring the 

increase in absorbance of the chromogenic product at 460 nm over 10 minutes. The resulting 

kinetic data were recorded for analysis of MPO activity (Table 4). 

Table 4.  Components for MPO measurement 

Buffers Materials ph 

Homogenization Buffer 20mM KH2PO4 pH 7.4 with KOH 

Measurement Buffer 50mM KH2PO4 pH 6.0 with KOH 

Extraction Buffer 100ml measurement buffer + 186mg EDTA  

Working Extraction 
Buffer 

7.5ml Extraction Buffer +0.5 ml SBTI +1ml 
PMSF +1ml 

Hexacetryltrimethylammoniumbromide 
(5%) 

Substrate solution 10ml measurement buffer +100µl (1ml 
measurement buffer + 7µlH2O2) +100µl (1ml 

measurement buffer + 16.7mg o-
Dianisidine) 

 

 

2.2.10  Isolation of BMDMs and Assessment of IL-1β Release  

Bone marrow-derived macrophages (BMDMs) were isolated from the femurs and tibias of 

mice under sterile conditions. Bones were briefly sanitized with 70% ethanol, and bone 

marrow was flushed out using a 2 mL syringe with a 26G needle filled with sterile phosphate-

buffered saline (PBS). The cell suspension was passed through a 70 μm cell strainer to obtain 

a single-cell suspension, washed with PBS, and centrifuged at 800 rpm for 10 minutes at 4 °C. 

The pellet was resuspended in RPMI-1640 medium supplemented with 5% fetal calf serum 

(FCS) and 1% Penicillin-Streptomycin, and 2.5 × 10⁶ cells were seeded per well in a six-well 

plate. After 4–6 hours, non-adherent cells were removed, and fresh medium containing 

20 ng/mL macrophage colony-stimulating factor (M-CSF) was added. Medium was replaced 

every 2–3 days, and cells were used between days 5–7 post-isolation. To harvest the 

macrophages, 500 μL Accutase was added per Petri dish and incubated at 37 °C for 10 

minutes. Cells were then collected in 10 mL RPMI (without FCS and M-CSF), transferred to a 

50 mL Falcon tube, centrifuged, and resuspended in 1 mL RPMI. After counting with a Tacy 

cell counter, cells were diluted to a final concentration of 1.346 × 10⁶ cells/mL, and 200 μL of 

the suspension was seeded into each well of a 96-well plate and incubated for 24 hours at 
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37 °C. For stimulation, cells were treated with 1 μg/mL lipopolysaccharide (LPS) and nigericin 

to activate inflammasome formation. Control wells received only medium. After stimulation, 

cell supernatants were collected, and interleukin-1β (IL-1β) release was measured using a 

commercial ELISA kit (R&D Systems, USA) according to the manufacturer’s instructions. 

Absorbance was recorded using a microplate photometer. 

 

2.2.11 Histology 

2.2.11.1 Hematoxylin and Eosin staining 
 

H&E staining is a technique used to visualize tissue structures. In this process, hematoxylin, 

which appears purple or dark blue, binds to acidic components like DNA and stains the 

nucleus. Eosin, a basophilic dye, shows the extracellular matrix in pink. For H&E staining, we 

used 2μM sections of formalin-fixed and paraffin-embedded tissue. Slides undergo 

deparaffinization as follows: a 10-minute wash in xylene, followed by sequential immersions 

of 2 minutes each in 100% ethanol, 95% ethanol, 70% ethanol, and 60% ethanol. The tissue is 

then rinsed in distilled water for 15 seconds. Staining involves 6 minutes in hematoxylin, 

followed by a 10-minute rinse in distilled water, a 10-second treatment with hydrogen 

chloride (HCl), and a 6-second water rinse. Next, the tissue is stained with eosin for 30 

seconds, rinsed in water for 30 seconds, and sequentially immersed for 2 minutes each in 95% 

ethanol, isopropanol, and xylene. Slides are air-dried and preserved with mounting media and 

a coverslip. Microscopic images of the pancreas and lung were taken using an Olympus 

microscope at different magnifications. 

2.2.11.2 Immunofluorescence staining 
 

Formalin-fixed paraffin-embedded tissue sections (2 µm thick) were prepared using a 

microtome. Cryopreserved organs embedded in a Tissue-Tec® medium were secured onto 

the specimen holder in a cryotome using the freezing medium, and 2-µm-thick sections were 

similarly prepared and mounted on slides. Cryosections were then fixed in acetone for 20 

minutes at -20 °C and subsequently dried. Both deparaffinized and acetone-fixed sections 

were suitable for immunofluorescence (IF) staining. For formalin-fixed paraffin-embedded 
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sections, antigen retrieval was performed by boiling the sections in DAKO antigen retrieval 

solution diluted (1:10) in distilled water. Following this step, the slides were immersed in a 

solution of 3% sodium borohydride for 20 minutes to reduce autofluorescence, as hydrogen 

peroxide blocking is specifically required for immunohistochemistry. The slides were then 

washed three times with PBS. To prevent non-specific binding, a hydrophobic barrier was 

drawn around the tissue using a FatPen, and the sections were blocked with a 20% FCS 

solution in PBS for 1 hour at room temperature. For acetone-fixed cryosections, blocking 

could begin immediately without the need for antigen retrieval or quenching of peroxidase 

activity. 

The primary antibody was diluted appropriately (1:100, 1:200, or 1:500) in blocking solution 

and incubated with the sections overnight at 4°C. The next day, sections were washed three 

times for 10 minutes each with PBS and then incubated with the secondary antibody in 

blocking solution for 1 hour at room temperature, protected from light. Following secondary 

antibody incubation, the sections were washed with PBS, and nuclei were counterstained 

with DAPI for improved visualization. Finally, the slides were washed, embedded in 

Fluorescence Mounting Medium (Dako), and prepared for imaging. This method enables 

precise protein staining, and the use of different fluorescence-conjugated secondary 

antibodies allows for multiplex staining within the tissue. 

 

2.2.12  Tunnel assay 
 

Apoptosis, a form of programmed cell death, can be triggered by intrinsic and extrinsic stimuli, 

leading to DNA fragmentation and morphological changes within cells. The Merck TUNEL 

assay detects apoptotic cells by labeling the 3'-OH ends of fragmented DNA strands with 

digoxigenin nucleotides, facilitated by the enzyme Terminal deoxynucleotidyl transferase 

(TdT). Detection is achieved by binding a fluorescein-conjugated anti-digoxigenin antibody to 

the digoxigenin-labeled nucleotides, allowing for clear differentiation between apoptotic and 

necrotic cells based on DNA cleavage and chromatin fragmentation. 

In this protocol, paraffin-embedded tissue sections were first deparaffinized, followed by 

pretreatment with Proteinase K, then washed with PBS. TdT enzyme was applied and 
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incubated for 1 hour, followed by washing with wash buffer and the addition of anti-

digoxigenin antibody. This antibody application was performed in the dark to protect the 

fluorescein signal. After a final PBS wash, DAPI was added to stain the nuclei. The samples 

were mounted with glass coverslips and observed under a fluorescence microscope. The 

apoptotic cells were counted using Quant Centre software from Sysmex. 

2.2.13  Inhibitory effect of cystatin B  

To assess whether cystatin B functions as an inhibitor of cathepsin B in the cytosolic fraction, 

a pH-dependent enzyme activity assay was conducted. To create the desired pH 

environments, phosphate-buffered saline (PBS) was adjusted using either KOH or HCl to 

generate buffers with pH values of 5.0, 5.5, 6.0, 6.5, 7.0, and 8.0. Cathepsin B activity in the 

zymogen granule fraction was measured using a fluorogenic substrate and quantified with a 

fluorometer. For the assay, 5 µL of a 1:10 diluted sample was mixed with 45 µL of distilled 

water, and 10 µL of this mixture was added to each well. The reaction buffer was prepared by 

combining 10 mL PBS, 10 µL cathepsin B substrate, and 100 µL dithiothreitol (DTT). Then, 90 

µL of buffer was added to each well, with the pH condition adjusted accordingly for each 

experimental setup. 

In the first phase, cathepsin B activity was measured in the zymogen fraction of wild-type 

mice across the different pH conditions. In the second phase, cytosolic fractions from wild-

type mice (containing cystatin b) and knock-out mice (lacking cystatin b) were added to the 

zymogen fraction to evaluate potential inhibitory effects. The experiment was also repeated 

using zymogen fractions isolated from wild-type mice subjected to 1 hour of caerulein-

induced pancreatitis, under the same pH conditions. 
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Figure 8. Inhibitory effect of cystatin B. Cathepsin B activity was measured in the zymogen 

granule (ZG) fraction of wild-type (WT) mice across pH values ranging from 5.0 to 8.0 using a 

fluorogenic substrate. To test the inhibitory role of cytosolic cystatin B, WT or cystatin B 

knock-out (KO) cytosolic fractions were added to ZG fractions. (A–C) The 96-well plate layout 

illustrates experimental groups. 

2.2.14  SDS-PAGE Analysis 

Western blot is a qualitative technique used to detect a specific protein of interest. For 

protein detection, the semi-dry SDS-PAGE analysis was employed, which separates proteins 

based on their molecular mass. Different percentages of SDS-PAGE gels can be used 

depending on the protein size, as shown in Table 5. The Western blot procedure was carried 

out using the Bio-Rad system with a Tris-glycine-SDS buffer as the running buffer. The gel was 

run at 80 V until the lowest bands of the marker almost reached the bottom of the gel. 

Proteins were then transferred to a nitrocellulose membrane using a semi-dry blotting 

system. After transferring, the membrane was blocked with Tris-glycine buffer for 1 hour at 

room temperature to prevent non-specific binding. The membrane was incubated overnight 

at 4 °C with the primary antibody diluted 1:1000 in blocking buffer, followed by incubation 

with the appropriate HRP-conjugated secondary antibody for 1 hour at room temperature. 

Protein bands were visualized using the Fusion Fx (Vilber Lourmat) system and analyzed with 

Fusion software.  
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Protein samples for Western blot analysis were mixed with 100 μL Laemmli buffer, consisting 

of Laemmli and 2-mercaptoethanol. The Laemmli denatures proteins and imparts a negative 

charge proportional to their size, while 2-mercaptoethanol reduces disulfide bonds, causing 

the proteins to unfold and ensuring complete separation during electrophoresis (Table 5). 

Table 5. Western blot components 

Components Resolving gel(15%) Stacking gel(15%) 

Distilled water 3.15 (ml) 7.6(ml) 

1 M Tris (pH 8.8) 11.25 (ml)  

1 M Tris (pH 6.8)  1.25 (ml) 

Polyacrylamide 15 (ml) 1.3 (ml) 

Sodium dodecyl sulfate (SDS) (10 %) 0.3 (ml) 0.1 (ml) 

Ammonium persulfate (APS) (10 %) 0.3 (ml) 0.1 (ml) 

Tetramethylethylenediamine (TEMED) 30 (μl) 10 (μl) 

 

2.2.15   Mitochondrial potential assay 

Mitochondrial membrane potential (Δψm) refers to the electrical charge difference across 

the inner mitochondrial membrane. The mitochondrial matrix is more negatively charged 

compared to the intermembrane space. This electrochemical gradient facilitates the 

movement of positively charged ions, mainly protons (H⁺), back into the matrix through ATP 

synthase, driving ATP production and maintaining membrane polarization. Any disruption of 

this balance can lead to either depolarization or hyperpolarization. Depolarization occurs 

when the membrane potential decreases (Reduction in matrix negativity), often due to 

proton leaks or mitochondrial damage. In contrast, hyperpolarization happens when the 

membrane potential increases (becoming more negative inside the matrix), which can lead to 

excessive reactive oxygen species (ROS) production and mitochondrial dysfunction. These 

shifts significantly impact mitochondrial function and cellular energy homeostasis. 

To evaluate mitochondrial membrane potential using the TMRM assay, acinar cells were 

isolated from the murine pancreas and stimulated with CCK for 30 minutes. The cells were 

centrifuged and resuspended in a TMRM buffer containing TMRM dye. A 200 µL aliquot of 

each sample was added to a 96-well plate and incubated at 37°C for 20 minutes in a 

fluorometer. The fluorescence intensity of TMRM was measured at λex = 540 nm and λem = 
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570 nm. To induce mitochondrial depolarization, 3 µL of CCCP, diluted in buffer A, was added 

to each well. The plate was incubated for 10 minutes, and TMRM fluorescence was measured 

to confirm the depolarization. Subsequently, 8 µL of propidium iodide (PI), a DNA-binding dye, 

was added to assess cell death after treating with CCCP (carbonyl cyanide m-chlorophenyl 

hydrazone). The PI fluorescence intensity was measured at λex = 340 nm and λem = 620 nm 

after 10 minutes of incubation. Finally, 90 µL of Triton X was added to lyse the cells, and the 

fluorescence intensity was measured at the same wavelengths as PI to determine the total 

cell count. This approach comprehensively evaluates mitochondrial health, membrane 

potential, and cell viability. To calculate the maximum mitochondrial membrane potential, 

the difference in the fluorescence intensities before and after CCCP stimulation in 

unstimulated acinar cells of C58BL6/J mice was considered 100% after normalization to the 

cell number (Table 6). 

 

Table 6. TMRM Buffer components 

Components Amount 

NaCl 140 (mM) 

KCl 4.7(mM) 

MgCl2 1.13(mM) 

CaCl2 1 (mM) 

D-Glukose 10(mM) 

HEPES (4-(2-
hydroxyethyl)-1-

piperazineethanesulfonic 
acid) 

10 (mM), 
pH:7.2 

Na-Pyruvate 10 (mM) 

Glutamine 1(mM) 
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Figure 9. TMRM assay: TMRM dye will be applied to CCK-stimulated acinar cells. Following 

this, mitochondrial depolarization will be induced by CCCP. TMRM fluorescence intensity at 

the specified wavelength will be measured at each step using a fluorimeter to assess changes 

in mitochondrial membrane potential. 

 

 

2.2.16  Acinar cell isolation 
 

Acinar cells were isolated from the pancreas to measure protease activity in vitro. The cell 

media was prepared, consisting of 90 mL DMEM with high glucose, 100 mM HEPES, 5% BSA 

(23 mL), and 1–1.5 mL of 1 M HCl to achieve an acidic pH. The media was oxygenated for five 

minutes and then heated in a water bath. Six mL of the prepared media was added to two 

flasks, and each was supplemented with 50 μL of collagenase. After sacrificing the mice, 1 mg 

of wild-type and knock-out animals was placed in separate flasks, the tissue was cut within 1 

minute, and incubated in a 37°C water bath at 100 rpm for 15 minutes. The existing media 

was replaced with fresh collagenase-containing media, and the cutting step was repeated for 

one minute. After another 15 minutes, the tissue was resuspended using a 1 mL pipette with 

cut tips, repeating this five times until no further mechanical dissociation was required. The 

suspension was filtered through a double-layered bandage into a 15 mL Falcon tube and 
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centrifuged at 1800 × g for 1 minute at room temperature. Following centrifugation, the 

supernatant was carefully discarded, and the pellet was resuspended in 15 mL of pre-warmed 

fresh medium. The cells were allowed to rest for 30–45 minutes at 37°C, 40–50 rpm. The 

suspension was filtered again through a double-layered bandage into a 15 mL Falcon tube and 

centrifuged for 1 minute at 1800 × g at room temperature. The supernatant was discarded, 

and the pellet was resuspended in 15 mL of fresh media. After resting, the suspension was 

centrifuged again for 1 minute at 1800 × g. The supernatant was discarded, and the pellet was 

resuspended in 10 mL of media. The suspension was divided into two flasks, and stimulation 

was initiated with 5 μL of CCK for 5 mL. Protease activity was measured at 0-, 20-, 40-, and 60 

minutes relative to the time of CCK addition. Cathepsin B activity was measured using the 

permeable fluorogenic substrate AMC-Arg₂, and trypsin activity was assessed using R110-Ile-

Pro-Arg. Propidium iodide (PI) was used to assess free DNA release as an indicator of necrosis, 

while Triton X-100 was applied to induce total cell lysis for determining total cell count. 
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3 Results 
3.1 Proteome analysis of subcellular fractions 
 

Protease inhibitors were identified in each protein fraction. The volcano plot illustrates the 

redistribution of proteases to the cytosolic fraction after one (1h) and eight hours (8h) of 

pancreatitis induction compared to zero hours (0h) (Fig. 10). To investigate whether any 

protease inhibitors are also upregulated in the cytosol potentially as a protective response, 

we analyzed their expression levels using a heatmap (Fig. 11). As shown, cystatin B remains 

consistently present in the cytosolic fraction across all time points during pancreatitis. 

Replicates were averaged, and the most significantly regulated proteins are visualized in the 

heatmap (Fig. 11). For a more detailed analysis, individual bar graphs are presented for each 

protease inhibitor, with GAPDH included as an internal control (Fig. 12). 
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Figure 10. Redistribution of enzymes to the cytosolic fraction during pancreatitis. A: Volcano 

plot illustrating changes in cytosolic protein abundance at 1 hour compared to 0 hours 

following pancreatitis induction. Each dot represents an individual cytosolic protein. The x-
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axis shows the log2 fold change, and the y-axis displays the – log10(p-value), indicating 

statistical significance. Proteins significantly enriched in the cytosol at 1 hour are marked in 

pink, while those depleted are shown in green. Gray dots represent proteins with no 

significant change. This plot reflects early redistribution events of proteins into or out of the 

cytosol during the onset of pancreatitis. B: Distribution of key digestive enzymes, Trypsin 

(TRYP), cathepsin B (CATB), cathepsin L (CATL1), cathepsin D (CATD), SPINK3, and amylase 

(AMY) in the cytosolic fraction at 8 h compared to 0 h post-induction. By 8 h, these proteins, 

particularly the proteases, show marked redistribution to the cytosol, indicative of cytosolic 

leakage or mislocalization during the progression of pancreatitis. The graph was generated 

using R Studio. 

 

 

Figure 11.  Proteome analysis. All five replicates were averaged, and the relative abundance 

of each protein was calculated as a percentage of the total protein intensity within each time 

point across the three subcellular fractions: zymogen granules (ZG), lysosomes (Lys), and 

cytosol (Cyt). The heatmap displays the relative abundance (unit: % of total protein intensity) 

of selected proteases and protease inhibitors over time. Cystatin B is predominantly localized 

in the cytosolic fraction. The graph was generated using R Studio. 
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Figure 12. Prevalence of protease inhibitors. Protease inhibitors are presented as relative 

percentages. The percentage of each protein within each subcellular compartment was 

calculated based on its total abundance at the corresponding time point. A: SPINK3 is a known 

inhibitor of trypsin that prevents its premature activation before reaching the duodenum. It 

is predominantly localized in the lysosome and cytosol fractions. B, C, D, and E: Serpins, as 

serine protease inhibitors, are mainly found in the cytosolic fraction. F: Cathepsin B activity 

increases in the lysosomal fraction after 1 hour of pancreatitis induction and becomes 

detectable in the cytosol by 8 hours. G: In contrast, cathepsin L remains active primarily in the 

lysosome. H&I: Cystatin B inhibits cathepsin B specifically in the cytosol, whereas cystatin C, 
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an inhibitor of both cathepsin B and L, is localized primarily in lysosomes. J: GAPDH, as an 

internal control, is a cytosolic protein. 

3.1.1 Evaluation of Pancreatic Injury: Correlation of Histopathology 
with Amylase and Lipase Levels 

 

Previous findings demonstrated a cytosolic redistribution of cystatin B in wild-type mice. To 

further investigate the role of cystatin B in pancreatitis, we examined its impact using cystatin 

B-deficient mice. Acute pancreatitis was induced by hourly i.p. injections of caerulein, and 

wild-type and Cstb-/- mice were sacrificed  1, 4, 8, and 24 hours after onset of the disease. 

Pancreatic tissues were fixed in formalin and embedded in paraffin, and stained using the 

hematoxylin and eosin (H&E) method for histological visualization (Fig. 13A).  

Greater tissue damage was observed in cystatin B knock-out mice. To further support this 

observation, serum markers of disease severity were also evaluated. Serum amylase and 

lipase activity levels typically increase during pancreatitis and are commonly used as 

biochemical indicators of disease severity. In our study, both amylase and lipase levels were 

elevated in the Cstb-/- mice compared to wild-type controls. These data support the previous 

observation of more severe pancreatic damage (Fig. 13B). 
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Figure 13.  Pancreatitis severity. A: Paraffin-embedded tissues were stained with the H&E 

method to evaluate the severity of pancreatitis. Increased edema, necrosis, and overall tissue 

damage were observed in the absence of cystatin B. B: Serum amylase and lipase levels were 

significantly elevated in Cystatin B-deficient mice, indicating more severe pancreatitis. Data 

represent mean ± standard error of the mean (SEM) from at least five to ten biological 

replicates. Normal distribution was confirmed before analysis, and statistical testing was 

performed using Welch's t-test. * p < 0.05 was considered statistically significant. 
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3.1.2 Quantification of Enzyme Activity in Pancreatic Homogenates 
 

To evaluate protease activation in pancreatic tissue, the activity of trypsin, chymotrypsin, 

cathepsin B, and cathepsin L was measured. Fluorogenic enzyme activity assays were 

performed for each protease using optimized buffer systems and pH conditions tailored to 

their specific activity requirements. Trypsin activity was elevated in the absence of cystatin B 

1h, 8h and 24h after onset of pancreatitis (Fig. 14A), while chymotrypsin was only active in 1h 

of pancreatitis, and no difference was detected (Fig. 14B). Interestingly, no significant 

differences were observed in the enzymatic activities of the cysteine proteases cathepsin B 

(CTSB) and cathepsin L (CTSL) in pancreas homogenates of cystatin B deficient mice (Figs. 

14C&D). Cathepsin B showed higher activity after 24h of pancreatitis in the knock-out mice at 

neutral pH (Fig. 14E). 



 

48 
 

 

Figure 14. Activity of proteases.  Activity of proteases in 5 to 10 replicates in the pancreas 

homogenate was evaluated. A: Trypsin activity was significantly higher in the knockout mice. 

Normal distribution of the data was confirmed before analysis, and statistical significance was 

determined using Welch's t-test (p < 0.05). B: Chymotrypsin activity was only visible at 1h of 

pancreatitis. C&D: Cathepsin B (CTSB) and Cathepsin L (CTSL) showed no difference between 

wild-type and knock-out mice. E: Higher cathepsin B activity observed at ph:7 in the deficient 

mice using Welch’s t-test (p < 0.05). * p < 0.05 was considered statistically significant. 
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3.1.3 Inhibitory effect of cystatin B on cathepsin B activity 

A pH-dependent assay was used to evaluate the potential inhibitory role of cystatin B on 

cathepsin B in the cytosol. Cathepsin B was initially measured in the secretory vesicle fraction 

of 0-hour wild-type mice. In the next step, the cytosolic fraction from wild-type mice 

containing cystatin B was added, followed by the cytosolic fraction from knock-out mice 

lacking cystatin B. No significant change in cathepsin B activity was observed, consistent with 

its low activity at 0 hours of pancreatitis (Fig. 15, left panel). 

Subsequently, cathepsin B activity was assessed in the secretory vesicle fraction from 1-hour 

pancreatitis-induced wild-type mice. Upon the addition of the cytosolic fraction from wild-

type mice containing cystatin B, cathepsin B activity was inhibited (p<0.05). In contrast, the 

addition of the cytosolic fraction from Cystatin B-deficient mice did not affect cathepsin B 

activity, indicating that the absence of cystatin B failed to suppress enzymatic function (Fig. 

15, right panel). 

 

 

Figure 15. Assessment of Cathepsin B (CTSB) Activity in the Presence of Cystatin B. Following 

caerulein-induced pancreatitis, CTSB activity was measured under varying pH conditions in 

zymogen fractions collected at 0 h and 1 h from wild-type mice. The left panel shows that 

CTSB activity at 0 h was minimal and not significantly affected by the presence of cystatin B. 

In contrast, the right panel demonstrates a clear inhibitory effect of cystatin B on CTSB activity 
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at pH 6.0 and 6.5. Data are presented as individual values and the mean from two replicates. 

Group comparisons were performed using the non-parametric Mann–Whitney U test. * p < 

0.05 was considered statistically significant. 

 

3.1.4 Assessment of Protease Activity Across Subcellular 
Compartments 

 

To investigate the subcellular localization and activity of proteases, pancreatic tissue from five 

animals per group was used to isolate subcellular fractions. Pancreatitis was induced in all 

groups through hourly injections of caerulein. The resulting fractions were diluted in PBS for 

enzymatic activity assays. The quality and purity of the subcellular fractions were validated by 

Western blotting using specific compartmental markers: syncollin (a marker for the 

secretory/zymogen granule fraction), LIMPll (lysosomal marker), and GAPDH (cytosolic 

marker) (Fig. 16A). The presence of cystatin B was also confirmed in the cytosolic fraction of 

wild-type mice (Fig. 16B). Cathepsin B levels were examined in both the case and control 

groups. The gels illustrate the distribution of the pro and processed forms of cathepsin B 

(CTSB) under different conditions. In wild-type and knock-out mice, the pro and processed 

forms are initially present in the zymogen and lysosomal fractions. After 1 hour, only the 

processed form is detectable. However, for 8 hours, both forms reappear in the zymogen and 

lysosomal fractions in both groups (Fig. 16C).  

Enzymatic activities were measured in each fraction across various time points under optimal 

pH and buffer conditions. At both the 1-hour and 8-hour time points, trypsin activity in the 

cytosolic fraction was significantly higher in Cystatin B deficient mice compared to their wild-

type counterparts (p < 0.05) (Fig. 17A). In contrast, elevated chymotrypsin activity in the 

cytosol of Cystatin B deficient mice was observed only at the 1-hour mark following 

pancreatitis induction (p < 0.05) (Fig. 17B). Both cysteine proteases (Cathepsin B &L) were 

markedly increased in the cytosolic fraction one hour after the onset of pancreatitis (Fig. 

17C&D) (p < 0.05). Cathepsin B activity at neutral pH also showed higher activity at neutral pH 

in Cystatin B-deficient mice (p < 0.05) (Fig. 17E). 
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Figure 16. Characterization of (Cstb-/-) and control mice (Cstb +/+). Western blot analyses of 

subcellular fractions. A: Expression and distribution of syncollin, LIMPII, and GAPDH as 

markers for the zymogen (ZG), lysosome (Lys), and cytosol (Cyt) fractions, respectively, at 0 h, 

1 h, and 8 h of pancreatitis. Antibodies used were anti-syncollin, anti-LIMPII, and anti-GAPDH. 

B: Presence of 12 kDa cystatin B in the cytosol fraction at the three time points. C: Western 

blot analyses reveal a redistribution of lysosomal cathepsins, specifically cathepsin B, from 

the lysosomal fraction (Lys) at 0h to the zymogen fraction (ZG) at 1h of pancreatitis, as 

detected using a cathepsin B antibody. 
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Figure 17. Subcellular fractionation of enzyme activity in pancreatitis. Enzyme activities in 

Cstb +/+ and Cstb −/− acinar cells (left panels), followed by comparison of cytosolic fractions 

at 1 h and 8 h of pancreatitis between both genotypes (right panel). A: Trypsin activity was 

significantly higher in the cytosol of Cstb-/- mice (p < 0.05). B: Chymotrypsin, which can be 

activated by trypsin, also showed increased activity in the cytosol at 1-hour post-pancreatitis 

induction (p < 0.05). C: Cathepsin B (CTSB) activity was elevated in the cytosolic fraction at 1 

hour, likely due to reduced inhibition by cystatin B (p < 0.05). D: Similarly, cathepsin L (CTSL) 

exhibited increased cytosolic activity at the 1-hour time point following pancreatitis induction 

(p < 0.05). E: Cathepsin B activity at pH 7 was significantly higher in the cytosolic fraction of 

Cystatin B–B-deficient mice at the 1-hour time point following pancreatitis induction. The 

Mann–Whitney U test was used due to the limited sample size. * p < 0.05 was considered 

statistically significant. 

3.1.5 Assessment of mitochondrial function 
 

We assessed the mitochondrial membrane potential using the TMRM assay in wild-type (WT) 

and knock-out (KO) cells, both under basal conditions and following CCK stimulation. WT cells 

exhibited robust TMRM fluorescence, indicating intact mitochondrial membrane potential. 

Under basal conditions, KO cells displayed slightly reduced TMRM signals compared to WT, 

but the difference was not statistically significant, suggesting comparable mitochondrial 

membrane potential at rest. Upon CCK stimulation, WT+CCK cells showed a moderate 

decrease in membrane potential, consistent with physiological mitochondrial stress. In 

contrast, KO+CCK cells exhibited a pronounced drop in TMRM fluorescence, with some 

samples displaying negative values, indicative of severe mitochondrial depolarization or 

collapse. Quantitative comparison revealed that KO+CCK cells had a significantly lower 

mitochondrial membrane potential compared to WT+CCK cells (p<0.05), highlighting an 

increased sensitivity of the knock-out genotype to CCK-induced mitochondrial stress (Fig. 

18A). Group comparisons were performed using the non-parametric Mann–Whitney U test. 

A statistically significant difference was observed (p < 0.05). 

To further confirm mitochondrial dysfunction, TFAM-associated protein levels were 

evaluated by Western blot in cytosolic fractions following cerulein stimulation at 0h, 1h, and 
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8h during the progression of pancreatitis. While no differences were observed at 0h and 1h, 

at 8h, the TMRM signal was detectable exclusively in the cytosolic fraction of knock-out cells, 

indicating mitochondrial membrane depolarization and subsequent dye release into the 

cytosol(Fig. 18B).   

 

Figure 18. Mitochondrial function. A: Maximum mitochondrial membrane potential (ΔΨ) was 

measured in isolated pancreatic acinar cells under resting conditions (CCK) and 30 minutes 

after maximal CCK stimulation. Mitochondrial membrane potential was assessed in wild-type 

and cystatin B-deficient acinar cells using the TMRM assay, both under basal conditions and 

following CCK stimulation. While no significant difference was observed under basal 

conditions, cystatin B-deficient cells showed a significantly reduced mitochondrial membrane 

potential compared to wild-type cells after CCK stimulation. Group comparisons were 

performed using the non-parametric Mann–Whitney U test (p < 0.05). B: TFAM protein 

becomes detectable in the cytosolic fraction 8 hours after CCK stimulation in Cstb-/-. * p < 

0.05 was considered statistically significant. 

 

3.1.6 Measuring enzyme activity in living acinar cells 
 

Subsequently, the activation of the enzymes within the pancreatic acinar cells was 

investigated in more detail. For this purpose, they were isolated from the mouse pancreas. 

The living cells were then stimulated with a high, non-physiological concentration of 

cholecystokinin (CCK) for 30 minutes. A supramaximal concentration of CCK leads to a 
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consistently high increase in cytosolic calcium concentration, a blockade of secretion at the 

apical pole of the acinar cell, and ultimately to intracellular protease activation. As shown in 

Figure 19, after 20 and 40 minutes, there was an increase in the activation of trypsin and an 

increase in the cell death rate in the knock-out cells (Cstb-/-) (Fig. 19A & C). In contrast, no 

difference in cathepsin B activity was observed (Fig. 19B).  

 

Figure 19. Enzyme activity in living acinar cells. The enzyme activity was evaluated in isolated 

acinar cells with and without CCK stimulation. A: Trypsin activity showed higher activity 



 

56 
 

without cystatin B after 20 and 40 minutes of CCK stimulation (p < 0.05). B: The variation was 

not statistically significant in cathepsin B activity. C: A higher death rate was observed in 

knock-out mice after stimulation with CCK in 20 and 40 minutes (p < 0.05). Data are presented 

as mean ± standard error of the mean (SEM) from 15 independent replicates. Statistical 

significance was assessed using Welch’s t-test. * p <0.05 was considered statistically 

significant. Graphs were generated using R Studio.  

 

3.1.7 Role of Cathepsin B in Initiating Cytosolic Apoptosis in Acinar 
Cells During Pancreatitis 

 

Besides necrosis, also apoptotic form of cell death could also be influenced by the presence 

of cathepsin B in the cytoplasm. To further characterize cell death resulting from the presence 

of cathepsin B in the pancreas, paraffin-embedded tissue sections were analyzed using TUNEL 

staining. This method detects free DNA from apoptotic cells. The results were evaluated using 

quantitative immunofluorescence analysis. The apoptosis rate was significantly increased 

after 8 h in the pancreas of cystatin B-deficient animals compared to wild type (Fig. 20).  

 

Figure 20.TUNEL assay.  TUNEL staining of pancreatic tissue in cystatin B-deficient and wild-

type mice under basal conditions and at 8 and 24 hours after induction of caerulein-induced 

pancreatitis. Representative staining images are shown on the left, and quantification on the 

right. Apoptosis was quantified as the proportion of TUNEL-positive cells relative to the total 

number of cells. Nuclei are stained blue, while apoptotic cells display red chromatin 

condensation. Data are presented as mean ± standard error from at least 5–8 biological 
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replicates. Normal distribution of the data was confirmed prior to analysis, and statistical 

significance was determined using Welch’s t-test. * p < 0.05 was considered statistically 

significant. 

3.2 Immune response in cystatin B deficient mice 
 

To evaluate the local immune response, CD68⁺ cells (tissue-resident macrophage marker) and 

CCR2⁺ cells (marker of infiltrating macrophages) were stained in pancreatic cryosections. This 

analysis was performed at 0 h, 8 h, and 24 h after pancreatitis induction in both wild-type and 

Cystatin B-deficient mice. Quantitative image analysis revealed an increased number of both 

CD68⁺ and CCR2⁺ cells in the Cystatin B-deficient mice compared to wild-type controls (Fig. 

21). 

 

Figure 21. Infiltration of immune cells. Infiltration of immune cells. Immunofluorescence 

staining to assess macrophage infiltration in pancreatic tissue. A: Representative images 
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display nuclei stained with DAPI (blue), CD68⁺ tissue-resident macrophages (red), and CCR2⁺ 

infiltrating macrophages (white), demonstrating an elevated macrophage presence in the 

pancreas of Cstb-/- mice. B&C: Quantitative analysis of CD68⁺ and CCR2⁺ cells revealed a 

significantly greater infiltration of immune cells in Cystatin B-deficient mice compared to wild-

type controls (p < 0.05). Data represent the mean ± standard error of four biological 

replicates. Group comparisons were performed using the non-parametric Mann–Whitney U 

test. * p < 0.05 was considered statistically significant. 

 

3.2.1 MPO Activity in Lung and Release of IL-1β from Macrophages 
 

After caerulein-induced pancreatitis, myeloperoxidase (MPO) activity, serving as a marker of 

systemic immune response, was evaluated at different time points. H&E-stained sections 

revealed immune-related changes in the respiratory tissue (Fig. 22A, left panel). Statistical 

analysis of MPO activity showed significantly higher levels in the Cstb -/- mice compared to 

Cstb +/+ controls in lung tissue (Fig. 22A, right panel). IL-1β release was measured in isolated 

bone marrow-derived macrophages using ELISA. The macrophages were stimulated with LPS 

plus nigericin (to induce inflammasome activation) and compared to the control group that 

was stimulated with cell media. In the absence of cystatin B, cathepsin B activity remains 

uninhibited, potentially leading to increased IL-1β release upon LPS+nigericin stimulation. 

This may explain the elevated IL-1β levels observed in knock-out mice compared to the wild-

type group (Fig. 22 B). 
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Figure 22. Assessment of Lung Inflammation and Macrophage IL-1β Release.  A: MPO activity 

was measured using a fluorometer with an MPO-specific substrate. Increased damage was 

observed in the lung tissue. Elevated MPO activity was detected in the lung tissue of knock-

out mice. 5- 14 replicates were calculated in each group. Normal distribution of the data was 

confirmed prior to analysis, and statistical significance was determined using Welch's t-test 

(p < 0.05). B: Four wild-type and knock-out mice were used in this experiment, with three 

replicates from each group. IL-1β release was significantly higher in knock-out mice compared 

to the wild-type controls following stimulation with LPS and nigericin. Data represent the 

mean of four biological replicates per group. Statistical analysis was performed using the 

Mann–Whitney U test (p < 0.001). 
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4 Discussion 

Acute pancreatitis is characterized by the premature activation of digestive enzymes within 

the pancreas, which leads to the self-digestion of pancreatic tissue(18). Trypsin, a serine 

protease, is a key initiator of this process. Once activated, trypsin can trigger the activation of 

other enzymes, such as chymotrypsin and carboxypeptidases, thereby amplifying the 

injury(18). 

Trypsinogen (the inactive precursor of trypsin) and cathepsin B (a lysosomal protease that 

activates trypsinogen) are usually found in different cellular compartments. However, several 

mechanisms have been proposed to explain how they interact under pathological conditions. 

1. Lysosome-zymogen granule fusion brings cathepsin B into contact with trypsinogen. 2. 

Aberrant trafficking of cathepsin B due to defective mannose-6-phosphate tagging causes it 

to be rerouted to zymogen granules. The presence of cathepsin B within the zymogen fraction 

becomes enzymatically active in the acidic environment that develops during pancreatitis(45). 

The regulation of cathepsin B activity is complex and influenced by multiple factors. These 

include: 1) transcriptional control via regulators such as transcription factor EB (TFEB), which 

governs the expression of lysosomal genes, including cathepsin B (46, 93, 94); Acidic pH values 

promote cathepsin B activation, and endogenous inhibitors, such as serpins and cystatins, 

help maintain protease balance(45,92,93).  

A notable example is cystatin C, which is an inhibitor of cathepsin B that is found in both the 

lysosomal and zymogen compartments(61). During pancreatitis, trypsin cleaves cystatin C, 

which impairs its ability to inhibit cathepsin B effectively(61). Additionally, cystatin C tends to 

form dimers that can bind to an allosteric site on cathepsin B in acidic conditions(61). This 

interaction can induce a structural change that exposes cathepsin B’s active site and facilitates 

the conversion of trypsinogen into active trypsin (61). Furthermore, cathepsin L, the 

counteractor of cathepsin B, is still inhibited by cleaved cystatin C (61). This shifts the protease 

activation/degradation balance toward protease activation, driving trypsinogen activation, a 

crucial event for the onset of the disease(61). 
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In acute pancreatitis, increased autophagy and lysosomal membrane permeabilization result 

in the release of cathepsin B into the cytosol. Once there, cathepsin B threatens cell viability 

due to its intrinsic proteolytic activity and its ability to activate trypsinogen, perpetuating 

intracellular protease activity and leading to cell damage or death. Given the destructive 

potential of cytosolic cathepsin B, it is likely that regulatory mechanisms exist to limit its 

activity during the later stages of pancreatitis. To investigate this possibility, we conducted a 

proteomic analysis of pancreatic tissue from mice following the experimental induction of 

pancreatitis. The analysis revealed that cystatin B binds to cathepsin B, protecting cellular 

integrity and serving as a promising cytosolic inhibitor. 

 

4.1 Cathepsin B induces apoptosis 
 

Cytosolic cathepsin B contributes to several pathological outcomes, including apoptosis, 

necrosis, and mitochondrial dysfunction in acinar cells, as well as activation of the 

macrophage inflammasome(65). Based on this, we investigated the role of cystatin B using 

Cstb -/- mice, aiming to understand how the absence of this inhibitor influences disease 

progression and cellular stress responses during pancreatitis. 

Cathepsin B is involved in different kinds of programmed cell death, such as apoptosis, 

pyroptosis, necroptosis, and autophagy(94). It has been reported that the presence of 

cathepsin B in the cytosol can enhance apoptosis(45). One of the key mechanisms involves 

the cleavage of BID by cathepsin B(65,95). BID is a pro-apoptotic Bcl-2 family protein that, 

when activated, facilitates the activation of BAX and BAK(65,95). These proteins are crucial 

for mitochondrial outer membrane permeabilization (MOMP), leading to the release of 

cytochrome c and subsequent activation of the apoptotic cascade(65,95). However, once 

cleaved by cathepsin B, BID loses its ability to activate BAX and BAK, thereby altering the 

progression of apoptosis(65,95). Furthermore, cathepsin B has been shown to modulate the 

function of BCL-2, a major anti-apoptotic protein, potentially shifting the balance toward cell 

death(65,95). Interestingly, caspase-8 can trigger lysosomal membrane permeabilization, 

allowing cathepsin B to translocate into the cytosol and thereby enhance apoptotic signaling 

(65,95). In addition, our findings support the role of cytosolic cathepsin B in activating trypsin, 

which can further contribute to apoptosis through caspase-3 activation and apoptosome 
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formation(65,95). Together, these results highlight the multifaceted role of cathepsin B in 

regulating apoptosis, not only through direct cleavage of apoptotic regulators but also by 

triggering downstream protease cascades(65,95). 

Cystatin B is an inhibitor of cathepsin B, which is mainly located in the cytosol of cells to 

prevent uncontrolled activity of cathepsins(45). Our results demonstrated that in the absence 

of cystatin B in the cytosolic fraction, where it normally acts to regulate cathepsin B activity, 

acinar cells underwent significantly higher levels of apoptosis 8 hours after the onset of 

pancreatitis. This finding highlights the crucial role of cystatin B in regulating cathepsin B 

activity and safeguarding acinar cells from premature cell death during pancreatitis. 

Supporting this, a previous study showed that cathepsin B enhances Tumor Necrosis Factor-

alpha (TNF-α) induced apoptosis by being released into the cytosol, where it promotes 

mitochondrial cytochrome c release and caspase activation(96). This process, initiated by 

caspase-8, was markedly reduced in cathepsin B-deficient hepatocytes, resulting in decreased 

liver injury and improved survival(96). Cathepsin B can drive apoptosis independently of 

caspases in certain tumor cells, with TNF-induced cell death enhanced by caspase inhibition, 

but prevented by cathepsin B inhibitors, including the endogenous inhibitor cystatin A(97). 

This suggests that cathepsin B can act as an alternative executioner in death receptor–

mediated apoptosis(97). 

In the context of acute pancreatitis, previous research has demonstrated that the release of 

lysosomal cathepsin B into the cytosol plays a crucial role in mediating cell death in rat acinar 

cells(98). It was proposed that cathepsin B colocalizes with trypsin and that trypsin activity 

facilitates its translocation into the cytoplasm(98). This was supported by findings in 

trypsinogen-7 knock-out (T7KO) mice, where the absence of trypsin prevented cathepsin B 

release into the cytosol(98). Once released, cathepsin B contributes to the activation of 

caspase-3 and the induction of apoptosis(98). Notably, inhibition of cathepsin B with CA074 

significantly reduced apoptosis and cell death in experimental models of acute 

pancreatitis(98). The study also suggested that the level of cytosolic cathepsin B is a critical 

factor: low levels promote apoptosis, whereas excessive or uncontrolled accumulation may 

lead to necrosis(98). 
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Another study demonstrated that stimulation of pancreatic acinar cells with CCK leads to the 

activation of caspase-3, highlighting an apoptotic response(45). Unlike previous findings, this 

study revealed that cathepsin B is also localized within zymogen granules and becomes 

activated under conditions such as pancreatitis and acidosis(45). Activated cathepsin B then 

facilitates the conversion of trypsinogen to trypsin within these granules. Importantly, the 

study showed that deletion of cathepsin B prevented caspase-3 activation and apoptosis, but 

did not affect necrotic cell death(45). These findings suggest that trypsin-mediated activation 

of caspase-3 is dependent on cathepsin B, placing it upstream in the apoptotic signaling 

cascade during pancreatitis(45). 

Cathepsin B has also been implicated in neuronal injury, where its activity increases after 

traumatic brain injury (TBI), contributing to neuronal cell death via mitochondrial apoptosis 

and necrosis(99). Inhibition of cathepsin B in this context reduced lesion size, cell death, and 

behavioral deficits, highlighting its pathogenic role(99). 

Previous research has shown that cathepsin B contributes significantly to the induction of 

apoptosis in microglial cells(100). They showed that cathepsin B activity activates pro-

apoptotic signaling, including the cleavage of Bid to tBid and disruption of lysosomal 

membrane integrity(100). This lysosomal damage initiates mitochondrial dysfunction and 

activates downstream caspases, resulting in cell death. Inhibition of cathepsin B with CA074-

Me alleviates these effects, suggesting that cathepsin B mediates apoptosis through a 

lysosomal–mitochondrial pathway(100). 

Certain cyclohexadepsipeptides disrupt lysosomal function in cancer cells, leading to 

increased extracellular cathepsin B and reduced lysosomal integrity, while cathepsin D and L 

remain unaffected(101). Inhibition of cathepsin B, but not D or L, significantly reduces 

cytotoxicity(101). Elevated lysosomal pH likely impairs cathepsin B trafficking, triggering its 

cytosolic release and caspase-dependent apoptosis(101). 
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4.2 The absence of cystatin B leads to higher pancreatitis severity 
 

We measured trypsin activity in pancreatic homogenates and observed an increased activity 

in cystatin B-deficient mice. In contrast, total cathepsin B and L activity in whole tissue was 

not significantly different between wild-type and knock-out groups. To better understand 

these differences, we analyzed enzyme activity in subcellular fractions over time. 

Importantly, at 1 hour after induction of pancreatitis, both cathepsin B and L activities were 

significantly increased in the cytosolic fraction of Cystatin-B-deficient mice compared to wild-

type. This early peak suggests that lysosomal leakage and release of cathepsins into the 

cytosol are rapid and transient in the absence of cystatin B. The loss of cystatin B appears to 

remove the inhibition on cathepsin B, allowing it to activate more trypsin in the cytosol. 

Trypsin, in turn, activates chymotrypsin, explaining the increased cytosolic chymotrypsin 

activity also seen at 1 hour. Although cathepsin L also showed increased cytosolic activity at 

this time point, its acidic pH optimum likely limits its function in the cytosolic 

environment(102). In other words, cathepsin L is unstable under neutral pH conditions and 

undergoes degradation. This may explain why Cathepsin L cannot sufficiently degrade excess 

trypsin to protect from protease-induced damage. Taken together, these events lead to 

enhanced cellular damage, including edema, necrosis, and inflammation, as well as elevated 

severity markers such as amylase and lipase in Cystatin-B-deficient mice. 

In addition, the measurement of protease activity in vivo using isolated acinar cells revealed 

that trypsin activity was significantly higher in Cstb-/- mice compared to controls following 20 

and 40 minutes of CCK stimulation. Elevated cell death or necrosis levels in the knock-out 

mice accompanied this increase in protease activity.  
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While cathepsin B activity showed no significant differences between groups in response to 

stimulation, consistent with observations from pancreatic homogenates, analysis of the 

cytosolic fraction revealed significantly higher cathepsin B activity in Cstb-/- mice. Although 

total tissue-level cathepsin B activity remained unchanged, the elevated cytosolic activity in 

knockout mice likely contributes to the increased trypsin activation observed, presumably 

due to the loss of cystatin B-mediated regulation. The pathological pool of cathepsin B 

represents only a small, transient fraction that escapes from lysosomes into the cytosol. 

Under the neutral pH of the cytosol, cathepsin B is short-lived and exhibits limited activity; 

nevertheless, even brief, localized access to trypsinogen is sufficient to cleave it and trigger 

its conversion to active trypsin. This, in turn, promotes autoactivation and amplifies cytosolic 

trypsin activity, initiating downstream pathological processes. 

Genetic evidence underscores the pivotal role of cathepsin B in the development of acute 

pancreatitis. In mice lacking cathepsin B (Ctsb-/-), Halangk et al observed a significant 

reduction of trypsin activity (over 80%) in the pancreas following secretagogue-induced 

pancreatitis (103). Additionally, these mice exhibited less pancreatic damage, as evidenced 

by lower serum amylase and lipase levels, as well as reduced acinar necrosis compared to 

wild-type mice(103). These results suggest that cathepsin B is crucial for the activation of 

trypsinogen and the onset of pancreatitis(103). Further supporting this role, inhibiting 

cathepsin B with the cell-permeable inhibitor CA-074Me in pancreatitis models led to a 

substantial reduction in trypsinogen activation and decreased pancreatic injury(104). These 

findings highlight cathepsin B as a key player in the early stages of pancreatitis, offering 

potential for therapeutic targeting to reduce disease severity(104). 

Myricetin, a natural flavonoid, reduces the severity of acute pancreatitis primarily by 

suppressing cathepsin B activity, a key enzyme in triggering premature trypsinogen 

activation(105). This effect is mediated through the inhibition of calcineurin-CaMKK2 

signaling, which normally enhances cathepsin B function and cytokine production(105). By 

downregulating this pathway, myricetin limits acinar cell injury and inflammation, highlighting 

the role of cathepsin B regulation in controlling disease progression(105). Redistribution of 

cathepsin B to zymogen-rich compartments increases trypsin activation, but does not alone 

trigger pancreatitis(106). In CI-MPR-deficient mice, elevated trypsin activity did not correlate 

with disease severity, indicating that cathepsin B mislocalization is insufficient to drive 
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pathology without additional inflammatory signals(106). The absence of cystatin C, which 

leads to higher activity of cathepsin B, leads to higher apoptosis in cystatin C-deficient 

mice(61). 

4.3 Mitochondrial function in pancreatitis 

Mitochondrial dysfunction is a well-established feature of pancreatitis-related cellular 

damage. The literature suggests that the lack of cystatin B can lead to increased reactive 

oxygen species (ROS) production, cytoplasmic accumulation of misfolded proteins, enhanced 

autophagy, and degradation of TFAM (transcription factor A, mitochondrial) by cathepsin 

B(84,91). TFAM is essential for mitochondrial genome maintenance and overall function(65). 

Based on these findings, we hypothesized that the absence of cystatin B may predispose cells 

to more significant mitochondrial damage during pancreatitis. 

To test this, we assessed mitochondrial membrane potential in isolated acinar cells using the 

TMRM assay. TMRM is a red fluorescent dye that accumulates in active mitochondria 

proportionally to their membrane potential. Following depolarization with CCCP, we 

observed that 30 minutes after CCK stimulation, mitochondria in the knock-out acinar cells 

exhibited a state of depolarization. This depolarization, which marks an early mitochondrial 

stress response, indicates mitochondrial collapse and increased cell death. 

To further explore mitochondrial integrity, we performed a Western blot analysis of TFAM in 

the cytosolic fraction. Under physiological conditions, TFAM is synthesized in the nucleus, 

translated into the cytoplasm as a precursor, and transported into mitochondria, where it 

becomes active. At 1-hour post-CCK stimulation, TFAM was detectable in the cytosol of both 

wild-type and knock-out mice, indicating early mitochondrial stress or damage. However, at 

8 hours, TFAM remained present in the cytosol of knock-out mice but was no longer 

detectable in wild-type samples. This sustained presence in the knock-out suggests either 

ongoing mitochondrial damage or defective mitochondrial quality control mechanisms, such 

as impaired mitophagy or reduced mitochondrial membrane integrity, leading to continued 

leakage of mitochondrial contents. In contrast, the absence of TFAM in the wild-type cytosol 

at 8 hours may reflect resolution of mitochondrial stress, recovery of membrane integrity, or 

efficient degradation of leaked TFAM via proteasomal or autophagic pathways. The persistent 

cytosolic TFAM in knock-out mice could contribute to prolonged cellular stress, possibly by 
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acting as a damage-associated molecular pattern (DAMP) and amplifying inflammatory 

signaling pathways. 

A recent study showed that TFAM is highly expressed in pancreatic cancer tissues and cell 

lines compared to normal counterparts(107). TFAM overexpression promoted proliferation 

and survival, while its inhibition impaired growth, colony formation, and enhanced the effect 

of gemcitabine, particularly in resistant cells(107). Mechanistically, knocking down TFAM 

caused mitochondrial dysfunction, energy depletion, and oxidative stress. This underscores 

the essential role of TFAM in maintaining mitochondrial function and its potential as a 

therapeutic target in pancreatic cancer(107). 

To investigate whether cathepsin B (CTSB) degrades TFAM, TFAM protein levels were 

assessed in pancreatic acinar cells (PACs) and tissue from experimental acute pancreatitis (AP) 

models(108). CCK stimulation and caerulein/LPS-induced AP significantly reduced TFAM 

expression, while CTSB inhibition with CA-074Me restored it(108). Co-immunoprecipitation 

further revealed increased binding between CTSB and TFAM upon lysosomal stress, 

supporting a direct role of CTSB in TFAM degradation during AP(108).  

Mitochondrial transcription factor A (TFAM) plays a critical role in the replication, 

transcription, and maintenance of mitochondrial DNA (mtDNA). Studies on cultured cells have 

demonstrated that manipulating TFAM expression influences mtDNA replication. 

Overexpression of TFAM shifts replication intermediates toward a conventional, strand-

coupled type, which leads to mtDNA depletion and reduced cellular bioenergetics(109). 

Another study emphasized the significance of TFAM in non-small cell lung cancer (NSCLC), 

revealing that TFAM downregulation induces cell cycle arrest, inhibits cell growth and 

migration, and increases sensitivity to chemotherapy. Together, these findings suggest that 

TFAM is essential for maintaining mtDNA integrity and regulating cellular functions, and that 

it may serve as a potential target for cancer therapies(110). 

Another study emphasizes the role of mitochondrial function in pancreatitis, showing that 

calcium (Ca²⁺) and reactive oxygen species (ROS) regulate cytochrome c release from 

pancreatic mitochondria (111). Low Ca²⁺ stimulates release, while high Ca²⁺ induces 

mitochondrial depolarization, which inhibits ROS production and cytochrome c release. These 
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findings suggest that stabilizing the mitochondrial membrane potential could reduce acinar 

cell death in pancreatitis(111). 

This study demonstrates that the mitochondrial permeability transition pore (MPTP) plays a 

critical role in acute pancreatitis(112). Toxin-induced MPTP opening leads to ATP depletion, 

impaired calcium clearance, and defective autophagy in pancreatic acinar cells, driving 

zymogen activation and inflammation. Inhibition of MPTP reduced these pathological 

responses across various pancreatitis models. These findings highlight mitochondrial 

dysfunction as a key mechanism in pancreatitis and suggest that targeting MPTP could be a 

potential therapeutic strategy(112). 

Mitochondrial dysfunction and impaired autophagy are key factors in the development of 

acute pancreatitis (AP). Mitochondrial Ca2+ overload and reduced ATP synthase activity, both 

mediated by cyclophilin D, lead to mitochondrial depolarization and fragmentation in AP. This 

dysfunction triggers ER stress, impaired autophagy, and lipid metabolism disturbances. 

Trehalose administration improved autophagic efficiency and reduced pancreatic injury. The 

findings underscore the importance of mitochondrial and autophagic dysfunction in AP, 

suggesting that therapeutic strategies targeting these pathways could aid in treating the 

disease(113). 

Mitochondrial dysfunction, specifically the abnormal opening of the mitochondrial 

permeability transition pore (MPTP), is a key factor in acute pancreatitis. Mesenchymal stem 

cells (MSCs), which are known for their anti-inflammatory properties, can mitigate damage 

induced by pancreatitis. MSCs transfer functional mitochondria to injured pancreatic acinar 

cells (PACs) via extracellular vesicles (EVs). This helps restore the cells' metabolism and ATP 

production, reducing damage to the cells. Hypoxia enhances the mitochondrial function of 

MSCs, which is then delivered to PACs, thereby improving their metabolic state. These 

findings highlight the potential of mitochondrial-based therapy for treating severe acute 

pancreatitis (114). 

A study investigating the role of mitochondrial dysfunction in acute pancreatitis found that 

opening the mitochondrial permeability transition pore (MPTP) due to calcium overload and 

oxidative stress significantly impairs mitochondrial function. This resulted in decreased ATP 

production, zymogen activation, and subsequent acinar cell death. The study suggests that 
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mitochondrial dysfunction is central to the pathogenesis of acute pancreatitis and that 

targeting mitochondrial protection could be a therapeutic approach(115). 

A study investigating acinar cell death in pancreatitis examined the roles of apoptosis and 

necrosis(116). The study demonstrated that necrosis is associated with loss of mitochondrial 

membrane potential (ΔΨm) and ATP depletion, while apoptosis is driven by release of 

cytochrome c and activation of caspases(116). Upregulation of pro-survival Bcl-2 family 

proteins, particularly Bcl-xL, was found to protect acinar cells from necrosis by maintaining 

mitochondrial stability(116). Inhibiting Bcl-xL/Bcl-2 resulted in ΔΨm loss, cytochrome c 

release, and increased necrosis in pancreatic acinar cells, particularly when hyperstimulated 

with CCK(116). However, these inhibitors had a less pronounced effect on apoptosis(116). 

These results suggest that enhancing Bcl-xL/Bcl-2 activity could mitigate necrosis and reduce 

the severity of pancreatitis, whereas inhibition could worsen the condition(116). 

Examining progressive myoclonus epilepsy type 1 (EPM1), a neurodegenerative disorder 

caused by mutations in the Cystatin B (CSTB) gene, can further our understanding of the role 

of mitochondrial dysfunction and oxidative stress in pancreatitis. The CSTB protein normally 

protects against oxidative stress and maintains mitochondrial integrity by inhibiting cathepsin 

B, a lysosomal protease whose overactivation can damage mitochondria. In CSTB-deficient 

neurons, excessive cathepsin B activity contributes to mitochondrial membrane 

destabilization, elevated mitochondrial reactive oxygen species (ROS), and impaired 

antioxidant defenses. This leads to oxidative damage and cell death. EPM1 models 

consistently demonstrate early and progressive mitochondrial dysfunction, underscoring the 

pivotal role of CSTB in regulating mitochondrial health. These findings are relevant to 

pancreatitis, in which similar cystatin B, cathepsin B dysregulation may drive mitochondrial 

injury and oxidative stress, promoting acinar cell death and disease progression. Thus, insights 

from EPM1 pathophysiology underscore the critical role of CSTB in maintaining mitochondrial 

function and redox balance in neural and pancreatic tissues (84,117). 
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4.4 Immune response and inflammasome  

An important consequence of pancreatitis is the activation of the immune response, 

especially in the later stages of disease progression. Following tissue injury, immune cells 

migrate to the pancreas to aid in healing and resolving inflammation. To evaluate this immune 

activation, we examined the presence of resident and infiltrating macrophages using an 

immunostaining technique with antibodies against CD68 (a macrophage marker) and CCR2 (a 

marker of infiltrating immune cells, primarily monocyte-derived macrophages). The levels of 

both markers were significantly higher in the knockout group than in the control group, 

indicating an enhanced local immune response in the absence of cystatin B. 

Additionally, we evaluated systemic inflammation by measuring myeloperoxidase (MPO) 

activity in lung tissue, which is a well-established marker of neutrophil infiltration. MPO 

activity was significantly higher in knockout mice following CCK-induced pancreatitis at 

multiple time points. This suggests that the absence of cystatin B contributes to an amplified 

systemic inflammatory response. 

This study explored immune dynamics in acute pancreatitis, identifying key transitions 

between excessive inflammation and immunosuppression. It was found that the immune 

system undergoes a switch at 48 hours from an overactive inflammatory response to an 

immunosuppressive state. In our findings, we observed increased MPO, CCR2, and CD68 

levels, indicating a heightened inflammatory response in the early stages, like the intense 

immune activation observed in the inflammatory phase of the study. This suggests that, like 

in severe pancreatitis, immune dysfunction plays a crucial role in the progression of acute 

pancreatitis. The immune switch at 48 hours may offer insights into optimizing immune 

regulation in pancreatitis(118). 

In this study, p38α in macrophages was shown to promote inflammation in severe acute 

pancreatitis (SAP) by regulating key cytokines (e.g., TNF-α, IL-1β) and autophagy-related 

proteins (e.g., LC3B, p62). The findings suggest that targeting p38α could mitigate the 

inflammatory response in SAP. This relates to your study on inflammation in pancreatitis, as 

macrophage-driven inflammatory responses play a crucial role in disease progression, and 
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targeting specific pathways like p38α could provide therapeutic benefits in managing 

inflammation during pancreatitis(119). 

This study investigates the inflammatory response in acute pancreatitis (AP) and the role of 

immune regulation in disease progression(120). It shows that both systemic inflammatory 

response syndrome (SIRS) and compensatory anti-inflammatory response syndrome (CARS) 

are simultaneously activated in AP, rather than sequentially(120). The study identifies 

immune-related susceptibility genes, including TLR2, which were found to play a significant 

role in modulating the inflammatory response(120). In TLR2-deficient mice, reduced serum 

lipase and amylase levels, along with alleviated pancreatic inflammation and neutrophil 

accumulation, suggest that TLR2 is a potential therapeutic target(120). This research is 

relevant to our study, as it highlights the complex interplay between inflammatory and anti-

inflammatory responses in AP, which could inform strategies for managing inflammation and 

immune dysfunction in pancreatitis(120). 

In the case of pancreatitis, damaged acinar cells release damage-associated molecular 

patterns (DAMPs), including ATP, high-mobility group box 1 (HMGB1), and mitochondrial 

DNA. These DAMPs activate surrounding macrophages, which initiates inflammasome 

formation. In our study, we observed that acinar cell injury leads to mitochondrial membrane 

depolarization, which promotes the release of mitochondrial DNA (mtDNA) and other 

damage-associated molecular patterns (DAMPs) from acinar cells. These released DAMPs 

serve as the initial signals for inflammasome activation in macrophages. This process triggers 

the activation of NF-κB in macrophages, resulting in the transcription of key inflammasome 

components, such as NLRP3 and pro-IL-1β. Moreover, the release of cathepsin B into the 

cytosol, particularly in the absence of cystatin B, may act as a secondary signal that further 

drives inflammasome assembly. This leads to caspase-1 activation, IL-1β maturation, and 

secretion, which promotes the recruitment of additional inflammatory cytokines to the site 

of injury. 

Our experimental data revealed significantly higher levels of IL-1β release in the absence of 

cystatin B compared to wild-type controls, underscoring the critical role of cathepsin B in 

promoting inflammasome activation under these conditions. This amplified pro-inflammatory 

response contributes to the pathological progression of pancreatitis, and in severe forms, the 
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absence of cystatin B may exacerbate the inflammatory cascade, potentially progressing to 

Systemic Inflammatory Response Syndrome (SIRS). SIRS, characterized by widespread 

inflammation and multi-organ dysfunction, represents a severe complication of pancreatitis, 

highlighting the importance of regulating inflammasome activation to mitigate systemic 

consequences. 

Recent evidence highlights a critical role for cathepsin B beyond acinar cells, showing its 

involvement in macrophage-mediated responses during pancreatitis(121). Macrophages 

infiltrating the pancreas can endocytose zymogen-containing vesicles and activate 

trypsinogen intracellularly in a CTSB- and pH-dependent manner(121). This protease 

activation triggers NF-κB signaling and cytokine release, thereby amplifying inflammation and 

disease severity(121). Notably, CTSB knock-out mice exhibit reduced trypsinogen activation 

and inflammation, underscoring CTSB's key contribution to both local pancreatic injury and 

systemic inflammatory responses in pancreatitis(121). 

In contrast to our results, a recent study using in vitro models demonstrated that while silica 

nanoparticles (SiNPs) activate NLRP3-dependent pyroptosis in macrophages, cathepsin B 

(CTSB) does not appear to play a direct role in triggering this pathway(122). Although SiNPs 

caused lysosomal disruption and elevated CTSB levels, inhibition of CTSB did not impact 

NLRP3 activation or downstream pyroptotic markers, suggesting that CTSB release alone is 

insufficient to induce inflammasome assembly in this context(122). While our study 

concentrated on IL-1β as a key inflammasome effector in pancreatitis, a related investigation 

highlighted the central role of IL-18 in driving systemic immune responses. Using NLRP3- and 

IL-18-deficient mice, they showed that inflammasome activation leads to IL-18-mediated Th2 

polarization and T-cell activation during acute pancreatitis. Notably, IL-18—but not IL-12—

was essential for initiating the compensatory anti-inflammatory response (CARS). Inhibition 

of NLRP3 with MCC950 reduced both inflammation and immune dysregulation. These findings 

underscore IL-18 as a distinct inflammasome-derived cytokine shaping the adaptive immune 

environment in pancreatitis, complementing our findings centered on IL-1β(123). 

Although our study focused on acute pancreatitis, in which fibrosis has not yet developed, 

findings from chronic inflammatory diseases such as systemic sclerosis demonstrate that 

prolonged inflammasome activation and macrophage pyroptosis can lead to fibrosis(124). 
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This finding suggests that sustained IL-1β mediated inflammasome signaling contributes to 

fibrotic progression in chronic pancreatitis(124). Unlike our study, which explored IL-1β 

release in the absence of cystatin B, this study focused on cystatin C deficiency and found 

increased sensitivity to LPS-induced sepsis. The authors observed enhanced caspase-11 

expression and increased IL-1β and IL-18 processing in cystatin C-deficient macrophages, 

independent of cathepsin activity. Instead, an impaired autophagy process appeared to 

underlie the excessive inflammatory response. This suggests that, although both cystatins 

influence inflammation, they may do so via different mechanisms(125). 

In HIV-infected macrophages, cystatin B expression is increased and contributes to viral 

persistence by dampening the interferon response. Notably, cystatin B also affects 

inflammation: its interaction with cathepsin B is disrupted during infection, leading to 

increased cathepsin B activity and neuronal apoptosis. These findings suggest that cystatin B 

plays a regulatory role in controlling IL-1β-related inflammation through its influence on 

cathepsin B, which aligns with my observations that cystatin B deficiency enhances IL-1β 

release and inflammasome activation(126). 
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5 Summary 

Background: Acute pancreatitis (AP) is a serious inflammatory condition marked by the 

premature activation of digestive proteases, resulting in pancreatic self-digestion and tissue 

injury. A pivotal event in the early stages of AP is the conversion of the zymogen trypsinogen 

into its active form, trypsin. Among the potential mediators of this process, the lysosomal 

protease cathepsin B has been identified as a key initiator.  Thus, the regulation of cathepsin 

B activity is considered a critical factor influencing the onset and severity of pancreatitis. The 

activity of cathepsin B can be modulated in various cellular compartments, including the 

cytosol, where cystatin B acts as a regulator. In addition to its role in activating proteases, 

cytosolic cathepsin B has been linked to inducing apoptosis by activating the BID and caspase 

pathways. In addition to its role in protease activation, cytosolic cathepsin B has been 

associated with inducing apoptosis by activating BID and caspase pathways. In addition to its 

role in activating proteases, cytosolic cathepsin B has been linked to inducing apoptosis by 

activating the BID and caspase pathways. Furthermore, cystatin B inhibits cathepsin B, a key 

mediator involved in inflammasome formation in macrophages, thereby modulating the 

inflammatory response. This study aimed to investigate the regulatory effect of cystatin B on 

cathepsin B activity during pancreatitis. 

Method: Proteomic analysis using LC-MS/MS was conducted to evaluate the presence of 

protease inhibitors in various subcellular fractions. Acute pancreatitis (AP) was induced in 

C57Bl/6 and Cstb-/- mice through hourly repetitive injections of caerulein (50 μg/kg body 

weight). Disease severity was assessed through the measurement of serum lipase and 

amylase activities, in conjunction with histological evaluation of pancreatic tissue. Protease 

activity was analyzed using fluorogenic substrates in both whole pancreatic homogenates and 

isolated subcellular fractions. Apoptotic cell death was quantified via the TUNEL assay, while 

mitochondrial function was assessed by determining mitochondrial membrane potential. 

Furthermore, protease activation and cellular injury were further investigated in isolated 

pancreatic acinar cells. Inflammasome formation and IL-1β release were evaluated using an 

ELISA kit to quantify cytokine levels. 

Result: Our results demonstrated that the absence of cystatin B was associated with 

increased severity of pancreatitis, as evidenced by elevated serum amylase and lipase levels, 
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along with greater pancreatic tissue damage. Additionally, trypsin activity was significantly 

higher in the cytosolic fraction of knock-out mice, accompanied by increased chymotrypsin 

activity. Both Cathepsin B and Cathepsin L exhibited elevated activity in the cytosolic 

compartment following one hour of pancreatitis induction. In vivo measurements further 

confirmed enhanced trypsin activity, which correlated with a greater extent of necrosis in 

knock-out mice. Moreover, higher levels of apoptosis, likely driven by increased cathepsin B 

activity, were observed in the absence of cystatin B. Analysis of mitochondrial function 

revealed depolarization of the mitochondrial membrane potential and the absence of TFAM 

as a transcription factor in the cytosol of knock-out mice. Finally, the cystatin B-deficient 

exhibited increased immune cell infiltration and enhanced inflammasome formation within 

macrophages residing in the pancreatic tissue. 

Conclusion: In the later stages of pancreatitis, cathepsin B translocates into the cytosol, where 

its activity is normally regulated and inhibited by cystatin B. In the absence of cystatin B, 

cathepsin B remains active in the cytosol, triggering multiple pathological events. Active 

cathepsin B facilitates the premature conversion of trypsinogen to trypsin, initiating a 

proteolytic cascade involving other serine proteases and thereby intensifying pancreatic 

injury. This aberrant protease activity contributes to increased apoptosis in acinar cells. It 

promotes necrotic cell death, as evidenced by elevated in vitro trypsin activity in living acinar 

cells from knock-out mice. Moreover, sustained cytosolic cathepsin B activity in the absence 

of cystatin B induces pronounced mitochondrial dysfunction, characterized by depolarization 

of the mitochondrial membrane potential and loss of mitochondrial integrity, as evidenced 

by the release of mitochondrial transcription factor A (TFAM) into the cytosol at later stages 

of pancreatitis. TFAM is a key regulator of mitochondrial maintenance, and its cytosolic 

localization likely reflects ongoing mitochondrial disruption. The resulting cellular stress 

further enhances immune cell infiltration and inflammatory responses within the pancreatic 

tissue. Importantly, the loss of cystatin B also leads to amplified inflammasome activation in 

macrophages, likely driven by increased release of damage-associated molecular patterns 

(DAMPs) and mitochondrial dysfunction. This contributes to the elevated secretion of 

proinflammatory cytokines such as IL-1β, which may, in turn, promote or precede pyroptotic 

cell death. 
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In summary, cystatin B plays a critical protective role during the progression of pancreatitis 

by regulating cathepsin B activity, preserving mitochondrial function, and limiting 

inflammatory responses. Its deficiency leads to aggravated disease severity, characterized by 

elevated levels of acinar cell apoptosis and necrosis, as well as intensified pyroptotic cell death 

in macrophages. 
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6 Outlook 
 

The findings of my thesis contribute to a deeper understanding of the cellular 

pathophysiology of acute pancreatitis. Nevertheless, several unexplored aspects remain that 

could provide further insights into the mechanisms of disease progression and cellular 

dysfunction in pancreatitis. 

Our results highlight the role of cathepsin B activity, alongside trypsin, as a key threat to acinar 

cell integrity, particularly at later stages of the disease when these proteases translocate to 

the cytosol. Proteomic analysis, supported by literature, indicates the presence of 

endogenous protease inhibitors, such as the serpin family, predominantly located in the 

cytosolic compartment(71). These inhibitors regulate serine and cysteine proteases, 

suggesting that a deeper investigation into their role in modulating protease activity could 

yield important insights into acinar cell survival and proteostasis during pancreatitis(74,75). 

Moreover, it has been reported that cystatin B participates in chromatin remodeling and cell 

proliferation, implying a potential role in regulating gene expression during both acute and 

chronic pancreatitis(81). Given that chromatin structure profoundly influences transcriptional 

activity, the involvement of this inhibitor in modifying chromatin accessibility suggests it may 

contribute to the regulation of stress-responsive genes, inflammatory mediators, or 

regenerative programs in acinar cells. In chronic settings, such epigenetic regulation could 

affect fibrosis, metaplasia, or acinar-to-ductal reprogramming, which are key features 

associated with disease progression and pancreatic tissue remodeling. Therefore, dissecting 

the role of this inhibitor in epigenetic control and transcriptional networks may offer novel 

insights into the long-term outcomes and plasticity of pancreatic cells under pathological 

stress. 

The cystatin B involvement in autophagy and protein aggregation within the cytosol is 

particularly relevant, given that autophagy dysfunction is a hallmark of 

pancreatitis(84,113,113,117). Thus, examining the impact of this protease inhibitor on 

autophagy pathways and protein homeostasis could uncover novel pathogenic mechanisms 

or therapeutic targets. 
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Our data also revealed a link between cathepsin B and cystatin B in mediating mitochondrial 

damage, as evidenced by the presence of TFAM in the cytosol and alterations in mitochondrial 

membrane potential. Since this protease inhibitor has also been implicated in regulating 

mitochondrial gene expression and respiration, further investigation into its role in 

mitochondrial function, mitophagy, and mitochondrial biogenesis may elucidate its 

contribution to apoptosis and cell fate in pancreatitis. 

Additionally, we observed increased inflammatory responses and immune cell infiltration in 

acinar cells lacking cystatin B. Both cystatin B and cathepsin B are known to influence 

inflammasome activation and potentially pyroptosis(65,84). Upon lysosomal rupture, 

cathepsin B promotes ROS production, especially in the absence of cystatin B, serving as a 

potent secondary signal for inflammasome assembly(34,65). Cathepsin B also activates the 

NF-κB pathway, upregulating pro-inflammatory mediators such as IL-1β and NLRP3(65). 

Emerging evidence suggests that it may directly interact with NLRP3 at the trans-Golgi 

network, further facilitating inflammasome activation(65). These interactions emphasize the 

complex intracellular signaling that drives inflammation in pancreatitis.  Given the elevated 

IL-1β release observed during acute pancreatitis and the role of cystatin B  in cell proliferation, 

it is plausible that IL-1β signaling through the IL-1 receptor may contribute to processes 

beyond inflammation, particularly fibrosis and wound healing, during the recovery 

phase(81,127).  IL-1β has been shown to promote fibroblast activation and extracellular 

matrix production, both of which are key features of fibrotic remodeling (128). In the context 

of pancreatitis, IL-1β may influence the activation of pancreatic stellate cells, potentially 

driving fibrotic responses (129). The involvement of cystatin B in proliferation suggests it may 

modulate how cells respond to IL-1β signaling during tissue regeneration (130). This points to 

a potential role for IL-1β in coordinating early inflammatory cues with subsequent repair 

mechanisms, warranting further investigation into its contribution to post-inflammatory 

fibrosis and healing in acute pancreatitis (131). 

In summary, our study sheds light on the multifaceted roles of proteases and their inhibitors 

in the cellular events underlying acute pancreatitis, including mitochondrial dysfunction, 

inflammasome activation, and disrupted autophagy. By exploring the interplay between 

cathepsin B, its inhibitors, and downstream signaling pathways, we reveal potential 

mechanisms contributing to pancreatic injury and inflammation. These findings open new 
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avenues for future research into therapeutic targets to preserve cellular integrity and 

modulate immune responses in pancreatitis. 
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