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Abstract 
Introduction: Emerging evidence suggests the pivotal role of the mitochondria 
permeability transition pore (MPTP) in the development of acute pancreatitis (AP). 
Genetic ablation of cyclophilin D (CypD), the key regulator of MPTP opening, 
exerts marked protective effects in AP, but pharmacologic inhibition of MPTP has 
had inconsistent results possibly due to nonspecific inhibition on other cyclophilins 
such as the endoplasmic reticulum-based protein folding chaperone cyclophilin B 
(CypB). This study sought to comprehensively define the effects of cyclophilin 
inhibitor in murine isolated pancreatic acinar cells (PACs) and multiple 
experimental AP models. This work has also evaluated the effects of MPTP 
inhibition via cyclophilin D in experimental chronic pancreatitis (CP). 

Methods: Responses of freshly isolated murine PACs to taurolithocholic acid 3-
sulphate (TLCS), palmitoleic acid (POA) or caerulein were examined following 
preloading with cyclosporin A (CsA, 100 nM to 50 µM) to assess the protective 
effects of CsA on kinetic cell death activation and cellular reactive oxygen species 
(ROS) generation. Response was examined using fluorescent dyes recorded by plate 
reader, together with western blotting to measure protein folding chaperones glucose 
regulated protein 78 (GRP-78) and CypB expression. Pharmacological MPTP 
inhibitory strategies with multiple independent cyclophilin inhibitors were 
administered to assess the severity of murine experimental AP induced by retrograde 
common duct infusion of 50 µL 3 mM TLCS (TLCS-AP), 2 hourly fatty acid ethyl 
ester (FAEE-AP: mixture of 1.35 g/kg ethanol and 150 mg/kg POA) intraperitoneal 
injection (ipi) or 7 hourly ipi of 50 µg/kg caerulein (CER-AP). Genetic and 
pharmacological MPTP inhibition was targeted to investigate the role of CypD in 
the development and recovery of repetitive caerulein-induced murine CP models.  

Results: Pancreatic toxins exposure of isolated control PACs induced marked 
propidium iodine uptake and caspase 3/7 intensity accompanied by abundant ROS 
generation, as well as early GRP-78 and CypB overexpression. Pharmacologic 
MPTP inhibition with CsA protected PACs against cell death and ROS production at 
lower concentrations (1-5 µM; p<0.05). CsA at low to medium doses (1-5 mg/kg) 
dramatically alleviated (p<0.05) severity markers of TLCS-AP, FAEE-AP and CER-
AP while higher doses were associated with elevated IL-6 and myeloperoxidase 
levels. CC-1233, a novel cyclophilin inhibitor with higher affinity to CypD than 
CsA, reduced the severity of TLCS-AP at all doses tested, but exacerbated all 
biochemical and immunological parameters except for trypsin activity in FAEE-AP 
and CER-AP. Genetic ablation of CypD or pharmacologic inhibition of cyclophilins 
with SCY-635/CC-4635 preserved PAC structure and enzymatic function while 
reducing collagen deposition in experimental CP. 

Conclusion: Inhibition of the MPTP opening with cyclophilin inhibitors reduces 
pancreatic injury and alleviates the experimental AP and CP in murine models but 
requires careful optimisation of the treatment regimen. Protection of PAC injury 
appears a feasible approach to reduce the long-term injury in CP. Inappropriate 
application of cyclophilin inhibitors at too high a dosage may exacerbate 
inflammation and disease course due to off-target effects. 
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Ca2+                       General Ca2+ 
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1.1 Pancreatitis  

Pancreatitis, manifest with acute, recurrent and chronic three inflammation types of 

pancreas. Although epidemiology of pancreatitis is well known, there is still a lack 

of definitive and specific medical treatment for necrosis, inflammation and fibrosis 

due to less elucidated understanding with cellular mechanisms of disease initiation 

and progression. 

 

1.1.1 Acute Pancreatitis 

Acute pancreatitis (AP) is a necro-inflammatory disease with initial inappropriate 

zymogen activation, which is an important health concern across the world with the 

incidence of first attack in different population studies ranges from 15 to 45 among 

100,000 per year 1-10. The mild acute pancreatitis (MAP) is self-limited with 

complete resolution in 2 weeks, however, it can also progress to severe life-

threatening form with serious complications including both local necrotic collection 

and persistent organ failure with up to 30% mortality rate11-14.  

 

The most common aetiologies of AP involve alcohol, gallstones, hyperlipidaemia, 

trauma, and few idiopathic cases, which initiate pathological activity of pancreatic 

enzymes, leading to both local and systemic injury, and organ failure in some severe 

cases15, 16. 

 

1.1.2 Recurrent Acute Pancreatitis 

Recurrent Acute Pancreatitis (RAP) refers to more than two AP episodes on set17. 

As a clinical entity with recurrence, RAP generally occurs in a setting of normal 
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morpho-functional gland18. In some AP cases, formation of tissue scarring and 

stricture may lead to flow obstruction in pancreas and RAP19.  

 

Alcohol and gallstone aetiologies are combined frequency of more than 70%, which 

is further confirmed in a study including data from 5 European countries20-22 for 

recurrent acute pancreatitis. Hypertriglyceridemia is a well-established cause of 

RAP. Other most frequent causes for RAP include heavy alcohol consumption, 

sludge, bile crystals and stones in the duct, or dysfunction of oddi sphincter, ductal 

anatomical variation, obstruction and genetic factos18, 23, 24.  

  

1.1.3 Chronic Pancreatitis 

Chronic pancreatitis (CP) defines as a pathologic fibro-inflammatory syndrome of 

the pancreas in individuals with genetic, environmental and/or other risk factors who 

develop persistent pathologic responses to parenchymal injury or stress25-29. Scarring 

of the parenchyma may be focal, patchy or diffuse. The deposition and remodelling 

of fibrotic tissue is protective following injury, however it could impede normal 

pancreatic function with persistent accumulation. Progressive fibrotic reorganisation 

and acinar cell atrophy may lead to exocrine pancreatic insufficiency (EPI) followed 

by endocrine dysfunction with key features of malabsorption, malnutrition, diabetes, 

and pancreatic calcification30, 31. The incidence of CP in European countries ranges 

from 5 to 10 for every 100,000 inhabitants with a 20 years median survival.32 The 

calculated prevalence is around 120 per 100,000 population 33, 34. 
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Chronic pancreatitis associated with heavy alcohol intake and cigarette smoking in 

about 60-80% of cases35, other aetiology of CP has been characterized as hereditary, 

idiopathic, obstructive and hyperlipidaemia36. While Yadav reported CP develops 

from predominately non-gallstones related pancreatitis in US8, studies from China 

revealed an association with alcohol in 35% and gallstones in about 34% of CP 

patients37, suggesting a regional discrimination. 

 

1.1.4 Disease progression and continuum 

Over the last two decades, emerging clinical data of human studies suggests that AP 

and CP represent a disease continuum. Comfort has first proposed the concept that 

recurrent AP attacks lead to CP through healing of the necrotic arears with fibrotic 

tissue38. Later, Klöppel and Maillet described the sentinel acute pancreatitis event 

(SAPE) hypothesis that based on the necro-fibrosis theory and suggested AP as a 

sentinel event in the pathogenesis of CP, which aberration and continuous exposure 

with various risk factors during repair process leads to CP39 and later confirmation 

was made from clinicopathological studies with CP patients. Although most MAP 

cases resolve without complications, a subset continues to have recurrent attacks of 

pancreatitis. As an intermediary stage in the pathogenesis of CP development and 

progression, partial RAP patients progress to CP during their natural course 40, 41. 

Overall, the risk of recurrence after the first AP attack was noted to be 20%, and the 

risk of progression to CP was 36% with patients who suffered at least one recurrence 

42-45. In a national wide survey from Japan, the transition from AP to CP was noted 

to be 14.8%, which was 26% with alcohol and only 1.7% in patients related to 

gallstone46, 47.  
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There are some common pathways connecting the progression with various 

elements.  The progression relies on complicated interactions between impaired 

immune response with low extent inflammation and multiple factors from clinic like 

local complications and from environment such as heavy alcohol consumption, 

smoking, genetic factors or ongoing risk factors. These mutual interactions result in 

decreased progression threshold and finally lead to CP. Although the exact diseases 

progression pathophysiology from acute to chronic is remaining unclear, CP 

development has been generally characterized with three stages. Starting with pre-

pancreatitis phase, the first stage is related to risk factors like genetic mutations, 

alcohol and smoking. Followed by the second stage with AP on set and 

inflammation. A severe attack could lead to the PSCs activation which is dependent 

on macrophage and finally lead to fibrosis formation and accumulation, especially 

with continuous stimuli that caused interplay between pro- and anti-inflammatory 

pathways. With modulation of immune response, finally progresses to last stage of 

CP 48, 49. Not all AP, however, proceeds to recurrent, and not all RAP progresses to 

CP. The progression is determined by a comprehensive network involves multiple 

risk factors50, which has been mentioned above. 

 

1.2 Current clinical management and trials in pancreatitis 

1.2.1 Clinical management for pancreatitis 

For years, treatments for acute pancreatitis are still mainly supportive like fluid and 

nutritional therapy with low to moderate evidence according to the latest American 

Gastroenterology Associate (AGA) clinical guidelines (Table 1.1)51. Although the 

consensus recommended management for AP has been greatly improved in the last 
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few decades, specific and effective therapies are still lacking due to the poorly 

understood pathobiology of the disease. Laparoscopic cholecystectomy or 

endoscopic biliary sphincterotomy are the main therapeutic approach procedures for 

RAP of biliary aetiology. The management of CP is challenging and requires a 

personalized approach focused on the individual patient’s main symptoms, goals and 

quality of life52. Apart from endoscopic and surgical management, pancreatic 

enzyme replacement therapy (PERT), is evidence-based recommendation as 

routinely used medical therapy in CP patients with exocrine pancreatic insufficiency 

(EPI) according to the United European Gastroenterology (UEG) evidence based 

guidelines (Table 1.2)31. The management for CP also includes education and 

counselling on abstinence of alcohol and tobacco in patients. 
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Table 1.1 Summary of Recommendations of AGA Clinical Guidelines for the 

Initial Management of Acute Pancreatitis 

 
 
 
 

Table 1.2 UEG Evidence Based Guidelines for Chronic Pancreatitis 
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1.2.2 Clinical trials in AP 

Since 1974, either single or multiple centres based short or long period clinical trials 

have been conducted all over the world on acute pancreatitis to evaluate the 

beneficial of various pharmacological agents (Table 1.3), including somatostatin or 

its analogue that reduces pancreatic secretion; protease inhibitors like aprotinin, 

nafamostat, gabexate mesilate and ulinastatin; antioxidants like vitamin C, E and 

selenium; agents which modulate inflammation as platelet activating factors 

lexipafant, steroids and tumour necrosis factor- alpha (TNF-α) antibody; antibiotics  

and probiotics53-55. 

Considering that several randomized controlled trials (RCT) with anti-pancreatic 

secretion therapy using somatostatin in AP have showed inconsistent clinical benefit 

56-58, while both studies conducted on patients with severe type59 and meta-analysis 

suggested an overall mortality advantage with somatostatin applied in severe acute 

pancreatitis60, the pancreatic secretion inhibition was thought to be protective in 

severe class. Similar clinical dilemma was observed in the administration of its 

analogue, octreotide 61-63 , however, study suggested that a high dose administration 

may efficiently reduce the risk of SAP developing 64 and alleviating inflammation. 

Nevertheless, with respect to the administration time, dosage and suitable patients’ 

category, both somatostatin and octreotide need further investigation 65,  

Regarding of the anti-protease therapy in treating AP, there is no solid evidence 

supporting its clinical use66. While single protease inhibitor application like 

gabexate mesilate, has shown contradictory clinical benefit 67-69, continuous regional 

arterial infusion with combined nafamostat (a synthetic serine protease inhibitor) 



 29 

and antibiotics provide further possibility70, 71.  

The anti-inflammatory drug lexipafant, antagonist of platelet activating factor 

receptor, failed to show reduction on multiple organ dysfunction syndrome (MODS) 

and mortality with severe AP (SAP) patients in a double-blinded randomised clinical 

trial (RCT) 72-74. 

The prophylactic use of antibiotics also showed no significance to reduce mortality, 

or the requirement for surgical intervention75-77. Other pharmacological treatments 

such as antioxidant therapy has long been controversial with no convincing evidence 

for its application in clinical78. The experimental studies had shown that oxygen 

radical scavengers could reduce the severity79, indeed several trials did report 

significantly shorter hospital stay80, 81 and reduction in complications and organ 

dysfunction82 following antioxidant therapy. However, with most attempts to 

establish the antioxidants therapy in clinical practice barely successes83, 84, 

inconsistent results showed no significant difference in organ dysfunction but a 

trend towards more multiple organ dysfunction (MOD) in patients on active 

antioxidants, which suggested severity augmentation in predicted severe acute 

pancreatitis85.  

In a large multicentre RCT conducted by Dutch AP study group, bacterial 

translocation was reduced by combined probiotic prophylaxis and probiotic strains 

treatment, but not in patients with organ failure who developed increased bacterial 

translocation and enterocyte damage 86. The later following on study further stated 

that probiotic prophylaxis in combination with probiotic strains did not reduce the 

risk of infectious complications but was associated with increased mortality risk, 
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which clearly indicated that probiotic prophylaxis should not be administered in the 

predicted severe cases87.  

Despite an increased understanding in pathophysiology of acute pancreatitis during 

last two decades, the current treatment for AP remains supportive88, there is still a 

large clinical need for specific therapy. With the panoramic view on all the listed 

agents implemented to ameliorate AP in human clinical trials, the contradictory 

results also alert us the difficulties in translate bench findings to human therapy in 

terms of all concrete situations. 

Table 1.3 Brief summary of medical treatments used in clinical trials for acute 

pancreatitis 

Study Year  Country Centre Study 

period 

Treatment 

Abraham89 2013 India multiple (15) 12-month  Ulinastatin	

 

Balldin90 1983 Sweden single 5-year Aprotinin	 

Bansal84 2011 India single 1 year Antioxidants (VitA, C, E) 

Barreda91	 2009 Peru single / Antibiotics	imipenem	

Berling92	

 

1994 Sweden 

Norway 

Finland 

multiple (4) / Aprotinin	 

Besselink86 2008 Netherlands multiple (15) 3 years 

 

Probiotics  

(ecologic	641)  

Bredkjaer93	 1988 Denmmark single / Indomethacin	

Buchler68 1993 Germany 

Austria 

multiple (29) 1988-1990 Gabexate	mesilate	 

Chen69 2000 Taiwan single / Gabexate	mesilate 

Chen94 2002 China multiple 2000.4-2000.7 Ulinastatin	
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Choi95 1989 Hongkong single 1.5 years Somatostatin	 

Debas96 1980 Canada single / Glucagon	 

Delcenserie97 1996 France single 1988.7-1993.10 Antibiotics:	

Ceftazidime	

Amikacin		

Metronidazole	

Delcenserie98	 2001 France multiple / Antibiotics:	Ciprofloxacin	

Dellinger75 2007 North America 

and Europe 

multiple (32) 2003.2-2004.12 Antibiotics:	Meropenem 

Dürr99 1978 Germany single / Glucagon	 

Finch100	 1976 USA	 single 1971.1-1973.12 Antibiotics:	Ampicillin	

Garcia-

Barrasa77	

2009 Spain	 single 1999.5-2003.12 Antibiotics:	Ciprofloxacin	

Imrie101	 1978 UK	 single 34 months Aprotinin		

Isenmann102	 2004 Germany	 multiple (19) 1999.1-2002.6 Antibiotics:		

Metronidazole	

Ciprofloxacin	

Johnson74	 2001 UK	 multiple 1994.11-1996.8 Lexipafant	

Kingsnorth72	 1995 UK	 multiple (5) / Lexipafant		

Kronborg103	 1980 Denmark	 / / Glucagon		

Luengo58	 1994 Spain	 / / Somatostatin		

Luiten104	 1995 Netherlands	 multiple  

(16 hospitals) 

1990.4.22-

1993.4.19 

Antibiotics:	

Colistin		

Amphotericin		

Norfloxacin	with	short	

course	of	Cefotaxime	

Martinez105	 1984 Spain	 single During 1982 Calcitonin		

McKay	63	 1997a UK	 multiple (8)  1991.11-1993.4 Octreotide		

McKay73	 1997b UK	 multiple (11) 14 months 

 

Lexipafant		

MRC	106	 1977 UK	 multiple / Aprotinin		

Glucagon		

Nordback107	 2001 Finland	 single 1995.9-1999.5 Antibiotics:	Imipenem	
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Olah108	 2007 Hungary	 single 3 years Probiotics:	Synbiotic	

Paran109	 1995 Israel	 / / Octreotide		

Pederzoli110	 1993a Italy	 / / Antibiotics:	Imipenem	

Pederzoli111	 1993b Italy	 multiple (19) 1989.1-1990.12 Gabexate	mesilate		

Pettilä	112	 2010 Finland	 single 2003.6-2007.8 Activated	protein	C		

Rokke113	 2007 Norway	 multiple (7) 1997-2002 Antibiotics:	Imipenem	

Sainio114	 1995 Finland	 single 4.5 years Antibiotics:	Cefuroxime	

Sateesh80	 2009 India	 single 2 years Antioxidants:		

Vitamin	C		

N-acteyl	cysteine		

Antoxyl	Forte		

Sharma115	 2011 India	 single 2007.3-2008.5 Probiotics:	

Fructooligosaccharide	

Sillero116	 1981 Spain	 single 1 year Cimetidine		

Siriwardena85	 2007 UK	 multiple	(3) 3.5 years Antioxidants:		

Selenium	

	Vitamin	C	

N-acetyl	cysteine	

Trapnell117	 1974	 UK		 multiple 5 years Aprotinin	

Uhl61	 1999	 Germany	 multiple (32) 2.5 years Octreotide		

Valderrama67	 1992	 Spain	 / / Gabexate	mesilate		

Vege118	 2015	 USA	 single 3 years Antioxidant:	Pentoxifylline	

Wang	119	 2011	 China	 single 4 months Thymosin	alpha	

Wang120	 2013	 China	 / / Somatostatin		

Ulinastatin		

Wang64	 2013	 China	 single 1 year Octreotide		

Wang59	 2016	 China	 /  Somatostatin		

Ulinastatin	

Gabexate		

Xue121	 2009	 China	 single 1 year Antibiotics:		

Imipenem	

Cilastatin	

Yang122	 2012	 China	 multiple 15 months Octreotide		
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1.2.3 Clinical trials in CP 

Apart from surgical and endoscopic interventions, the pharmacological treatments 

for CP mainly focused on antioxidants and PERT. PERT as a routinely used 

evidence based recommendation for CP patients with exocrine pancreatic 

insufficiency, although the concrete application might vary, its therapeutic role is 

without any doubt. Unlike PERT, however, due to lack of robust evidence, the 

antioxidant therapy is still not fully incorporated into clinical practice. 

 

Morris-Stiff123 found evidence for antioxidants deficiency in CP, and 

supplementation in these cases decreases analgesics demanding and hospital 

admission frequency. Nevertheless, the early notion that free oxygen radicals is 

crucial in the pathogenesis of CP facilitates the implementation of a series clinical 

trials in practice for CP using antioxidants (Table 1.4).  

 

Antioxidant treatment was reported to improve life quality and function in cognition 

and emotion, significant hospital stay, pain, and to decrease inflammatory markers 

in patients with CP124-127. However, like studies conducted in AP, there is also 

conflict results suggested that antioxidants administration in patients with alcohol 

related painful CP does not improve neither pain nor life quality, despite increased 

antioxidants levels detected in blood128. 

 

 

 



 34 

Table 1.4 Antioxidant therapy in clinical trials for chronic pancreatitis 

Author Year Study design  Study period Enrolled 

patients  

Antioxidants 

intervention 

Banks129 1997 Crossover / 26 Allopurinol 

Bhardwaj125 2009 RCT 6 months 147 Selenium, β-carotene,  

α-tocopherol acetate, 

VC, Methionine 

Bilton130 1994 RCT 20 weeks 30 SaMe 

Castaño131 2000 Observational 52 weeks 19 Se, beta-carotene, VC, 

VE, SaMe 

Dhingra127 2013 RCT 3 months 61 Selenium, β-carotene, 

VC, VE, Methionine 

Díte P132 

 

2003 Observational 54 weeks 70  VC and VE 

Durgaprasad133 2005 RCT 6 weeks 20 Curcumin 

Jarosz134 2010 RCT 6 months 91 VC and VE 

Kirk126 2006 RCT 20 weeks 36  Se, β-carotene, VC, 

VE, SaMe 

Salim 135 1991 RCT 5 days 78 Allopurinol, DMSO 

Siriwardena128 2012 RCT 6 months 92 Selenium, α-

tocopherol acetate, 

Ascorbic acid, 

Methionine 

Uomo136 2001 observational 108 weeks 3  Se, VA, VC, Mg, VE, 

SaMe 
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1.3 Need for treatment in pancreatitis 

To date, the medical treatment for AP is limited to supportive and similarly, the 

current available therapy for CP aims at symptoms control and complications 

management, with no specific and radical medical products to interrupt disease 

progression for both acute137 and chronic138 pancreatitis. The failure or mixed results 

of extensive human RCTs including employment of protease inhibitors, anti-

secretory, anti-inflammatory and anti-oxidants agents, which originally proved to be 

beneficial in experimental models demonstrate the variable and complexity of the 

disease. Despite the unsatisfied clinical results, there is still an unmet clinical 

demand which drives the motivation to better understand the physiological and 

pathological mechanism in pancreatitis. Experience acquired also provide a solid 

foundation for future exploration in pancreatitis. 

 

1.4 Physiology of pancreas 

The pancreas is a retroperitoneal glandular organ that consists of endocrine and 

exocrine dual secretory compartments. The only 1-2% endocrine component of 

pancreas contains five types of scattered Langerhans islets cells, which secrets 

insulin, glucagon, and somatostatins to regulate glucose homeostasis, the rest almost 

98% exocrine pancreas is highly specialized for daily food digestion. Digestive 

enzymes (Proteases, pancreatic lipase and amylase, ribonuclease, deoxy-

ribonuclease, gelatinase and elastase, etc.) and bicarbonate (1500–2000 mL of 

isosmotic alkaline fluid daily) are two critical secretory products for proper food 

digestion. The exocrine acinar cell are responsible for synthesis and secretion of 

digestive enzymes, whereas the epithelial cells lining small pancreatic ducts are the 
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main source of bicarbonate139 (Table 1.5). 

 

Table 1.5 The exocrine and endocrine function of pancreas 

 

 

 

1.4.1 Pancreatic acinar cells (PACs)  

Pancreatic acinar cells (PACs) synthesize, store and secret copious quantities of the 

major active (lipase and amylase) and inactive (zymogen and trypsinogen) digestive 

enzymes, into an extensive system of ducts that channel secreted proteins into the 

duodenum, poised to respond to episodic feeding event. The PACs in exocrine 

pancreas have the highest rate of protein synthesis to fit the dietary need among all 

human tissues in adults which certainly requires large quantity of protein synthesis 

which need mitochondria to supply the energy140.  
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Adapted from the physical activity needs, PACs have been demonstrated to have 

high basal-to-apical polarity. The basolateral part is composed almost entirely of 

rough endoplasmic reticulum, which forms a dense tubular network around the 

nucleus in the region and is copiously productive141. In contrast to the basal pole, the 

apical region is dominated by a zymogen granule rich and endo-lysosomal rich 

secretory pole, with mitochondria surrounding the apical pole and nucleus, also 

lying beneath the basolateral plasma membrane, providing energy source for these 

regions142. 

 

1.4.2 Pancreatic stellate cells (PSCs)  

Pancreatic stellate cells (PSCs) are small quiescent cells located between acinar cells 

and around small ducts or vessels in the exocrine regions of normal pancreas, which 

only makes up 4-7% of the pancreatic mass143. Similar with hepatic stellate cells 

(HSCs), mediated by paracrine and autocrine stimuli, the PSCs will transform into 

myofibroblast-like activate state to proliferate and secrete excessive amounts of 

extracellular matrix (ECM) molecules to form pancreatic fibrosis144. 

 

1.5 Ca2+ signal and pancreatic cellular process 

In eukaryotic cells, resting cytosolic calcium concentration ([Ca2+]c) is around 

100nM, whereas extracellular calcium concentration ([Ca2+]e) is as high as 1mM145. 

The calcium homeostasis is well regulated through coordination of multiple proteins 

including membrane channels, calcium pumps and exchangers146. The cellular Ca2+ 

signal drives numerous process147, such as gene expression148, 149, secretion150, 

contraction151, cell proliferation152, cell division153 and cell death154. 
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1.5.1 Physiologic Ca2+ signalling in the pancreas 

The endoplasmic reticulum (ER) acts as the main intracellular calcium store and 

regulate calcium fluxes. Pancreatic secretion is maintained and modulated by 

delicate interaction between neural, hormonal and mucosal factors upon feeding 

stimulation155 and Ca2+ plays the central controller of these physiologic activities 

within acinar cell156.   

 

1.5.1.1 Calcium signalling in PACs 

The ER Ca2+ homeostasis is maintained by both pumps and channels, including the 

sarco-/ ER calcium – ATPase (SERCA) on the ER membrane that pumps Ca2+ to the 

ER lumen from cytoplasm, and the calcium channels located on the plasma 

membrane to regulate movement of Ca2+ from the extracellular space157.  

 

Cholecystokinin (CCK) and acetylcholine (ACh) are two physiological activators 

for the secretion of acinar cell enzyme and fluid, to evoke [Ca2+]c elevation in 

PACs. In brief, adenosine diphosphate (ADP) ribose cyclase and phospholipase C 

(PLC) were activated, respectively, upon CCK or Ach binds to their relative receptor 

on plasma membrane to form the second messenger nicotinic acid adenine 

dinucleotide phosphate (NAADP), cyclic ADP ribose (cADPR) and inositol 

trisphosphate (IP3)158. These second messengers further bind to receptors on the 

intracellular Ca2+-releasing channels, including the IP3 receptors (IP3Rs) that locate 

in apical region and the ryanodine receptors (RyRs) that mostly distribute in the 

basolateral region, to elicit Ca2+ release from ER Ca2+ store. Ca2+ elicits further Ca2+ 

release through these receptors, which becomes inhibitory at higher concentrations. 
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The elevated Ca2+ levels are then cleared through plasma membrane Ca2+ ATPase 

pumps (PMCA) out of the cell to restore the normal basal Ca2+ level147, 159.  

 

The reduction of ER calcium due to Ca2+ release from ER store triggers aggregation 

and relocation of stromal interaction molecule 1 (STIM1) proteins to 

subplasmalemmal puncta where they interact with and activate Orai1, the structural 

component of the calcium release-activated channels (CRAC)160. Depletion of ER 

Ca2+ concentrations stimulate opening of store-operated calcium channels (SOC) on 

the plasma membrane, allowing Ca2+ flux into the cell. The elevated cytosolic Ca2+ 

levels were then prompt uptaken by the SERCA pumps to refill ER Ca2+ store161, 162. 

 

Three distinct groups of mitochondria located in separate sub-cellular domains, 

including peri-apical, peri-nuclear and sub-plasmalemmal supplying ATP for 

SERCA, PMCA and the ATP-dependent activities to complete signal process within 

PACs147, 163-166.  

1.5.1.2 Calcium signalling in PSCs 

CCK binds to two receptors (CCK1R and CCK2R, with comparable affinity) that 

are expressed in many tissues, including the exocrine pancreas167. Stimulation with 

CCK regulates a wide range of physiological and pathophysiological processes.  

 

It was demonstrated that both CCK1 and CCK2 receptors are expressed on rat 

PSC168, however, PSCs do not display Ca2+ signals when stimulated with CCK, 

ACh, or carbachol (CCh) while all of them elicit a major Ca2+ signal response in the 
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neighbouring PACs144. On the contrary, bradykinin (BK) consistently evoked Ca2+ 

signals in PSCs, but had no effect on Ca2+ in closely neighbouring PACs169-171. 

 

1.5.2 Pathologic Ca2+ signalling in the pancreas 

1.5.2.1 Abnormal Ca2+ signalling in PACs 

Early in 1995, the hypothesis was proposed that abnormal, prolonged elevation of 

intracellular calcium concentration is the key trigger of PAC injury and the onset of 

AP172. IP3Rs, RyRs and Ca2+ ATPase pumps are the main sites that pancreatic 

toxins act to induce excessive Ca2+ release through resulting in the depletion of 

internal Ca2+ stores including within the ER162, 173-176.  

Upon supramaximal concentration of CCK and ACh exposure of PACs, leading to 

Ca2+ release into cytosol from the ER through IP3Rs and RyRs. Depletion of ER 

Ca2+ store activates redistribution of STIM1 to form the puncta ER- plasma 

membrane junctions with Ca2+ release-activated Ca2+ entry channels. Ca2+ in the 

apical region of PACs are overloaded and spread to basolateral region, causing 

global Ca2+ rise. Less ATP production by impaired mitochondria leads to failure of 

SERCA and PMCA pumps, resulting further accumulation of Ca2+ in PACs is 

activated through SOCE channel as compensatory mechanism for Ca2+ loss from 

internal cellular stores177, allowing further release from the ER and so sustaining 

cytosolic Ca2+ overload. 

1.5.2.2 Abnormal Ca2+ signalling in PSCs 

Although the attained inflammatory mediator BK levels could induce Ca2+ signals in 

normal PSCs, there are insufficient data clarify it is BK elicited Ca2+ signals that 
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initiate PSCs activation. Nevertheless, a possible events sequence is suggested by 

Ole Peterson’s group that released activated protease, such as kallikrein and trypsin, 

into the interstitial to act as kininogens and release BK, which in turn induce Ca2+ 

signals in PSCs, followed by activation, proliferation and ECM secretion of PSCs169. 

Trypsin and thrombin, which generated Ca2+ signalling in the nuclear that possibly 

resulting in proliferation of “primed” activated PSC to contribute to pancreatic 

injury171. They’ve also found that PSC seems to play a key role in a vicious circle to 

promote necrotic cell death in PACs, which the released trypsin from a few dying 

PACs generate Ca2+ signals in the PSCs and cause further damage in PACs and lead 

to more trypsin liberation169.  

Despite BK is the principal agent that evoking Ca2+ signals in the PSCs in vitro, in 

experimental alcoholic AP, PSCs showed less responsive to BK and then acquired 

sensitivity to trypsin169, 170, 178.  

Although no Ca2+ signals present in PSCs when stimulated with CCK, ACh, or 

muscarinic receptor activator carbachol (CCh), the activation of pro-fibrogenic 

pathways induced by CCK is comparable with transforming growth factor – beta 

(TGF- β) stimulated PSCs and these PSCs were found co-localized with alpha-

smooth muscle actin (α-SMA), which depicts that CCK receptors may directly affect 

PSC activation. 
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1.6 Pancreatic toxins and calcium overload in AP 

Bile acids, non-oxidative alcohol metabolites fatty acid ethyl ester (FAEE) and 

supramaximal CCK are three mostly studied AP-associated toxins. The PAC injury 

is initiated by excessive Ca2+ release from intracellular ER stores, studies with bile 

acids173, 175, FAs and FAEEs174, 179 confirmed the critical role of Ca2+ overload 

during the pathological process of PAC injury. Notably, despite all the pancreatic 

toxins mentioned above induce profound Ca2+ release from ER, the underlying 

mechanism and approaches of which are different. 

 

1.6.1 Bile acid and AP 

Bile acid, the water-soluble end products of cholesterol metabolism180, are formed in 

the liver but absorbed actively from the small intestine. Ever since the first AP 

model was described181 by retrograde infusion of bile and olive oil into a canine 

pancreas through the ampulla of Vater, bile salts including sodium taurocholate (Na-

TC), and bile acid taurolithocholic acid 3-sulphate (TLCS) have been reported to 

induce AP in rodents. Until recent decades, the underlying mechanism of bile acids 

induced pancreatitis started to emerge, especially with the identification of the 

presence of G protein-coupled bile acid receptor (Gpbar) on the apical pole of 

PACs182. Data suggested that bile acids entry via Na+-Taurocholate co-transporting 

polypeptide (NTCP) from the luminal surface or via Na+- independent but HCO3
- 

dependent exchangers such as organic anion transporting polypeptide (OATP) from 

the basolateral membrane of PACs, with TLCS stimulates OATP receptor 1 at the 

luminal surface183, induce Ca2+ release through both IP3Rs and RyRs opening, 

leading to elevations of pathological cytosolic and mitochondria calcium overload 
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on PACs, intra-pancreatic trypsinogen activation and acinar cell death. Additionally, 

TLCS is also able to inhibit Ca2+-ATPase pumps by mitochondrial ATP production 

inhibition, and may occur via a direct action on SERCA pumps184.  

 

1.6.2 Fatty acid/Fatty acid ethyl ester and AP 

Alcohol abuse, one of the most frequent aetiology in AP, however is not the greater 

proportion in heavy drinkers who develop pancreatitis compare to those who do 

not185, suggesting the importance of additional cofactors.  

 

Pancreas is found to degrade alcohol via both oxidative and non-oxidative ethanol 

metabolism. Ethanol can be metabolized by esterification with fatty acids (FA) to 

form fatty acid ethyl esters (FAEE) through non-oxidative pathway. Thus, pancreas 

has the highest rates of organ FAEE syntheses186-190.  

 

In vitro studies on isolated PACs support for the pivotal role of FAEE in the 

pathogenesis of alcoholic AP, whereas high concentration on ethanol and its 

oxidative metabolite acetaldehyde have little effects on the functional performance 

of PACs, relatively low concentrations of various FAEEs, is the key event for the 

initiation of pancreatitis. In the mitochondria, FAEEs are hydrolysed by FAEE 

hydrolase into fatty acids, such as hydrolysed product of POAEE, induced a 

concentration dependent, slowly rising, and sustained increase in calcium179. 

 

Ethanol alone only cause minimal pancreatic damage but sensitizes pancreatic acini 

to injury due to other stressors191-193. Whereas Ca2+ release induced by FAEEs via 
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IP3Rs, leading to the impairment of mitochondrial function and subsequent PAC 

necrosis. FAs, on the contrary, fail to induce significant Ca2+ release at levels 

reached in vivo. 

 

Based on the study which depicts that the pancreatic injury is dependent on the 

formation of FAEEs194, 195, a novel alcoholic AP model using combination of 

ethanol and FA was developed196, with clinical relevant aetiology, pathobiology, 

clinical course, histopathology and outcome, mirroring alcoholic AP in humans. 

 

1.6.3 CCK/ Caerulein and AP 

Caerulein is a ten amino acid oligopeptide similar in action and composition to 

CCK, a hormone synthesized from the duodenal mucosa endocrine I-cells in 

response to nutrients, particularly proteins and 12-carbon chain or longer FAs in the 

small intestine into the bloodstream to stimulate smooth muscle and increase 

secretion of digestive enzymes.  

 

Over a century ago, hormone secretin was found to stimulate pancreatic secretion. 

Since 1977, Lampel and Kern197 described a nonlethal, acute oedematous 

pancreatitis model induced by intravenous infusion of caerulein (5 µg/kg/h) in rats 

for 24 h. Thereafter, experimental AP is successfully induced with caerulein in 

various species including mice198, 199 , dogs200 and rabbits201. Due to the strong 

reproducibility, simplicity, and the ease with which processes of 

intracellular protease activation can be studied, this model is highly favored202. 
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The mechanism for CCK/caerulein induced AP model has been intensively studied 

over the past years. CCK stimulates acinar cells both directly203 and indirectly via 

vagal nerve responses to activate muscarinic ACh receptors on PACs, causing 

pancreatic enzymes release into the small intestine, which can be altered by 

elements that can ultimately lead to AP. It has been shown that the supramaximal 

concentrations of CCK/caerulein triggers a series of signalling cascade pathways 

within the PAC, including co-localisation of lysosomal hydrolase and 

trypsinogen204. Precisely, the supramaximal concentration of secretagogue binds to 

its receptor initiate formation of NAADP, cADPR and IP3. These second 

messengers then bind to their receptors RyR and IP3R on the ER membrane, 

respectively, which elicits abnormal Ca2+ signalling causing Ca2+ overload, results in 

pancreatic injury. The process is mediated by CCK1 receptor expressed on PACs.  

The mode of CCK action is biphasic with low concentration ranges are associated 

with physiological responses and activate high affinity receptors, while low affinity 

receptors are activated by high concentrations of CCK associated with 

hyperstimulation and Ca2+ overload205. Thus, this model is most similar to the AP 

caused by scorpion venom and cholinergic toxins that are regarded to represent 

supraphysiologic neurohumoral stimulation202.  

 

Despite similar action and composition with CCK, due to longer half-life in vivo 

compare to CCK and improved stability against biological degradation, caerulein is 

predominately preferred in experimental models206. 
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1.7 Pancreatic toxins and collagen production in CP 

Caerulein and ethanol are two most studied toxins to induce pancreatic injury in CP. 

Rat PSCs are activated on exposure to ethanol and acetaldehyde207. Both stimulus at 

clinical relevant concentrations induced type I collagen expression, activator-protein 

(AP-1) and extracellular signal-regulated kinase 1/2 (ERK1/2), c-Jun NH (2)-

terminal kinase/stress-activated protein kinase (JNK/SAPK), and p38 mitogen 

activated protein kinases (MAPK) activation in a time dependent manner in rat 

PSCs208. 

As mentioned before, ethanol itself, does not cause Ca2+ oscillations in PACs, while 

FAEE elicits Ca2+ rise even at low concentrations, leading to impairment of 

mitochondrial function and subsequent necrosis of PACs. In human PSCs, however, 

ethanol itself upregulates DNA synthesis and procollagen type I-c peptide 

production while another type of FAEE, the palmitic acid ethyl ester (PAEE) has no 

impact on proliferation and collagen production; interestingly, both ethanol and 

PAEE could increase AP-1, activate ERK, JNK and p38 MAPK pathway and induce 

interleukin-8 (IL-8) production209. 

Despite substantial efforts on clarifying the pathogenesis and natural course of CP, a 

satisfactory clinical relevant animal model has not yet been established210. The 

notion that recurrent AP episodes cause chronic pancreatic injury in human has led 

to the development of using repeated bouts of caerulein-induced AP (CER-AP) 

during several weeks to induce chronic pancreatic injury with collagen deposition 

and inflammatory infiltration to mimic human CP pathogenesis. 
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Furthermore, CCK could direct activate PSCs to induce collagen synthesis through 

activation of pro-fibrogenic pathways such as Akt, ERK, and Src, which are mainly 

mediated by CCK2 receptor on PSCs168. 

 

1.8 Mitochondria dysfunction in pancreatitis 

Mitochondria dysfunction is an early event which plays a central role in different 

pancreatitis models, and tissues from patients of pancreatitis also had marker of 

mitochondria damage and impaired autophagy211. A principle effect of mitochondria 

defect is cell death, resulted from either mitochondrial outer membrane 

permeabilization (MOMP) that directly promoted intrinsic apoptosis or mainly 

through mitochondria permeability transition-driven necrosis154, 212-215. Perturbations 

of Ca2+ signalling has been linked to both types in the PACs. When oscillatory 

global rises of [Ca2+]c may induce apoptosis, whereas sustained [Ca2+]c elevation 

promote necrosis, the differences may relate to mitochondria function. Ca2+ overload 

can drastically reduce ATP production, with partial mitochondria depolarisation 

which does not adversely influence ATP production leads to apoptosis, while full 

membrane potential collapse and ATP deletion promotes necrosis154. 

 

1.8.1 Intrinsic apoptosis and pancreatitis 

Intrinsic apoptosis is a form of regulated cell death initiated by a variety of 

extracellular or intracellular microenvironment perturbations including ER stress, 

oxidative stress, demarcated by MOMP, and precipitated by executioner caspases, 

mainly caspase 3216. The irreversible and widespread MOMP directly promotes 

release of apoptotic factors, which normally reside in the mitochondrial 
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intermembrane space release (cytochrome c, etc,) to cytosol. The process is 

controlled by pro-apoptotic or anti-apoptotic members of BCL-2 family, which are 

activated as specific organelles or cellular compartments experience homeostasis 

perturbations, operating as cellular transducers of stress signalling216. 

 

Despite human pancreatitis mostly manifested as necrosis, in vivo, cell death pattern 

is less distinctive between each other. While apoptosis allows for the rapid clearance 

by macrophages or other cells with phagocytic activity217, necrosis triggers acute 

exudative inflammation of surrounding tissues, for which it has been generally 

believed that the apoptosis in AP is protective and may shift the severity of disease, 

thereafter, it is more favourable. Indeed, studies suggest that promotion of apoptosis 

is beneficial, whereas inhibition is harmful218, 219. 

 

In CP, apoptosis, however, appears to promote the severity of disease, which was 

shown to play key role both in the initial stages and during the progression of CP.  

Increased mitochondria membrane potential (ΔΨm), loss of ATP, and significantly 

increased activation of caspases, p53, Bax expression and cytochrome c release with 

differential grade levels according to disease classification were found in pancreatic 

tissues from CP patients, suggest the involvement of mitochondria intrinsic 

pathways220. As pro-apoptotic protein, p53 has also been shown overexpressed in 

50% CP patients in a separate study221. 

1.8.2 MPTP-driven necrosis and pancreatitis 

MPTP-driven necrosis is a form of regulated cell death triggered by perturbations of 

the intracellular microenvironment and relying on Cyclophilin D (CypD)216 
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MPT pore (MPTP) is a 40 nm, Ca2+ - sensitive channel with multi- compartments on 

the inner mitochondrial membrane (IMM), in response to toxins stimulation, 

calcium overload and oxidative stress, which enables a sudden increase of the 

permeability for the IMM to become non-selectively permeable to molecules smaller 

than 1500 Da, causing mitochondrial membrane potential (Δψm) collapse, proton 

gradient dissipation, ATP loss and finally cell death222-224. 

 

During early studies, several proposed components of MPTP include adenine 

nucleotide translocator (ANT), voltage-dependent anion channel (VDAC) and 

phosphate carrier (PiC) haven later been revealed to be not indispensable for MPTP 

in genetic manipulation studies225-227. Findings on Ppif−/− mice (ablation of 

mitochondria matrix protein CyPD) have demonstrated that CypD is an important 

modulator which sensitizes the MPTP to Ca2 +, but not an essential pore 

component228, 229. Recent discoveries have identified F-ATP synthetase as its central 

component and the interaction between CypD possibly implicate novel structure of 

MPTP, as reports suggested the dimers of F0F1-ATP synthase form the MPTP and 

the regulator CypD) binds to the F0F1-ATP synthase in the oligomycin sensitivity-

conferring protein (OSCP) subunit224, 230, 231, suggesting the mitochondria matrix 

protein CypD to be a viable target for MPTP inhibition.  

 

Indeed, with emerging data shown MPTP to be the central mediator of universal 

necrotic pathway activation, studies on pancreatic acinar cell reported that sustained 

cytosolic Ca2+ overload induced by diverse AP precipitants such as bile acids or 

FA/FAEEs lead to Ca2+ dependent MPTP opening, mitochondrial membrane 
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potential depletion, uncoupling of oxidative phosphorylation, impaired ATP 

production and finally acinar cell necrosis173, 232-235, which depicts the central role of 

MPTP opening in pancreatic injury. The non-oxidative alcohol metabolites FAEEs 

are also shown to bind and accumulate within the inner mitochondrial membrane, 

where hydrolases act to release high concentrations of FAs locally174. FAs, relevant 

to hypertriglyceridemic AP, have direct effects on the electron transport chain 

without depolarization of the inner mitochondria membrane159. 

 

CypD-deficient mice has shown to develop less severe AP in response to the 

combined administration of ethanol and CCK236. And Mukherjee has demonstrated 

the mechanism and consequences of MPTP opening to be fundamental of multiple 

forms of AP via toxin-induced IP3R and RyRs calcium channel release, resulted in 

diminished ATP production, leading to impaired calcium clearance, defective 

autophagy, zymogen activation, cytokine production, and necrosis, with genetic and 

pharmacological inhibition of CypD protect against pancreatic injury in mouse and 

human PACs and in four diverse experimental models of AP237. 

 

1.8.3 Mitochondria homeostasis and pancreatitis 

Mitochondria architecture involves in multiple functions crucial for cell viability, 

proliferation, senescence, and signalling. In particularly through the balance between 

fusion and fission events, mitochondrial dynamics represent the central mechanism 

for bioenergetics adaptation to metabolic needs of the cell and constantly undergo 

fission and fusion to regulate the expansion and morphology of the mitochondrial 

network. Through growing, splitting, fusing and moving within the cell and the 
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dynamics of mitochondria are therefore essential for regulating their number, size, 

location and also repairing damaged components by segregating exchanging 

material. The fusogenic mitofusion have recently been linked to mitochondria 

biogenesis and respiratory functions, impacting on cell fate and organism 

homeostasis238-240. 

 

The cellular organelles, such as mitochondria, endolysosomes, ER as a highly 

dynamic network of interacting compartments, which exchange signals and 

materials to maintain and balance cellular homeostasis. Disordering of theses 

organelles, in particular those leading to autophagic/ lysosomal and mitochondria 

dysfunctions, is increasingly implicated in the pathogenic mechanism of both acute 

and chronic pancreatitis241. 

 

1.9 Endoplasmic reticulum stress 

The PACs have abundant ER due to its prominent role in digestive enzyme synthesis 

and the secretory pathway. ER contributes to synthesis and correct folding for one-

third of proteins, and is inextricably linked to the maintenance of cellular 

homeostasis as well as the balances between health and disease242. Being the main 

cellular compartment for Ca2+ storage, ER plays a pivotal role in the regulation of 

Ca2+ levels and reciprocally many ER functions are controlled in a Ca2+ -dependent 

way, thereby regulating the calcium homeostasis of the whole cell243, 244.  
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1.9.1 Physiology of ER 

ER provides post-translational modification, proper folding, attainment of native 

state and finally their transportation for protein maturation with a system consists of  

multiple chaperones that simultaneously promote folding and perform quality 

control245. Once proteins enter the ER lumen, the chaperone-assisted folding 

process, start with their native conformation and undergo multiple post-translational 

modifications, incorrectly folded proteins are retained in the ER, bound to the 

chaperone, until the folding process is complete246-248.  

 

The primary peptide-binding chaperone is glucose regulated protein or glucose 

related peptide-78 (GRP-78, also known as BiP), which belongs to the heat shock 

protein (HSP) 70 family. Upon exposure to stress, GRP-78 is released from ER 

stress sensors which are described below for binding with unfolded proteins. 

 

1.9.2 Unfolded Protein Response  

The protein folding capacity in ER is limited by chaperone resources and can be 

exceeded with high demanding during growth and differentiation, or perturbations 

such as protein overexpression or expression of mutated protein, insufficient energy 

provision, oxidative stress and calcium depletion248. When large quantities of 

unfolded proteins flux into ER, which exceeds the capacity for protein load, leads to 

accumulation and aggregation of misfolded or unfolded proteins in the ER lumen. 

To restore ER homeostasis, a specific stress response called the unfolded protein 

response (UPR) as well as the ER associated protein degradation (ERAD) to couple 
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the ER protein load with the folding capacity and subsequent degradation of 

unfolded proteins are activated249. 

 

Three signalling components expressed in the ER membrane are activated in 

response to stress: the double-stranded RNA-activated protein kinase-like ER 

resident kinase (PERK), also called pancreatic eukaryotic initiation factor-2α kinase, 

activating transcription factor (ATF) 6 and the inositol requiring protein 1 (IRE1)250. 

Under homeostasis state, the three sensors are kept inactive through association with 

the abundant ER resident GRP-78/BiP. While excessive unfolded proteins 

accumulate in the ER, GRP-78 shifts away from three sensors and preferentially 

associates and help with unfolded proteins. Owing to BiP dissociation, three ER 

stress sensors are able to transmit an organelle-specific stress signal into a global 

cellular signal upon activation to facilitate their downstream signalling partners248. 

PERK activation leads to subsequent phosphorylation of eIF-2 and results in a 

general decrease translation initiation. Activation of ATF6 and IRE1 regulate 

expression of ER-based chaperones and other protective molecules248, 251-253. 

 

Thus, the UPR clears misfolded proteins and alleviate stress through shutting down 

translation or upregulating molecules that help folding, however, prolonged 

unresolved ER stress, and increased UPR activation may lead to cell death mediated 

largely by increased expression of the transcription factor CCAAT/enhancer binding 

protein (C/EBP) homologous protein (CHOP)254-256. Therefore, the UPR can either 

be adaptive to restore ER homeostasis, or to activate cell death. 
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1.9.3 ER stress and AP 

Kubisch investigated the presence and activation of major ER stress sensors in PACs 

and demonstrated the activation of ER stress occurs early in the arginine model of 

pancreatitis257. Studies shown that CCK8 at supramaximal concentrations was able 

to activate all of the major pathways of UPR, including PERK within 5-20 minutes 

and to induce CHOP expression as well258. The pancreatic precipitant FA has also 

been shown to induce ER stress in pancreas with different effects due to various FA 

type259.  

 

While study suggested activation of the UPR pathway is protective260 and chaperone 

GRP-78 plays an anti-apoptotic role in regulating the cell death response during 

AP261, Suyama’s group demonstrated that ER stress-CHOP pathway accelerate 

pancreatitis through inflammation associated with caspases and IL-1beta262.  

 

1.9.4 ER stress and CP 

Not only a close association has been suggested between AP and ER stress263, 

emerging data also indicates that ER stress is chronically activated and induced early 

in CP pancreatic injury through pathologic calcium signalling independent of 

trypsinogen activation264. Lugea’s group also found that in long term ethanol feeding 

mice, defective UPR results in ER dysfunction and acinar cell pathology265.  

 

Notably, the PACs seem to be particularly susceptible to ER homeostasis 

perturbations, and mechanisms that relieve this stress have been shown to be 

necessary for normal pancreatic development; for instance, PACs death and atrophy 
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were the predominant outcome of ablating PERK in the exocrine pancreas, a subset 

of severely affected animals harboured some acini that had apparently differentiated 

into duct-like structures266.  

 

1.10 Reactive oxygen species (ROS) 

Reactive oxygen species (ROS) refers to oxygen that containing both free radicals 

and other reactive molecules, including superoxide anion (O2 •-), hydroxyl radical 

OH• and hydrogen peroxide (H2O2). Functionally, ROS is important in innate 

immunity, protein folding and cell signalling transduction. 

1.10.1 Sources of ROS 

Physiologically, cellular ROS derives from different sources267. 

Oxidative phosphorylation in the mitochondria which generates majority of all 

primary cellular ROS, especially O2 •- as a result of electron transport chain (ETC) 

activity in the mitochondria268. 

In addition to Mitochondria, ROS is also generated as natural by-products during 

normal metabolism of oxygen in the ER. ROS levels dramatically increase under 

stress, the persistent elevated ROS in the context of a compromised ER stress 

response may initiate a vicious cycle for significant damage to cells, leading to ER 

collapse and cell death. It has also been observed that ROS accumulated from UPR 

oxidize thiol groups in RyRs to activate these receptors in muscle and neurons, 

which resulting in calcium efflux from the ER248. ROS generated by ER peroxidases 

are reported to possibly involved in the ER overload response mediated induction of 

NF-κB activity247, 269. 
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1.10.2 ROS and AP 

Similar with ER stress, oxidative stress is known to occur early in pancreatitis270. 

Study suggests that the mitochondria dysfunction induced ROS modulates ATP 

generation, which when inhibited could result in acinar necrosis.  Neutrophil 

generated ROS and mitochondrial ROS result in the activation of inflammatory 

pathways in acute pancreatitis. It has also been shown that ROS accumulation from 

UPR under prolonged ER stress contributes to cell death271, 272. 

The generation of ROS may constitute a protective mechanism that disposes of 

stressed PACs, since bile acid induced ROS production increased apoptosis with a 

concomitant reduction of necrosis213, 273, however, the protective role of ROS in 

experimental AP barely show any beneficial from RCTs for antioxidant therapy as 

mentioned in previous section.  

 

1.10.3 ROS and CP 

Oxidative stress occurs early in cells exposed to alcohol or its metabolite 

acetaldehyde. Both acetaldehyde and intracellular oxidative stress can activate 

stellate cells. Early studies stated activation of PSC originates tissue damage which 

due to cell death and tissue ischemia derived from free O2 Radicals caused lipid 

peroxidation and chemoattractant. Braganza also demonstrated strong association of 

oxidative stress and chronic pancreatitis. Later reports clarified that antioxidants 

treatment attenuated high glucose induced PSC activation274 and ROS might be 

candidates for the development of anti- fibrosis therapy targeting PSCs275. Similar 

with antioxidant therapy applied in AP trials, however, the results from RCTs also 

showed inconsistent effects in CP. 
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1.11 Cyclophilins 

1.11.1 Peptidyl-prolyl cis-trans isomerase and cyclophilin family 

Peptidyl-prolyl-cis/trans isomerases (PPIases) are ubiquitously expressed foldases 

function in protein folding by catalysing the conversion between cis and trans 

isomers of proline imidic peptide bonds in oligopeptides276 (see Figure 1.1).  

 
 

Figure 1.1 Schematic illustration of the cis - trans isomers action 

The interconvention between the two forms is catalysed by peptidyl-prolyl 
isomerases (cyclophilins, FKBPS or parvulins) 
 
 
The PPIases are highly abundant in both prokaryotes and eukaryotes, including 

cyclophilins276, FK-506-binding proteins (FKBPs)277 and parvulins278 three families, 

which have been implicated in a wide range of biological functions such as protein 

folding, post-translational modifications and protein transportation, assembly of 

essential cellular protein complexes, and cell signalling etc. Each of the PPIases 

class has their specific natural inhibitors, the cyclophilins are inhibited by 

cyclosporins, peptolide (SDZ 214-103 and its analogues) and sangliferhrins, the 

FKBPs bind to and are inhibited by FK506, ascomycin (analogue of FK506, also 

called FK520) and rapamycin (also known as tacrolimus), the third class parvulins 

can be inhibited by naphtoquinone julone. Inhibition of PPIase is proven to be 
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beneficial in immunosuppression, inflammation, cell death, cancer, protozoan and 

viral infection. 

 

As the first discovered family of the PPIases in 1980s by Fischer’s group279, 

cyclophilins regulate a diverse array of protein functions, including molecular 

chaperones, protein folding, intracellular trafficking, and maintenance of 

multiprotein complex stability280, most of them are characterized by high-affinity 

binding to the inhibitor, immunosuppressant cyclosporin A (CsA).  

 

Since the discovery of the first cyclophilin, at least 20 different human cyclophilin 

isoenzymes have been identified and found broadly distributed among all organs and 

cellular compartments in organisms ranging from bacteria to humans281, 282. In 

human, cyclophilins are found to be present in large amounts in brain cortex, 

parotid, thymus, spleen, pancreas, lymph node, kidney, intestines, heart, fatty tissue, 

liver, lung, and skin, in a range of 0.8-2.8 µg/mg protein of tissue283 

 

Four best studied isoforms of cyclophilins CypA, CypB, CypC and CypD (encoded 

by gene PPIA, PPIB, PPIC and PPIF, respectively) are classified predominantly on 

the basis of distinctive cellular locations in the cytoplasm, ER and mitochondria, 

providing unique functions, which will be further described in the next few sections.  

 

Other cyclophilins, for instance, a number of nuclear cyclophilins, including CypE, 

CypG, Cyp H, Cyp J and Cyp60 remain within the nucleus where they are engaged 

in spliceosome formation and function284, whereas the largest member RanBP2 (360 



 59 

kDa) functions in the nuclear membrane and acts as a nucleoporin285. While 4 main 

cyclophilins are involved in viruses replication and cancer, similarly, Cyp40, CypE, 

CypG, and CypH are also involved in replication of diverse viruses 286, and both 

Cyp40 and CypJ are engaged in malignant transformations287, CyP60 also plays an 

important chaperone role in the translocation of extracellular cyclophilin receptor 

CD147 to the cell surface288. 

 

1.11.2 Cyclophilin A  

The 18-kDa cytosolic CypA is the most abundant cyclophilin, accounting for 0.1–

0.4% of total cellular protein289, involved in protein folding, cellular signalling 

transduction, immunosuppression and apoptosis. CypA is a modulator of CD4+ T 

cell signal transduction290, T helper type 2 (Th2) cytokine production, and a secreted 

growth factor that augments the proliferation of human embryonic brain cells and 

vascular smooth muscle cells. It is also known to regulate HIV infectivity and to 

modulate hepatitis C viral replication286. 

 

CypA also acts as one of the inflammatory mediators involved in the pathogenesis 

of Rheumatoid Arthritis (RA)291, and CypA treatment has been reported to induce 

macrophage chemoattractant protein-1 (MCP-1), TNF-a , IL-8 and IL-1 expression 

in a dose- dependent manner. 

 

1.11.3 Cyclophilin B  

The 22kDa Cyclophilin B (CypB) is unique with ER targeting sequence, despite the 

fact that it is also been found in the nucleus and detectable in blood, milk, 
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extracellular space and released from cartilage chondrocytes in response to activated 

matrix metalloproteinases (MMPs).  

 

CypB promotes protein conformation alteration and facilitates the nuclear 

retrotransport. As one of the ER protein folding chaperones, CypB is reported to be a 

component of enzymes forming ER-localized large multiprotein complex consists of 

roughly 10 molecular chaperones including GRP-78, GRP-94, GRP-172, CypB, etc., 

which aids and monitors newly synthesized protein folding during ER quality 

control292-294. The physically association with GRP-78 in this complex, suggesting 

CypB plays a role during ER stress. Later on, siRNA-based CypB knockdown 

studies consistently indicate it is crucially required for cell survival in response to 

ER stress and characterized by suppression of Ca2+ leakage from ER, ROS 

production, Bax translocation to the mitochondrial, mitochondria membrane 

depolarization, and also by reduction of caspase activation. Ca2+ leakage from the 

ER accelerate electron transport and stimulate ROS production295, and blockage of 

Ca2+ leakage from ER, as a result of CypB overexpression in the ER, inhibited both 

mitochondria damage and ROS production. 

 

Similar with CypA, CypB has also been demonstrated to participate in multiple 

functions such as signal transduction including hepatitis virus replication296, 

immunosuppression297, chemotaxis298, malignant progression and regulation of 

genes implicated in multiple cancers299. Other studies also identified CypB as the 

key regulator of several signals that fuel oncogenesis in glioblastoma, including 

mutant p53, c-Myc (MYC) and Chk1300. CypB has shown to facilitate the nuclear 
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retrotransport and to regulate Jak2 expression post-transcriptionally301. Interacting 

with a number of proteins, CypB not only to regulate Ca2+ homeostasis, but also to 

promote protein synthesis, proliferation and folding, such as the interaction with IgG 

to promote its biosynthesis, to regulate Stat3-dependent cell proliferation302. 

Moreover, CypB is associated with type I collagen formation with the finding that 

post translational prolyl-3-hydroxylation of type I collagen by P3H1 was essentially 

absent in CypB-deficient cells and tissues from CypB-knockout mice303. 

 

1.11.4 Cyclophilin C 

CypC contains similar ER-targeted sequence as CypB, but differs from both CypA 

and CypB due to restrict distribution mostly in kidney. Friedman’s group has 

compared the expression pattern of cyclophilin A, B and C in mouse tissues using in 

situ hybridization, revealing that CypA and B are widely expressed, whereas the 

CypC is tissue specific expressed in a restricted arears including kidney, bone 

marrow, mouse ovary, and testis but not detectable in liver, spleen, small intestine, 

etc. Within the kidney, CypA and B are expressed diffusely relatively 

homogenously throughout the kidney parenchyma, whereas expression of CypC is 

highest in the outer medulla, revealing a spiked appearance.  

 

Using monoclonal antibodies reactive against CypC, Friedman’s group also found 

that CypC expression correspond to the proximal tubular cells including the S3 

segment of the nephron, which occurs in the medullary rays, and concentrated at 

their luminal aspect304. CypC has been reported to involve with the class I molecule 
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HLA-A2, and depletion or overexpression of CypC impaired the degradation of 

class I molecules305. 

 

CypC-associated protein (CyCAP) or Mac-2 binding protein has been identified as 

the binding protein for CypC in mice306 and for Mac-2 (galectin-3) in human, both 

of which are localized in ER area, where is close to the nuclear membrane 307. 

CyCAP has regarded as protective in the response to endotoxins by down-

modulating the pro-inflammatory response in vivo308 and proved to be a mediator for 

fibronectin fragment-induced MMP-13 expression309. Moreover, CyCAP appears to 

manipulate macrophage functions by activating nuclear factor of activate T cells 

(NFAT) and the resultant IL-2 production310.  

 

1.11.5 Cyclophilin D 

The 22kDa mitochondria matrix located CypD expresses in all human cell types 

with a lower level than CypA, respect to its mitochondrial targeting311, CypD plays a 

pivotal role in modulating mitochondria permeability transition pore (MPTP) 

opening and mitochondria  Ca2+ homeostasis control, ensuring optimal metabolic 

function and appropriate cell death activation228, 312, 313. CypD is reported to interact 

with varieties of proteins at mitochondria, including ANT-VDAC complex, PiC, 

ATP synthase, p53, C1QBP, GSK3- β/ERK2, SIRT3, STAT3, IP3R1-GRP75-

VDAC1 complex, amyloid-beta protein, Bcl2, HSP60, HSP90-TRAP1, MST1, 

DnaJC15, etc314, and CypD ablation mice were used in muscular dystrophy315, 

Parkinson’s disease316, multiple sclerosis317, 318, Alzheimer’s disease and aging319-321 

to study the MPTP, suggesting its indispensable role in MPTP opening. 
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Recently, CypD ablation has been reported to trigger a metabolic shift in Ppif−/− 

mouse kidneys towards glycolysis and Krebs cycle activity, interestingly activation 

of pro-surviving ERK1/2 kinase and inhibited expression of pro-apoptotic and pro-

fibrotic JNK and TGF-β1 proteins in Ppif−/− females was observed322, suggesting a 

gender differentiate protection effect in response to stimuli. 

 

1.11.6 Extracellular cyclophilins  

Up to now, CypD, CypE, CypH and Cyp40 have been found to occur only 

intracellularly323, while both CypA and CypB were detected in patients’ serum in 

severe inflammatory diseases such as sepsis. CypC and CypL1 have also been found 

in extracellular spaces despite their intracellular location at ER and nucleus or 

cytoplasm, respectively. CypC was found to be secreted from different cultured cells 

whereas CypL1 has been detected in the exosome-enriched fraction from normal 

human urine323.  

  

1.11.6.1 Extracellular cyclophilins and chemotactic activities  

Studies have demonstrated the chemotactic activity of extracellular CypA and CypB 

for monocytes, neutrophils, eosinophils and T lymphocytes324. Indeed, extracellular 

cyclophilins exhibit cytokine-like properties and mediate numerous intracellular 

events. In patients with ongoing RA, CypA within synovial fluid was identified 

directly correlate with neutrophil numbers present in the same fluid. Furthermore, 

CypA is able to induce a rapid local inflammatory response characterized by 

neutrophil influx, when injected in vivo into mouse footpads. Later on, studies 
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suggest that CypA to be secreted and released by various live or dead cells and 

activated platelets in response to inflammatory stimuli and oxidative stress into 

extracellular tissue spaces324. The secretion of CypA was shown to proceed via a 

vesicular pathway, with secreted CypA protein detectable within 30 minutes of 

stimulation ROS stimulation325.  

 

1.11.6.2 Interactions between extracellular cyclophilins and the receptor CD147  

The chemotactic capacity of extracellular cyclophilins depend on their interaction 

with the cell surface signalling receptor CD147 in a manner that is proline- 

dependent and mediated through the active site of the isomerase, which has been 

identified and characterized by nuclear magnetic resonance (NMR) techniques. The 

cyclophilins catalyse the cis and trans isomerase conversion of proline imidic 

peptide bonds but at different sites of CD147 domain. CypA catalyses the PPIase of 

proline 211 in the extracellular domain of CD147, similarly, CypB also 

enzymatically catalyse residue of proline but at proline 180326
. 

 

Known as extracellular matrix metalloproteinase inducer (EMMPRIN), CD147 is a 

269-amino-acid-long type I transmembrane glycoprotein expressed by a wide array 

of cell types, including all human peripheral blood leukocytes, haematopoietic, 

epithelial, endothelial cells and fibroblasts327. CD147 has been shown to be the 

principal signalling receptor for extracellular cyclophilins to mediate their 

chemotactic activity towards a variety of immune cells. 

 

CD147 involves in a wide range of both physiological and pathological activities 

and correlates well with MMP-1 levels that stimulate collagenase production by 
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fibroblasts through MAPK pathway328. High CD147 expression on monocytes or 

macrophages significantly up-regulated MMP-2 and MMP-9 production in RA. 

CD147 mediated signalling orchestrated by other proteins interactions including 

integrins, syndecan-1 and CD147 enzyme ligands, the cyclophilin class of peptidyl-

prolyl isomerases291, 329.  

 

1.11.6.3 Cyp/CD147 & Inflammation 

The binding of CypA towards CD147 is required for CypA-mediated MMP-9 

production, in turn to transduce NF- 𝜅B signalling. While inhibition of ERK1/2 or 

JNK MAPK pathway suppressed CypA-induced MMP-9 production by inhibiting 

the activity of NF- 𝜅B330, macrophages may be stimulated via MMP-9 expression 

and promote inflammation via pro-inflammatory cytokine secretion331. 

 

The Cyp/CD147 interaction lead to chemotactic response, which contributes to the 

leukocytes recruitment from the periphery into tissues during inflammation. 

Blocking these binary interactions using agents targeting either CD147 or 

cyclophilin activity demonstrated significant anti-inflammatory effects to suppress 

neutrophil influx into inflamed tissues and decrease migration of immune cells to the 

site of inflammation. For instance, in lipopolysaccharide (LPS) induced lung injury, 

asthma-mediated responses and arthritis model, treatment with anti-CD147 mAb 

blocked Cyp-CD147 interaction, reduced up to 50% tissue neutrophilia and 

brought >50% reduction in lung eosinophilia and airway hyper-responsiveness, 

which finally inhibited joint inflammation by more than 75% reduction, 



 66 

respectively. Vice versa, Cyp-CD147 interactions can be blocked with CsA non-

immunosuppressive analogue NIM811 via cyclophilin inhibition332 as well. 

 

Notably, both the signalling and chemotactic activities of CypA and CypB are also 

depend on heparin sulphate proteoglycans (HSPGs) on the membrane, as HSPGs 

removal from neutrophils cell surface eliminated signalling responses and abolished 

cyclophilin-dependent chemotaxis and adhesion of neutrophils and T cells329, 333, 334. 

 

1.11.6.4 Cyp/CD147 & Ca2+ mobilization  

The mobilization of [Ca2+]c relates to the ability of cell-cell and cell-ECM adhesion. 

CD147 enhanced calcium mobilization via binding with CypA on neutrophils, anti-

CD147 antibody blocked CypA-induced [Ca2+]c and small interfering (Si)-CD147 or 

anti-CD147 mAb dramatically reduced calcium mobilization in neutrophils291.  

 

1.11.6.5 Cyp/CD147 & Fibrosis 

CD147 is able to stimulate MMPs secretion, which is responsible for the 

reconstruction of ECM. Extracellular CypA affected transcription of several genes, 

including CD147 in smooth muscle cell and pancreatic cancer cells, however, study 

failed to show that CypA-induced smooth muscle cell proliferation is blocked by 

anti-CD147 antibody329, while Allain and colleagues demonstrated a strong 

inhibitory effect of anti-CD147 antibody on CypB mediated adhesion of 

lymphocytes to fibronectin, a process dependent on CypB induced signalling333. 
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Furthermore, cyclophilin inhibition was shown to reduce liver fibrosis in non- 

alcoholic steatohepatitis, possibly augment activity of chemotherapy against 

hepatocellular carcinoma and decrease the metastatic spread335. 

 

1.12 Natural cyclophilin inhibitors 

1.12.1 Discovery of CsA 

Following a programme for antibiotics screening from Sandoz Ltd of Basel (now 

known as Novartis), Switzerland, a specific fungus was discovered to synthesize 

neutral and lipophilic metabolites, which were later termed as cyclosporin.  

 

Cyclosporin A, as the first isolated and characterized cyclosporin is the main 

cyclosporin produced by the fungus Tolypocladium inflamtum Gams (Beauveria 

nivea) after several reclassify. Since the discovery of the cyclic undecapeptide drug 

cyclosporin A in 1973, the structures of cyclosporins were then determined and 

published in 1976 showing that the cyclosporins were indeed cyclopeptides336. Each 

cyclopeptide was made up of 11 amino acids, with one new amino acid337.  

 

Later, the cyclosporins were found to mediate immunosuppression through 

inhibiting T lymphocyte proliferation. Borel then have summarized the properties of 

cyclosporin A which outlined orally to a Cambridge transplantation group, which 

then started the first animal test outside Sandoz and proved to be satisfactory, the 

following clinical trials also begun in Cambridge338. CsA was further developed as 

an immunosuppressive agent and approved by the US Food and Drug 

Administration for clinical use in 1982 in solid organ transplantation.  



 68 

1.12.2 Structure, metabolism, distribution and bioavailability of CsA 

The atomic structure and the alignment of 11 amino acid, first elucidated in 1976, 

suggest CsA is a lipophilic cyclic undecapeptide (Figure 1.2), with a molecular 

weight 1202kDa containing 7 N-methylated peptide bonds and 3 non-proteinogenic 

amino acids, with the carbon chain of the unique amino acid (N-methylated 4-

butenyl-4-methyl-threonine; Mebmt) at the position 1 is essential for its biologic 

activity339.  

 

Figure 1.2 Atomic structure and amino acid alignment of CsA 

 
 
Oral CsA is available with two dosing forms: either the oil-based formulation 

(Sandimmune) or the newer microemulsion formulation (Sandimmune Neoral). The 

intravenous formulation of CsA consists in the form of CsA, polyoxyethylated 

castor oil (Cremophor EL) and ethanol.  

 

CsA is converted through isoenzymes of the hepatic cytochrome P-450 superfamily 

into metabolites with higher polarity but retain the cyclic structure. Precisely, 

primarily metabolised via bio trans formation by liver cytochrome P 450IIIA (LM-

3c) in rabbits, IIIA (PCN) in rats and IIIA (HLp/NF) in humans340, 341 342, 343, 

resulting in qualitatively similar metabolite profiles in blood, bile and urine. In 

human, CsA is extensively metabolised by the liver into N-demethylated, 
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hydroxylated, dihydroxylated, hydroxydemethylated cyclized metabolites, rather 

than degradation of the compound344, which are excreted mainly into the bile and 

faeces345.  

 

There are more than 30 CsA metabolites have been observed and been excreted as 

relatively inactive and unconjugated. However, traces of sulphate conjugated CsA-

metabolites have been detected in human plasma and bile346, 347, and a glucuronide 

of metabolite M18 has also been detected in human bile collected from liver- grafted 

patients348-350. 

 

About 60% of circulating CsA in the blood cells are bound to the erythrocytes, 10% 

to the leukocytes, and the remainder bound to plasma lipoproteins351, showing 34% 

associated with LDL, another 34% with HDL, 10% with VLDL and the remaining 

22% is bound with non-lipoproteins352. While tissue drug concentrations appear to 

correlate with tissue levels of cyclophilin and lipids, animal studies have showed 

CsA is extensively distributed throughout the body with highest concentrations 

present in liver, kidneys, endocrine glands and adipose tissue. Skin and adipose 

tissue were the main storage site for unchanged CsA353. In human, CsA and its 

primary metabolites were found in the renal tissue of patients on CsA therapy until 

the time of nephrectomy. Most of CsA and its metabolites are excreted into the bile 

and faeces, and only 1% of total biliary CsA is the parent compound345, 354.  
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CsA exhibits linear elimination with a half- life up to 19 hours but vary in different 

recipients, which is age-dependent. Patients with hepatic impairment or reduced 

LDL levels in serum, and possibly also in the elderly has a decreased drug clearance.  

 

Oral absorption of CsA is slow and incomplete with maximum plasma concentration 

occurs after 3-4 hours and bioavailability is approximately 30%. Absorption of CsA 

can be reduced by low bile flow and intestinal abnormalities or diarrhoea355, 356, or 

enhanced following a meal due to bile secretion.  

 

1.12.3 CsA action: calcineurin dependent immunosuppression 

CsA is a widely used anti-rejection drug in transplantation and auto-immune 

diseases due to its ability to reduce T cells through the inhibition of calcineurin 

pathway. 

 

Within the cell, CsA has a high binding affinity at nanomolar for most cyclophilins 

at varied affinities to inhibit the cis-trans isomerase activity. It is well established 

that CsA through formation of a complex with cyclophilin first, such binding of 

binary complex between cyclophilins and CsA formed in the cytoplasm will further 

bind with calcium-calmodulin-dependent protein of calcineurin sequentially to form 

a ternary complex. Only CsA residues 9-11 and 1-3 are in contact with cyclophilins. 

The other amino acid residues 4-8 protrude out from the cyclophilin surface and are 

implicated in specific protein interactions with calcineurin357, which regulates 

subsequent activation of nuclear factor of activated T cells (NFAT) translocation 

factors. The final binding inhibits the serine-threonine protein phosphatase activity 
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of NFAT through dephosphorylation, which, in turn, inhibit the translocation of 

NFAT, leading to reduction of numerous transcriptional activation of early cytokine 

genes including interleukin 2 (IL-2), IL-4, IL-3, CD40L, tumour necrosis factor-α 

(TNF-α), granulocyte-macrophage colony-stimulating factor and interferon 

gamma358.  

 

Calcineurin is a Ca2+/Calmondulin- activated serine/threonine protein phosphatase 

involved in a number of process359, both pro- and anti-apoptotic roles have been 

reported for its activation360, which is likely due to high specialized role plays in 

different tissue.  

 

1.12.4 CsA action: anti-tumour effects (apoptosis and cell growth arrest) 

CypA, B, C, D and Cyp40 overexpression were found in multiple human cancer, 

especially CypA overexpression were reported in more than 10 types of cancer 

including lung, pancreas, hepatocytes and other carcinoma299. The PPIase activity of 

cyclophilins can be inhibited by CsA, which also reported to induce apoptosis in 

various cancer cell lines, which may partially via cyclophilin inhibition.  

 

Two major mechanisms responsible for induction of apoptotic cell death in rat 

glioma cell by CsA were identified as described by Kaminska361: 1) apoptotic cell 

death induced by CsA was associated with a persistent activation of MAPK, in 

particular JNK and p38 MAPK, leading to accumulation of phosphorylated c-Jun 

and ATF-2 and formation of the AP-1 transcription factor followed by 

transcriptional activation of Fas ligand expression362, it was also demonstrated that 
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CsA down-regulates Akt signalling, resulting in transcriptional activation of Fas 

ligand expression363,  the up regulated Fas ligand then binds receptor Fas and 

induces extrinsic apoptotic cell death. 2) It was reported that CsA treatment results 

in up-regulation of p53 and Bax proteins contributed intrinsic mitochondria 

apoptotic cell death, which was associated with a persistent activation of mitogen 

activated kinase kinase 3 (MKK3)-p38 MAPK signalling pathway364. 

 

In human cancer cells, substance P (SP, belongs to the tachykinin family) induces 

cell proliferation and neurokinin-1 (NK-1) receptor antagonists could inhibit this 

effect. NK-1 receptor antagonists exert a broad-spectrum anti-tumour action against 

multiple cancer cells. As a tachykinin receptor antagonist, CsA exerts selectivity for 

both NK-1 and NK-2 receptors, to inhibit the ligand SP 365 induced inflammation 

(IL-6), pain and the active migration of various tumour cells that is a crucial 

requirement for invasion and development of metastasis366, 367.  

 

CsA blocks SP-induced mitogen stimulation and inhibit cell proliferation. While 

CsA at 30µM upregulated the level of p21WAF1/Cip1 protein, which is a universal 

inhibitor of cyclin kinases to inhibit cell proliferation, increased the number of cells 

in the G1 phase of cell cycle and significantly reduced the number of proliferating 

cells in the S phase, CsA at 60 µM high concentration of anti-tumour action is 

radical and irreversible in 7 human cancer cell lines367, whereas 10 µM CsA was 

reported to only have partial and reversible antitumor action against the AGS gastric 

and HT29 colon carcinoma cell lines, and CsA administration intraperitoneally at 2 
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or 10 mg/kg every second days significantly decreased tumour volumes (by 70%) 

with similar efficacy368.  

 

1.12.5 CsA action: MPTP inhibition 

Early in 1980s, it was reported that treatment with CsA inhibited mitochondria 

respiration in renal tubular cells. Later in 1987, CsA was observed not only inhibited 

mitochondria respiration, but also blocked the mitochondria efflux of Ca2+, which 

was observed in reversible opening of the MPTP369, 370, Crompton and co-workers 

first discovered that MPTP opening could be pharmacologically inhibited by CsA371. 

The inhibitory effect of CsA (150 𝑝mol CsA /mg of mitochondria protein) was later 

confirmed by another research group on isolated liver mitochondria372.  

 

Following earlier study that there existed a mitochondria CypD, in 1990 Halestrap 

and Davidson373, who reported that Ki of CsA for CypD and MPTP inhibition were 

similar at 5nM and the number of CsA-binding sites involved in MPTP inhibition in 

liver and heart mitochondria (about 125 𝑝mol/mg or protein) were very close to the 

amount of CypD presents in mitochondria matrix, which revealed the mechanism 

that CsA through binding to CypD to inhibit MPTP opening. Later in 1996, it was  

confirmed that pharmacological target of CsA to be the 21kDa human mitochondria 

CypD protein374, and studies with mice deficient in CypD have further confirmed 

CypD as the target for CsA to inhibit MPTP228, 229, 375. 
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Since then, many studies employed CsA or its derivates targeting CypD in a variety 

of models to explore MPTP opening in liver, heart, brain, and skeletal muscle 

mitochondria. 

 

1.12.6 CsA toxicity 

Early in 1980s reports demonstrated that giant mitochondria containing disoriented 

cristae and paracrystalline presented in human renal biopsies, suggesting a 

nephrotoxic effect of CsA on mitochondrial function376, other reports also showed 

neurotoxicity, hepatotoxicity377 of CsA and some side effects, which are dose- and 

time-dependent, as also shown with tacrolimus (FK506). These adverse effects 

resolve after reducing dosage or discontinuing administration in patients, suggesting 

a possible calcineurin related dose dependent toxicity378. 

 

With most attributed the toxicity of immunosuppressant like CsA and FK506 to 

calcineurin dependent, about a decade ago, Pallet’s study showed CsA induced 

interstitial fibrosis nephrotoxicity shown as epithelial phenotypic changes leading to 

the generation of protomyofibroblasts has been attributed to CypA mediated CsA 

induced ER stress, which can be protected by ER stress inhibitor salubrinal, an 

inhibitor of eIF2α dephosphorylation379, later the same group have found that the 

CsA induced renal morphology changes involved JNK signalling and with JNK 

inhibitor reduces the occurrence380. Multi-omics study showed that in cultured 

human renal epithelial cells, CsA induced UPR pathways when treated with 15 µM, 

but no stress induction was detected with 5 µM381. Studies also reported that CsA 

induced persistent ER stress via CypB inhibition leading to a non- apoptotic cell 
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death, paraptosis, in several cervical cancer cells, showing completely disrupted ER 

structure, with dilation and extensive vacuolation presented positive for ER-Tracker 

and non-involvement of either lysosome or mitochondria architecture, and another 

study suggests CypB interact with CHOP, the pro-apoptotic protein in ER stress 

pathway382, 383. Studies also showed knock down both ER CypB and CypC induced 

ER- hyperoxidation phenotype which can be replicated by CsA due to depletion of 

CypB and CypC by inducing their secretion to the medium384.  

 

1.12.7 CsA therapeutic index  

Long term CsA administration adversely affect the course of CER-AP385, similar 

scenario was observed by Oie and co-workers386 , who investigated the effect of 2-

week CsA application with high dose (50 mg/kg/day) worsened ischemic disease 

model. However, single intravenous injection of CsA (10mg/kg) has shown reduced 

serum cytokine levels including TNF-α, IL-1β, and IL-10 in rats with acute necrotic 

pancreatitis induced by 5% sodium taurocholate387, suggesting a time- and dose- 

dependent toxicity in rodents. 

 

The first report on CsA preventing the heart from acute ischemia reperfusion/injury 

(IRI), showed CsA when administered only at 200nM-400nM, was protective 

against necrotic cell death388. Griffiths and Halestrap reported that CsA Pre-

treatment at 200nM but not at 1µM to be beneficial following acute IRI389. 

 

While Administration CsA at 2mg/kg/day was without significant effect and a 

worsening pathology even reported on the use of much higher dose (30mg/kg 
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intraperitoneal injection, i.p) for two weeks in dystrophic mice390, 391, studies from 

skeletal muscle disease suggested an effective dosage of CsA at 3-15 mg/kg392, 393.  

A pharmacokinetics study of CsA involved 48 healthy male volunteers shows that 

CsA oral administration produces linear pharmacokinetics in the dose-range of 200 

to 800 mg (If calculated with the average weight for the volunteers as 70 kg, the 

optimal doses of CsA should be between the range of 3–10 mg/kg)394. 

 

The reason for the narrow therapeutic index was unclear but may attributed to the 

numerous adverse effect of CsA and its non-specific inhibitory effects on other 

cyclophilins or immunosuppression effect. 

 

Implicated by the narrow therapeutic dose range of CsA in MPTP involved disease, 

numerous preclinical studies with CsA dosages range from 1-15mg/kg395, 396 and 

several phase II 397-401 and phase III402 clinical trials employed CsA at 2.5mg/kg 

single intravenous bolus injection have been conducted in ischemic heart disease 

since 2001, Di Lisa403 and colleagues first implicated MPTP inhibition by CsA in 

the cardio-protective action of CsA through demonstrating reduced myocardial 

necrosis and preserved mitochondrial NAD+ levels, and further study conducted by 

Hausenloy404 confirmed that CsA administration limit myocardial infarct size due to 

MPTP inhibition but not calcineurin. Despite inconsistent results, regarding of the 

treatment time with CsA, there is a trend that suggests earlier treatment with CsA 

appeared to provide more favourable results. 
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1.12.8 Other natural cyclophilin inhibitors  

Peptolide SDZ 214-103 (Figure1.4 left) is produced by fungus Cylindrotrichum 

oligospermum (Corda) Bonorden and was first discovered by Sandoz, now known as 

Novartis. As SDZ 214 contains a specific amino acid in position 8, resulting in an 

ester linkage, it is classified as a peptolides (a cyclic depsipeptide) rather than a 

peptide as CsA but share similar biological activity with CsA on cyclophilin and 

calcineurin inhibition405. Peptolide SDZ 214 synthetase appears to have higher 

substrate specificity than CsA synthesis and has been chemically modified in 

position 1 to 7 to reduce its immunosuppressive activity405.  

 

Sanglifehrin A (SFA) (Figure 1.3 right), was discovered in cultures of 

Streptomyces flaveolus DSM9954. The sanglifehrins are 22-membered macrolides 

conjugated to a spirolactam ring by a linear carbon chain406. Notably, although both 

peptolides and Sanglifehrins share the common biological activities as cyclophilin 

binding proteins to inhibit PPIases, SFA-cyclophilin complex binding with inosine-

5'-monophosphate dehydrogenase 2 (IMPDH2) but not calcineurin to act on T cell 

activation and proliferation407. 

 
 

   
Figure 1.3 Structure of Peptolide (L) and Sanglifehrin (R) 
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1.13 Application of cyclophilin inhibitors 

1.13.1 Development of cyclophilin inhibitors 

With the discovery of CypD being the important facilitator of MPTP, a variety 

diseases involved MPTP have targeted CypD inhibition as novel approach for 

treatment. The currently available natural cyclophilin inhibitor CsA has potential 

drawbacks including calcineurin inhibition and several drug interactions, thus, lots 

of efforts have been made to generate potent, drug-like molecules through chemical 

design, synthesis and engineering based on the structure of natural cyclophilin 

inhibitors CsA, Peptolides408, and Sanglifehrins409, 410. 

 

The advent of CsA-based non-immunosuppressive inhibitors such as Alisporivir 

(DEB025)411, NIM811412 and SCY-635413, which have previously demonstrated 

clinical efficacy for Hepatitis C (HCV), also greatly facilitated the treatment for 

MPTP inhibition. These compounds have been modified to interfere their binding 

sites with calcineurin from the parent molecule at the 3-sarcosine or 4-N-methyl 

leucine positions to abolish or attenuate the immunosuppression (Figure 1.4), while 

retain the undecapeptide core structure of CsA to interact with cyclophilins. 
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Figure 1.4 Structure of CsA and its non-immunosuppressive derivatives 

NIM811, DEB025 and SCY-635(Modified from Sam Hopkins et al. 2012414) 

DEB025 differs from CsA at position 3, with sarcosine having been replaced by 

MeAlanine, at position 4 with leucine having been replaced by valine and with the 

nitrogen being N-ethylated instead of N-methylated.  

 

NIM811 differs from CsA by having methyl-isoleucine instead of methyl-leucine at 

position 4.  

 

SCY-635 differs from CsA at position 3 and 4 with a dimethylamino-ethylthio 

substituent at the 3-sarcosine alpha carbon atom and a hydroxyl substituent at the 

gamma carbon of the 4-N-methyl leucine residue.  
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1.13.2 Cyclophilin inhibitors and MPTP-driven necrosis 

CypD facilitates the MPTP opening and Ca2+ exchange between mitochondrial and 

the cytosol, which plays a key role in cell death228, 415, 416, thus, CypD inhibition 

might be beneficial in preventing a cascade of events, triggered by MPTP opening 

dependent cell death. The discovery that MPTP can be pharmacologically inhibited 

through the binding with CypD by CsA, also facilitates studies associated with 

MPTP to develop novel therapy based on CsA or other cyclophilin inhibitors 

without immunosuppression.  

 

As one of the non-immunosuppressive analogues derives from CsA, NIM811 was 

proved to prevent in situ mitochondrial inner membrane permeabilization and 

depolarization in hepatocytes to block calcium and inorganic phosphate induced 

MPTP induction, protects cell death equipotent with CsA at 0.5-2 µM, while CsA 

lost efficacy at 5-10 µM but NIM811 did not417. 

 

The beneficial of MPTP inhibition was also observed in muscular dystrophy. 

Treatment with DEB025 (in a cremophor based vehicle, administered at 50mg/kg/d, 

twice daily by subcutaneous injections for 6 weeks) reduced mitochondrial swelling 

and necrotic manifestations in mdx mice of Duchenne Muscular Dystrophy 

(DMD)315. It was also shown that low concentration of DEB025 prevents against 

cell death and with 10mg/kg orally dosage in vivo DEB025 also protects the 

muscles from necrosis and with faster relax in DMD models418. Notably, the study 

also suggests that DEB025 appeared to work better at 10mg/kg rather than 

100mg/kg with uncertain mechanism.  
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With elucidation that genetic CypD ablation both in vitro and in vivo, protected 

pancreatic acinar cell from MPTP dependent necrosis, similar beneficial with low 

concentration of DEB025 at 100nM, CsA at 5µM also shown protection of PACs 

from necrosis and DEB025 at 10mg/kg intraperitoneal injection also proved 

effectively inhibit MPTP opening in 2 AP models, reducing all histopathological, 

biochemical, and immunological responses237. Whereas unpublished data 

(Mukherjee) suggested that high dose of DEB025 at 40mg/kg or 100mg/kg also 

showing great beneficial in acute biliary pancreatitis across all the biomarkers apart 

from IL-6, which suggested DEB025 start to lose efficacy at 40mg/kg while CsA at 

20mg/kg only showed decreased IL-6 level in TLCS model. 

 
1.13.3 Cyclophilin inhibitors and fibrosis 

While CsA has been connected to interstitial fibrosis in kidney and synergistically 

act profibrotic effects with caerulein and ethanol in pancreas, based on which, long 

term CsA application was used to develop experimental chronic pancreatitis model 

in combination with ethanol feeding and caerulein insult193, paradoxically, CsA 

itself at a low dose or its non-immunosuppressive analogues have exerted great 

potential in reducing fibrosis and inflammatory infiltration in muscular disease and 

liver fibrosis. 

 

Early in 1991, researchers reported that in carbon tetrachloride (CCI4) induced rat 

liver cirrhosis model, orally cyclosporin administration with 1 mg/kg body weight 

every second day for 6-week excellently reduced fibrosis and cirrhotic alteration, 

while 1mg/kg daily dose is less effective and 10 mg/kg CsA causes severe 
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hepatotoxicity419. Similarly, in HSCs, Ikeda420 found at 5µM, CsA inhibited DNA 

synthesis of HSC and suppressed collagen synthesis, however, tacrolimus at 5µM 

only inhibited DNA synthesis of HSC. Mechanistically, Nakamuta421 found CsA at 

2µM suppressed HSC proliferation and collagen expression with predominantly 

suppressed activation of JNK and p38.  

 

The beneficial of non-immunosuppressive analogue NIM811was also demonstrated 

in HSCs, showing suppressed transcriptional and synthetic of collagen and 

stimulated MMP-1 production with enhanced collagenase activity, inhibited 

proliferation of HSCs. In MAPK and TGF-β pathways, NIM811 upregulated 

phosphorylation of JNK and p38, but suppressed Smad2 and Smad3 

phosphorylation, accompanied by increased Smad7 and decreased TGF-β receptor 

transcription422. 

 

Whilst NIM811 showed beneficial in reducing fibrosis state in HSC, the in vivo 

studies had inconsistent results. It was reported that in CCI4 induced rat liver fibrosis 

model, NIM811 significantly suppressed mRNA expression of collagen type III, 

tissue inhibitor of metalloproteinase-1 and TGF-β, and protein expression of α-SMA 

in liver tissue after 6 weeks daily oral administration of 10mg/kg and 20mg/kg, with 

no stronger effect observed on all expression in 20mg/kg compared with 10mg/kg. 

In vitro studies revealed that cyclophilin B and/or D knockout were associated with 

collagen inhibition423. Whereas study from Rehman’s424 group reported mice 

gavaged with 20mg/kg NIM811 (8.3% polyethoxylated castor oil and 8.3% ethanol 

vehicle) 2h before bile duct ligation, and 10mg/kg daily afterwards for 2 weeks. Bile 
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duct ligation induced both necrosis and apoptosis with earlier occurrence of 

necrosis. NIM811 decreased both necrotic and apoptotic cell death, liver function 

(serum ALT), hepatocytes mitochondria depolarisation and permeabalization 6h 

after ligation shown by confocal microscopy, however, NIM811 did not prevent 

TNFα, TGF- β1 and procollagen α1(I) mRNA expression and had no impact on 

Sirius red stained fibrosis and α-SMA expression after ligation at 3 days and 2 

weeks despite protection against cell death. As bile duct ligation is a severe and 

irreversible procedure, this difference between two studies may partially due to 

distinctive pathogenesis of the two liver fibrosis models, additionally, the solvent in 

the ligation model containing 8.3% ethanol, which may induce synergetic effects 

with chronic intake to exacerbate fibrosis. 

 

The results from a prospective, randomized clinical trial comparing fibrosis 

development with CsA and tacrolimus treatment in liver transplant recipients for 

hepatitis C provide implication that cyclophilin inhibition may have an anti-fibrotic 

effect among steroid-free patients, who had less significantly less frequent liver 

fibrosis progression with CsA, compared with tacrolimus at one year post-

transplantation425.  

 

Both CsA and its non-immunosuppressive derivate DEB025 have been studied in 

muscular diseases. Annamaria’s group392 found that CsA treatment (10mg/kg/d 

orally with drug-enriched chow) significantly reduced fibrosis with decreased TGF- 

β1 transcripts and expression levels in dystrophic mouse model. While study from 

Wissling’s group426 implicates orally gavage of DEB025 significantly decrease 



 84 

extent of muscular fibrosis and markedly reduce the infiltration of activated 

macrophages and neutrophils over 6-week treatment period in mdx mice model of 

DMD, and in Millary’s315 study despite shown reduced mitochondrial swelling and 

necrotic manifestations in mdx mice with DEB025, the regimen only partially 

normalized the fibre area distribution and showed a minor (around 5%) reduction on 

fibrosis, which is possibly due to the high does employed at 50mg/kg/d, twice daily 

by subcutaneous injections for 6 weeks. 

 

1.14 Necrosis-fibrosis theory in pancreatitis 

While apoptotic cells are usually removed by phagocytes immediately, it is rare to 

find apoptotic cell ingesting phagocytes in clinical pancreatitis, necrosis is the main 

cell death form seen in human pancreatitis. The necro- inflammation- fibrosis can be 

viewed as a continuum of events within the framework of tissue defence, repair and 

regeneration. 

 

During episodes of AP, Ca2+ overload initiates CypD mediated MPTP opening, 

results in pancreatic acinar cell necrosis, triggers host acute inflammatory response, 

acinar cells produce majority pro-inflammatory cytokines including IL-1β, TNF-α ,  

IL-6, IL-18 and anti-inflammatory cytokine IL-10427 which ensuing inflammatory 

cells recruitment and leading to further necrosis and injury. Necrosis and 

inflammation from recurrent episodes of AP results in scarring and marked fibrosis 

with ductal obstruction. Timely inflammation in adequate intensity is essential to 

eliminate harmful stimuli, however an insufficient inflammatory response can lead 

to sustained insult. Active resolution of inflammation is critical for tissue healing, 
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while propagation of acute inflammatory response could induce chronic 

inflammation if there is not enough appropriate resolution. PSCs not only produce 

collagen and other ECM proteins that lead to fibrosis, but also secrete cytokines that 

further promote inflammatory process to extended tissue destruction and 

replacement with fibrotic and adipose tissue428, 429.  

 

1.15 Hypotheses and study aims 

Since CypD has been proposed to be the central regulator of MPTP, the CypD-

deficient (Ppif -/-) mice were found to prevent against MPTP opening228, 229, 430. With 

MPTP inhibition successfully applied in cardiovascular, muscular, neurological and 

hepatic diseases model that involved cell death, inflammation and fibrosis, which all 

these features also greatly fit into the key manifestation of both acute and chronic 

pancreatitis, it is rational to search the possibility for targeting MPTP by CypD 

inhibition as specific treatment for pancreatitis.  

 

MPTP inhibition as a therapeutic pancreatic protection strategy, considering the 

plenty adverse effect of CsA and its non-specific CypD inhibition, for a novel 

pancreatic protective strategy to be successfully translated into the clinical setting, it 

is necessary to comprehensively investigate the cyclophilin inhibition effects on 

different experimental pancreatitis. Further study for the possibility of either non-

specific or specific cyclophilin inhibitors application for MPTP opening as well as a 

scientific regimen also need to be identified and developed.  
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It is hypothesized that there may exist a bell shape dose response for CsA due to its 

narrow therapeutic index results from non- specific inhibition of various 

cyclophilins and other off-target effects. The minimal dose may have some 

beneficial for inflammation due to either immunosuppressive effect that calcineurin 

inhibition or extracellular Cyclophilin inhibition leading to the reduction of 

cytokines. However, the highest does may adversely affect the severity due to either 

ER stress induced necroptosis via depletion of ER based cyclophilins or the 

antitumor cytotoxicity of CsA, which exacerbate the inflammation and severity of 

pancreatitis. Only low to median dose with optimal drug intervention time and 

appropriate formulation has the best effect to reduce the MPT-driven necrosis of AP. 

This improvement may protect the morphology and function of pancreatic acinar 

cell, reduce inflammation and further benefit to ease the development and accelerate 

the recovery of chronic pancreatitis. 

 

Hypothesis 1: CsA induces reactive oxygen species production mediating 

apoptotic cell death and ER stress in PACs. 

Study aims: to examine the effects of CsA on apoptotic cell death pathway 

activation, ROS production and ER based chaperone expression in isolated murine 

pancreatic acinar cells.  

 

Hypothesis 2: CsA has a narrow therapeutic index in AP resulting in a bell- 

shaped curve with loss of effect at higher doses. 

Study aims: to examine the dose response of CsA in three models of experimental 

acute pancreatitis. 
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Hypothesis 3: Prevention of MPTP opening in AP by inhibition of cyclophilins 

has translational potential as a treatment for human AP. 

Study aims: to examine the effects of different novel cyclophilin inhibitors in an 

acute biliary pancreatitis model.  

 

Hypothesis 4: Early intervention is necessary for effective AP treatment by 

targeting early onset of pancreatic injury. 

Study aims: to compare the effects of early versus late administration of cyclophilin 

inhibitors on disease severity in an acute biliary AP model.  

 

Hypothesis 5: The MPTP has a role in the pathogenesis of CP induced by 

recurrent AP episodes through repeated necrosis-fibrosis. 

Study aims: to determine the effects of genetic ablation of CypD on the progression 

and recovery of chronic pancreatitis including pancreatic exocrine function and 

pancreatic fibrosis. 

 

Hypothesis 6: Prevention of MPTP opening in CP by inhibition of cyclophilins 

has translational potential as a treatment for human CP. 

Study aims: to evaluate the effects of a non-immunosuppressive cyclophilin 

inhibitor on disease severity in a model using 2 weeks of repetitive AP episodes, 

assessing pancreatic exocrine function and pancreatic fibrosis. 
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2.1 Reagents and chemicals 

Fluorescent dyes for necrotic cell death measurement propidium iodide (cat: P3566), 

apoptotic cell death measurement cell event™ caspase 3/7 Green ReadyProbes™ 

Reagent (cat: R37111) and general oxidative stress indicator measurement CM-

H2DCFDA (cat: C6827), cell viability assessment 0.4% trypan blue stain (cat: 

T10282) for use with automated cell counter were obtained from Invitrogen 

(Paisley, UK).  

 

Halt™ Protease Inhibitor Cocktail (100X) (cat: 78430), Halt™ Phosphatase 

Inhibitor Cocktail (cat: 78420) and Pierce™ bicinchoninic acid (BCA) assay kit (cat: 

23225) used for intact protein extraction and quantification in western blotting were 

obtained from Thermo Scientific (Runcorn, UK). 78kDa glucose-regulated protein 

(GRP-78) rabbit antibody and cyclophilin B rabbit antibody were acquired from 

Abcam (Cambridge, UK). β-actin (13E5) rabbit antibody and anti-rabbit IgG, 

horseradish peroxidase (HRP)-linked secondary antibody (7074) were purchased 

from cell signalling (Hitchin, UK). ECL blotting substrates (cat:1705060) and all the 

other mentioned reagents used for western blotting were obtained from Bio-Rad 

(Deeside, UK).  

 

Substrate Boc-Gln-Ala-Arg-MCA for trypsin measurement was purchased from 

Peptide Institute (Osaka, Japan); cOmplete™ Mini Protease Inhibitor Cocktail 

Tablets were obtained from Roche GmbH (Mannheim, Germany). IL-6 and TGF-

Beta1 Quantikine ELISA Kit from R&D Systems (M6000B and MB100B, 

Abington, UK). Picro Sirius Red stain kit (ab150681) and Trichrome stain kit 
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(ab150686) for collagen deposition, rabbit specific HRP/DAB detection kit 

(ab64261) for IHC staining and colorimetric lipase activity assay kit (ab102524) for 

enzymatic quantification were purchased from Abcam (Cambridge, UK). Synthetic 

SEL/CC compounds of novel cyclophilin inhibitors and solvent formulation were 

supplied by Cypralis (Essex, UK).  

 

Reagents used for staining including, pH 9 antigen retrieval buffer (cat. K8004) was 

obtained from Dako (Cambridge, UK), antibody diluent (ab64211), anti α-smooth 

muscle actin (ab5694) antibody were acquired from Abcam (Cambridge, UK). 

Counterstaining reagents including Gill III haematoxylin (cat. 3801540), erosin (cat. 

3801600), Scott’s Tap Water Substitute (cat. 3802900) and 1% acid alcohol (cat. 

3803650) were obtained from Leica Microsystems (Milton, UK).  

 

Reagents such as collagenase (C9407), cyclosporin A (30024), taurolithocholic acid 

3-sulphate (T0512), palmitoleic acid (P9417), caerulein (C9026), trypsin from 

bovine pancreas (T1426), myeloperoxidase from human Leukocyte (M6908), 

dimethyl sulfoxide (DMSO, D2650) as well as all other reagents and chemicals 

mentioned in the method part but not listed above were purchased from Sigma-

Aldrich (Dorset, UK). 

 

2.2 Consumable materials  

The 70 𝜇m	nylon	mesh	cell strainer, 15 and 50 mL falcon tubes, etc were obtained 

from Fisher Scientific (Loughborough, UK). Disposable Countess™ cell counting 

chamber slides were purchased from Invitrogen (Paisley, UK). The microscope 
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slides and 22*50 mm cover slips were purchased from VWR (Leighton Buzzard, 

UK). The 4%–12% Mini-PROTEAN ® TGX™ Precast Gels system and Immuno-

Blot PVDF membrane were obtained from Bio-Rad (Deeside, UK). 

 

2.3 Solution preparation 

2.3.1 Preparation of NaHEPES  

Chemicals used to prepare for NaHEPES media were all obtained from Sigma-

Aldrich (Dorset, UK). The recipe of NaHEPES solution containing: 140 mM sodium 

chloride, 10 mM HEPES, 4.7 mM potassium chloride, 1.13 mM magnesium 

chloride, 10 mM D-glucose. The media pH was adjusted to 7.35 with NaOH. For 

pancreatic acinar cell isolation and experiments with the presence of extracellular 

calcium NaHEPES solution was supplemented with 1 mM calcium chloride.  

 

2.3.2 Preparation of collagenase 

NaHEPES (Ca2+ free) was added to collagenase powder resulting in 2mg/mL 

collagenase stock solution. The stock solution was aliquoted and stored at -20℃. 

Before each cell isolation, the aliquoted stock collagenase was further diluted with 

fresh prepared NaHEPES (supplemented with 1mM Ca2+) to 0.2-0.4mg/mL final 

concentration and pre-warm in waterbath before injected into the main duct of 

pancreata. 

 

2.3.3 Preparation of buffer for western blotting 

The buffer used for western blotting were self-prepared with the detailed 

composition listed as below in Table 2.1. 
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Table 2.1 Buffer composition for western blotting 

Buffer Composition pH 

Whole cell lysis  150 mM NaCI, 0.1% Triton X-100, 50 mM Tris-HCI 8.0 

Loading 4% SDS, 10% 2-mercaptoethanol, 20% glycerol, 0.004% 

bromophenol blue, 0.125 M Tris-HCI  

/ 

Running 25mM Tris base, 190mM glycine, 0.1% SDS 8.3 

Transfer 48mM Tris base, 39mM glycine, 20% methanol, 0.04% SDS / 

Wash  

 

(TBS-T: Tris buffered saline- tween 20) 

20mM Tris base, 150mM NaCl, 0.1% Tween 20 

7.6 

 

 

2.3.4 Other solution preparation 

Trypsin homogenize buffer pH 6.5, containing (in mM): 3-(N-morpholino) 

propanesulfonic acid (MOPS) 5, sucrose 250 and magnesium sulphate 1.  

Trypsin assay buffer was made from 50 mM Tris, 150 mM NaCl, 1 mM CaCl2 and 

1% (w/v) bovine serum albumin, pH 8.0. 

 

2.4 Equipment 

Equipment used for cell counting, tissue homogenization, fluoresce intensity and 

optical density recording, etc were listed below in Table 2.2.  
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Table 2.2 Main equipment 

Equipment Usage Brand 

Aperio Scanners Slides scanning Leica  

Automated cell counter Quick automatic cell counting and viability screening Invitrogen 

Centrifuge Centrifugation Thermo 

Micro Plate Reader Fluorescent, colorimetric and ELISA assay BMG 

Mini – PROTEAN Trtra  

Electrophoresis system  

Western blot Bio-Rad 

Micro infusion pump Common duct bile acid infusion Harvard 

PT Link system For antigen retrieval Dako 

Syngene system Imaging for western blot Syngene 

Tissue tearor  Homogenize pancreatic and pulmonary tissue Biospec 

products 

 

 

2.5 Animals 

All animal studies were performed in accordance with protocols defined by the 

Scientific (Animal) Procedures Act 1986, following the Replacement, Reduction 

and Refinement (3Rs principle) and in compliance with the UK Home Office 

regulation under project licence (70/8109) approved by the Ethical Committee at 

University of Liverpool. 

The CsA concentration/dose responsive experiments were performed using CD1 

mice (Charles River, UK), synthesized cyclophilin inhibitors were tested in 

C57BL/6J mice and chronic pancreatitis in vivo experiments were conducted on 

C57BL/6J mice (as age and sex matched controls for knockout experiments; Charles 
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River, UK). Cyclophilin D-deficient mice (C57BL/6J) colony generated by targeted 

disruption of the ppif gene encoding for mitochondrial cyclophilin D was breed and 

maintained in facility of animal unit, Biomedical Service, University of Liverpool, 

which originally provided to the Liverpool pancreatitis group by Dr. David Yellon 

(University College, London) and Jeff Molkentin (Children's Hospital Medical 

Centre, Cincinatti) as a gift. Mice were housed under standardized condition at 23 ± 

2°C, humidity 40%-60% with a 12-hour light/dark cycle and ad libitum access to 

laboratory chow and water.  

2.6 Isolation of murine PACs 

PACs were isolated using collagenase digestion and filtration procedure. Briefly, 

male 6-8-week-old CD1 mice were humanely sacrificed by cervical dislocation. The 

abdominal cavity was subsequently exposed by a transverse subcostal incision to 

excise and dissect the normal pancreata part straight from the spleen with further 

rinsing in NaHEPES buffer. Then, pancreata was injected via the ductal system or 

directly into the tissue with pre- warmed collagenase at 0.2 mg/mL followed by 16-

minute incubation in NaHEPES solution at 37°C. After which, the preparation 

together with collagenase contained buffer was transferred into 15 ml falcon tube 

subjected to repeated mechanical disassociation in NaHEPES buffer using open cut 

1 ml pipette tip, the obtained cloudy solute was then passed through a 100 µm nylon 

mesh cell strainer to remove large clumps of cell debrides and chunks of connective 

tissue.  After a further twice wash in NaHEPES and centrifugation at 200 g for 2 

minutes, the supernatant was discarded and the cell pellet was re-suspended in 

NaHEPES buffer.  
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All isolated PACs suspensions with cell viability > 75%, determined by automated 

cell counter exclusion with 0.4% trypan blue dye staining were used within 2 h for 

in vitro experiments. Trypan blue is a vital stain recommended for use in estimating 

the number of live and dead cells in the cell suspension. The activity of this dye is 

based on the fact that the chromophore is negatively charged and dose not react with 

the internal region of the cell unless the membrane is damaged. The dye enters into 

only dead cells and stains them blue, while live cells have intact cell membranes and 

remain bright and unstained. Precisely, to determine PACs viability and density, mix 

1 part 0.4% trypan blue dye and 1 part PACs suspension in a micro test tube (10 µL 

of each) with gently pipet up and down. Immediately (within 5 mins of mixing), 

10µL of the mixture was loaded into the outer opening of either chamber of a 

disposable polygon plastic counting slides prior to insertion into automated cell 

counter. The isolated PACs suspension was diluted with NaHEPES till the desired 

density level for further in vitro experiment. 

 

2.7 Measurement of kinetic cell death pathway activation in PACs 

The dynamic necrotic and apoptotic cell death were analysed using POLARstar 

Omega fluorescence microplate reader with Propidium iodide (PI) and caspase 3/7 

probe double staining to detect real time membrane event by recording incorporation 

florescence intensity (FI) up to 14 hours in PACs clusters. 

 

PI is membrane impermeant which does not enter viable cells with intact 

membranes. When PI does gain access to nucleic acids, it brightly only once it 

passes through the compromised plasma membrane and binds to DNA with 
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intercalates its fluorescence increases dramatically, therefore has been used to label 

cells undergoing necrosis.  

 

Caspase3/7 Green Reagent is a fluorogenic, no wash, early indicator of apoptosis for 

live cell applications. This peptide DEVD conjugated to a nucleic acid-binding dye 

that is non-fluorescent when not bound to DNA and an intrinsically non-fluorescent, 

as the DEVD peptide inhibits binding of the dye to DNA. Upon activation of 

caspase 3 or caspase 7, the DEVD peptide is cleaved and the free dye can bind 

DNA, generating a bright green fluorescence. Thus, to detect the apoptotic cell death 

that follows caspase activation. 

In general, freshly isolated acinar cells (2 × 106 cells per mL, viability >75%) were 

co-incubated with PI (1.5 µM; lexcitation/ lemission= 540/620 nm) / caspase 3/7 (1 

µM; lexcitation/ lemission= 420/540 nm) and various concentrations of CsA at 100 

nM, 1 µM, 5 µM, 10 µM, 25 µM or 50 µM for 30 minutes (aliquoted CsA stock 

solution of 10 mM, 5 mM, 2 mM, 1 mM, 200 µM and 20 µM were prepared in 

DMSO and stored at -20°C for up to 1 month). Pre-treated PACs suspensions and 

PACs free NaHEPES were then seeded into a 96-well microplate in duplicates with 

190 µL per well and placed into BMG plate reader pre-set at 37 °C with 10 cycles FI 

over baseline monitoring. The pre-treated PACs were further exposed to 

taurolithocholic acid 3-sulphate (TLCS, 500 µM), palmitoleic acid (POA, 100 µM) 

or caerulein (CER, 10 nM), 10 µL of each from stock solution for time course cell 

death detection. 10 µL Triton X-100 (0.25%) and NaHEPES were applied to CsA-

free cells as positive control to determine the full cell death FI level and negative 
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control, separate 10 µL NaHEPES was also added to blank control wells (without 

cells and CsA but NaHEPES and dye alone) to record the background signal. The 

ratio of fluorescence increase over baseline at each minute was used to represent real 

time cell death level. 

2.8 Measurement of reactive oxygen species production in PACs 

Intracellular reactive oxygen species (ROS) generation was measured by 

POLARstar Omega Plate reader using general oxidative stress indicator 

chloromethyl 2', 7'- dichlorodihydrofluorescein diacetate (CM-H2DCFDA) 

fluorescense dye, which is a chloromethyl derivative from H2DCFDA, allowing for 

covalent binding to intracellular components, permitting longer retention within the 

cell. CM-H2DCFDA passively diffuses into cells, where its acetate groups are 

cleaved by intracellular esterase and its thiol-reactive chloromethyl group reacts 

with intracellular glutathione and other thiols. Subsequent oxidation yields a 

fluorescent adduct that is trapped inside the cell, thus facilitating long-term studies. 

Briefly, freshly isolated PACs (2 × 106) were resuspended in NaHEPES buffer and 

loaded with 10 µM CM-H2DCFDA together with various concentrations of CsA for 

30 minutes in a waterbath at 37°C protect from light. The pre-treated PACs were 

then washout and resuspended in NaHEPES after 5 minutes centrifugation at 600g. 

The washed PACs was loaded with various concentrations of CsA at 100 nM, 1 µM, 

5 µM, 10 µM, or 25 µM and further seeded on a 96-well plate, 190 µL per well. 

Following 10 cycles baseline FI assessing at an excitation wavelength of 480nm and 

an emission wavelength of 525nm, finally, 10 µL of multiple toxins including TLCS 

(500 µM), POA (100 µM) and CER (10nM) were added into designate wells to 
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detect ROS fluorescence intensity. 10 µL high concentrations of H2O2 (1mM) and 

NaHEPES were used as positive control to evaluate the full capacity of ROS 

production and the basal production control, respectively. The ratio of fluorescence 

increase was used to represent the ROS production level.  

 

2.9 Western blotting 

Freshly isolated PACs aliquots were co-incubated with various concentrations of 

CsA and different toxins, including TLCS (500 µM) in 37°C waterbath for 2-6h. 

Treated PACs were spun at 100g for 2 min and the supernatants were removed and 

kept at -80°C for further cytokine analysis. PACs pellets were washed 3 times with 

ice-cold PBS and lysed with whole cell lysis buffer supplemented with protease 

inhibitor and phosphatase inhibitor cocktail by gently pipetting up and down. PACs 

lysates were then sonicated on ice for 10 seconds before stored in -80°C until 

assayed. Upon thawing lysates on ice, following 10-minute centrifugation at 16,000 

g, 4 °C, PACs lysates supernatant was collected for protein concentration 

measurement using the Pierce™ bicinchoninic acid (BCA) assay according to the 

manufacturer’s instructions. 

 

Same amount of proteins (20 µg) were mixed with sample loading buffer (ddH2O to 

equalise the total volume between samples). After denatured by heating at 100°C for 

10mins, proteins were separated by sodium-dodecyl-sulphate polyacrylamide gel 

electrophoresis (SDS-PAGE) using 4%–12% Mini-PROTEAN ® TGX™ Precast 

Gels system in running buffer at 270V for 40 minutes. Proteins were then transferred 

onto polyvinylidene fluoride (PVDF) membrane for 45 minutes at 150 V in transfer 
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buffer. Membranes were then washed once in tris-buffered saline mixed with tween 

20 (TBST). 5% non-fat dry milk dissolved in TBST was prepared to block the 

remaining surface of the PVDF membranes for 1 hour at room temperature to 

prevent nonspecific binding of the detection antibody. Protein immunoblots were 

incubated with specific primary antibodies 78kDa glucose-regulated protein 

(GRP78) rabbit antibody and CypB rabbit antibody (diluted to 1:1000 in 5% 

milk/TBST buffer) overnight at 4 °C. Membranes were then washed 3 times with 

TBST every 10 minutes prior to a further probe with anti-rabbit horseradish 

peroxidase (HRP)-conjugated secondary antibody diluted 1:1000 in 5% milk/TBST 

for 1 hour at room temperature. This was followed by a half an hour of 10 minute-

interval washes. To test for equal loading, membranes were washed in TBST and 

incubated with anti β-actin antibody diluted 1:1000 in 5% milk/PBST for 1 h at 

room temperature, before washing and probing with secondary antibody. Protein 

bands were visualized using a commercial enhanced chemiluminescence (ECL) 

detection kit (Figure 2.1). Membranes were scanned, recorded digitally, and 

quantified using GeneTools from SynGene.  

 

Figure 2.1 Western blotting brief work flow diagram 
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2.10 Experimental acute pancreatitis (EAP) 

Experimental acute pancreatitis (EAP) was induced in mice through multiple 

approaches according to represent different clinical aetiologies. Acute biliary 

pancreatitis induced by bile acid retrograde duct perfusion (TLCS-AP) and acute 

alcoholic pancreatitis induced by fatty acid ethyl ester (FAEE-AP), metabolites of 

palmitoleic acid (POA) and ethanol through non-oxidative pathway in pancreas are 

two models that with most clinical relevant cause in human pancreatitis.  A third AP 

model with hyperstimulation of cholecystokinin analogue caerulein (CER-AP) to 

induce gastric, biliary, and pancreatic secretion was also employed for its 

standardised protocol and uniform injury in pancreas.  

 

2.10.1 Induction of experimental acute biliary pancreatitis (TLCS-AP) 

Acute biliary pancreatitis (ABP) was induced by retrograde infusion of bile acid 

TLCS into the common bile duct of mice as previously described431, 432 with slightly 

modifications. Briefly, the pancreatic head and the attached surrounding duodenum 

were exposed following a midline laparotomy with gentle reverse liver traction. 

Cannulation of the common duct was performed (as described in Figure 2.3) with a 

30-gauge needle first punctured through the duodenal wall in parallel to the papilla, 

then further introduced 5 mm into the common duct. The other end of the needle 

was pre-placed into a polyethylene catheter connected to a micro-infusion pump. 

The common hepatic duct was identified at the liver hilum and clamped with a 

micro vessel clamp to prevent hepatic reflux. Overall, 50 µL of either normal saline 

or 3 mM TLCS (dissolved in normal saline with methylene blue 300 µM) was 

infused into the common bile duct at a rate of 5 µL/min over 10 minutes. Before 
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suturing the abdominal wall, the clamp was removed. Anaesthesia was achieved 

with isoflurane and buprenorphine (0.1mg/kg) was given by subcutaneous injection 

before laparotomy for pre-emptive analgesia and post-operatively at 12 h.  

 

 

Figure 2.2 Simplified anatomy illustration for TLCS-AP induction 

With the aid of a dissecting microscope, the ampulla of vater was identified and the 

bile duct was cannulised by a 30G tipped needle, which was inserted to a 

polyethylene tubing connected to a syringe placed on a micro infusion pump. A 

microvessel clip placed at the liver hilum across the bile duct. Mixture of bile acid 

(3mM TLCS) and methylene blue solution was infused at 5 µL/min over 10 minutes 

using an infusion pump. After closing the abdomen layers, the animals were allowed 

to awake. Control mice received same operation procedure without infusion of 

TLCS. Animals were sacrificed at 24 h after the perfusion.  
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2.10.2 Induction of experimental acute alcoholic pancreatitis (FAEE-AP) 

Mice received two hourly i.p injection with pure ethanol (1.35g/kg) based POA (150 

mg/kg)196 or 40% ethanol (diluted with polyethylene glycol 400 and normal saline) 

based POA (300 mg/kg) solution. For the POA-pure ethanol protocol, 200 µL 

normal saline was immediately pre-injected at the injection site to avoid local 

damage (peritoneal organs) provoked by pure ethanol. Analgesia was achieved by 

subcutaneously injection of 0.1 mg/kg per body weight buprenorphine 

hydrochloride. The control mice received compatible volume of saline injection. 

Animals were sacrificed at 24 h after the first injection.  

2.10.3 Induction of experimental acute hyperstimulation pancreatitis (CER-AP) 

Hyperstimulation AP (CER-AP) was induced by seven hourly i.p injections of 50 

µg/kg/h caerulein433, with a humane sacrifice at 12 h after the first injection. 0.1 

mg/kg buprenorphine was given by subcutaneous injection to reduce pain and 

discomfort due to multiple caerulein injections. The control mice received a 

compatible volume of saline injection.  

2.11 EAP assessment  

Serum amylase level and pancreatic histopathology score were used to evaluate the 

establishment of experimental acute pancreatitis. The severity of three EAP models 

was routinely assessed by local and distant injury characterized by inflammation 

(neutrophil infiltration and cytokine cascades), including pancreatic 

myeloperoxidase (MPO), pulmonary MPO and serum IL-6. For FAEE- and CER-

AP, pancreatic trypsin activity was also detected to evaluate the local pancreatic 

injury. 
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To acquire sample for above assessments, mice were sacrificed by CO2 asphyxia at 

designate time point after EAP induction. Following confirmation of death, blood 

was first taken by cardiac puncture or from superior vena cava. Allowing naturally 

clot for 2h at room temperature, collected blood was centrifuged at 1,500 g, 4°C for 

10mins. Serum was separated and stored in -80°C until measurement of amylase and 

cytokine levels. Once blood has taken, upon chest cavity opening, the right 

pulmonary lobe was removed and rinsed in PBS followed by snap frozen in dry ice 

for pulmonary MPO measurement, while the left pulmonary lobe was injected with 

0.5 mL 10% neutral formalin through porta pulmonis before taken and fixed in 10% 

neutral formalin for haematoxylin-eosin (H&E) staining. Thirdly, the pancreata was 

detached either from the duodenum in TLCS-AP or the from the spleen in FAEE- 

and CER-AP. For TLCS-AP, the pancreatic head were rapidly separated from 

duodenum and divided into 2 pieces, half of the pancreatic sample was fixed in 10% 

formalin, whereas the other half was snap frozen in dry ice for assessment of 

pancreatic MPO. For FAEE- and CER-AP, the pancreatic body part was removed 

from spleen and divided into 3 pieces, apart from H&E and MPO sample, the last 

one-third part was collected for pancreatic trypsin activity detection. 

2.11.1 Measurement of serum amylase 

Serum amylase was measured at Clinical Biochemistry Department in Royal 

Liverpool & Broadgreen University Hospital Trust, using kinetic enzymatically 

method. This method was based on cleavage of the ethylidene protected substrate, 

4,6- ethylidene-(G7)-1,4-nitrophenyl-(G1)- a-D-maltoheptaoside by a-amylase and 

the subsequent hydrolysis of all the degradation products to p- nitro phenol with the 

aid of a-glucosidase (100% chromophore liberation)434. The colour absorbance of 
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the final product p-nitro phenol was measured photometrically to reflect the levels of 

a-amylase. The results were expressed as U/L.  

2.11.2 Grading pancreatic histopathology scoring 

For morphological examination, pancreata was fixed in 10% neutral buffered 

formalin overnight and then dehydrated and paraffin embedded. 6 µm sections were 

stained with haematoxylin and eosin (H&E). 

In brief, whole sections were deparaffinised in xylene and rehydrated through 

serially decreasing ethanol/ddH2O solutions from 100% to 95% to 70%, before 

rinsing in tap water. Slides were then incubated in haematoxylin for 10 minutes, 

rinsed in running tap water and agitated in 0.25% HCl/ddH2O for 5 seconds. A 

further rinsing in tap water followed, before a 30 second agitated incubation in 

Scott’s tap water. After another rinse, slides were agitated in 100% ethanol for 30 

seconds then placed in eosin to incubate for 2 minutes. The slides were then agitated 

in 100% ethanol for 1 minute, followed by two 30-second washes in fresh ethanol 

and three 30 second agitations in xylene before mounting.  

The histopathological change was further blindly evaluated on 10 random fields 

(×20 high power fields) of each slide under light microscopy by 2 independent 

examiners using a scoring system for the evaluation of oedema, infiltration and 

necrosis on a 0 (absent) to 3 (extensive) scale as previously described in detail435 

(Table 2.3) calculating summated mean ± SEM, for ≥6 mice/group. The agreement 

of these scores between two independent investigators was evaluated and confirmed 

before assessing the slides from experimental groups. 
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Table 2.3 Pancreatic histopathological grading criteria in AP 

Parameter Score Indication 

Oedema 0 Absent  

1 Focal increased between lobules  

2 Diffused increased 

3 Acini disrupted and separated  

Infiltration 0 Absent  

1 In ducts (around ductal margins)  

2 In the parenchyma (<50% of the lobules)  

3 In the parenchyma (>50% of the lobules) 

Necrosis 0 Absent  

1 Periductal necrosis (<5%)* 

2 Focal necrosis (5-20%)  

3 Diffused parenchymal necrosis (>20%)  

 

*Approximate percentage of cells involved per field examined. 
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2.11.3 Measurement of pancreatic and pulmonary MPO activity 

MPO activity was used as a marker of neutrophil infiltration and determined as 

previously described436. Briefly, frozen pancreatic and pulmonary tissue were 

homogenized with a tissue tearor in 1 mL 100 mM sodium phosphate buffer (pH 

7.4) with protease inhibitor 10,000 unit/mL. The homogenates were repeatedly 

centrifuged at 16,000 g, 15 minutes, 4°C and resuspended in fresh homogenize 

buffer for 2 or 3 times followed by last resuspended in 100 mM sodium phosphate 

buffer (pH 5.4) containing 0.5% hexadecyltrimethylammonium bromide (HETAB), 

10 mM EDTA and protease inhibitors, with further three freeze-thawed cycles and 

sonicated for 30 seconds, finally centrifuged for 15 min at 16,000 × g. After which, 

MPO activity was measured in the supernatants (Figure 2.3).  The enzyme activity 

was determined spectrophotometrically as the MPO-catalysed change with 3,3,5,5-

tetramethylbenzidine as the substrate (TMB) in the redox reaction with presence of 

H2O2. Absorbance was recorded at 655 nm. 

 

A standard curve was generated using myeloperoxidase from human leukocytes. 

MPO activity was calculated as the difference between the values at 0 and 3 min 

based on protein amount. 
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Figure 2.3 Flowchart for collection of supernatant for MPO assay 

Preparing MPO assay from pancreas and lung required cycles of centrifugation and 

resuspension in buffer with protease inhibitors to remove MPO inhibitory activities 

of enzymes as shown above. Pulmonary samples needed one more centrifugation 

and resuspension cycle. The supernatants collected were used for testing MPO 

activity (Adapted from Dawra et al., 2008436).
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2.11.4 Measurement of pancreatic trypsin activity  

Trypsinogen is activated to trypsin when trypsin activation peptide is cleaved off 

and thus can be used as a marker of trypsinogen activation. It was determined by 

measuring enzymatic activity of trypsin fluorometrically with Boc-Glu-Ala-Arg-

methylcoumarin amide (MCA) as substrate437-439, using POLARstar Omega 

microplate reader.  

 

Briefly, pancreata were homogenised with a tissue tearor on ice in homogenization 

buffer. The resulting homogenates were centrifuged at 1,500 g for 5 min at 4°C. The 

supernatant was loaded to a 96-well plate containing pre-warmed assay buffer and 

Boc-Gln-Ala-Arg-MCA substrate (lexcitation/ lemission = 380nm/ 440nm). A 

standard curve was generated using commercially purified trypsin from bovine 

pancreas. Pancreatic trypsin activity was calculated as the difference of fluorescence 

intensity between 0 min and 5 min and then was normalized to the protein amount 

determined with BCA assay. 

 

2.11.5 Measurement of serum IL-6 

IL-6 levels were determined in serum by using a double-antibody quantikine 

enzyme-linked immunosorbent assay kit. The assay was performed according to 

manufacturer’s instructions, with all samples run in duplicates. Recombinant murine 

IL-6 supplied within the kit was used as a standard. Average readings for the 

duplicates were calculated based on determination of the optical density using BMG 

microplate reader set to 450nm with wavelength correction set to 540nm. 
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2.12 Experimental Chronic Pancreatitis (ECP) 

Age and sex matched CypD-/- and wild type (WT) C57BL/6J mice received 

repetitive intraperitoneal caerulein injections (50 µg/kg, 6 hourly per day, thrice a 

week) as AP episodes for up to 4 weeks, control mice received comparable 

injections of normal saline. Mice were euthanized by CO2 asphyxiation at 2, 4 and 6 

weeks with various resolution period after last caerulein injection to mimic chronic 

pancreatic injury. Following confirmation of death, blood was first taken by cardiac 

puncture. The pancreata was detached from the spleen, weighed and divided into 3 

pieces, for further assessing of morphology, biochemistry, fibrosis and 

immunohistochemistry study. 

2.13 ECP Assessment  

2.13.1 Morphology  

Pancreatic morphology was used to evaluate the establishment of experimental 

chronic pancreatitis. Pancreata tissue samples fixed in 10% neutral formalin were 

embedded in paraffin. 6µm sections were prepared and stained with haematoxylin 

and eosin (H&E) for morphological examination. The chronic histopathological 

change was further blindly evaluated on 6 random fields (×20 high power fields) of 

each slide under light microscopy using a scoring grading system for the evaluation 

of inflammatory infiltration, interlobular fibrosis, necrotic sequellar foci, 

architecture (acinar atrophy, perilobular fibrosis, and intralobular fibrosis), and 

trichrome stained collagen deposition on a 0 (no alterations) to 3 (severe alterations) 

scale as previously described in detail440 with minor modification (Table 2.4), 

calculating summated mean ± SEM, for ≥4 mice/group. 
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Table 2.4 Pancreatic histopathological grading criteria in CP 

Parameter Score Indication 

Inflammation 0 No alterations 

1 Few alterations 

2 Moderate alterations 

3 Severe alterations 

Fibrosis 

Masson Trichrome 

0 No alterations 

1 Few alterations (<5%) 

2 Moderate alterations (5-25%) 

3 Severe alterations (>25%) 

Necrotic  

sequelae 

foci 

 0 No alterations 

1 Few alterations (<5%) 

2 Moderate alterations (5-25%) 

3 Severe alterations (>25%) 

Architecture Acinar atrophy  

 

0-3 

No alterations 

Perilobular fibrosis Few alterations (<5%) 

Intralobular 

fibrosis 

Moderate alterations (5-25%) 

Severe alterations (>25%) 
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2.13.2 Picro Sirius Red staining for collagen 

As one of the best understood techniques to define collagen content, Picro Sirius 

Red was applied to characterise type I collagen deposition441. The method is used on 

paraffin sections of pancreas fixed 1 week in a neutral buffered formalin solution 

followed by manufacturer’s instruction (Figure 2.4). In bright- field microscopy 

collagen is red on a pale-yellow background, with nuclei stained as grey or brown. 

 

 

Figure 2.4 Flowchart for Picro Sirius Red staining 

 

Collagen deposition was determined using ImageJ (version 1.5) software, calculated 

as the proportion of collagen stained in red as percentage of the total area measured. 

10 fields were randomly selected from non-overlapping scanned images of each 

section for collagen quantification per section. Images were scaled to enable the 

measurement of each stained area in µm2, converted to greyscale, using threshold 

algorithm. Optimal colour settings were kept consistent across all images.  
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2.13.3 Masson Trichrome staining for collagen 

Masson’s Trichrome is often used to differentiate between collagen and smooth 

muscle in tumours, and the increase of collagen in diseases. As the name implies, 

three dyes (see Table 2.5) are employed selectively staining muscle, collagen fibres, 

fibrin and erythrocytes. The general rule in trichrome staining is that the less porous 

tissues are coloured by the smallest dye molecule; whenever a dye of large 

molecular size is able to penetrate, it will always do so at the expense of the smaller 

molecule. The tissue section is stained first with the acid dye, Biebrich Scarlet, 

which binds with acidophilic tissue components. Then when treated with the 

phosphor acids, the less permeable components retain the red, while the red is pulled 

out of the collagen. At the same time causing a link with the collagen to bind with 

the aniline blue. 

Table 2.5 Masson’s Trichrome Reagents composition 

Bouin’s Fixative Saturated picric acid 1500ml / Formaldehyde 500ml / Glacial acetic acid 100 ml 

Biebrich Scarlet Biebrich Scarlet 2.7gm /Acid fuchsin 0.3gm/Distilled water 300ml /  

Glacial acetic acid 3ml 

Weigert’s Hematoxylin 

Equal amounts with A&B 

Solution A: Hamatoxylin 5.0 gm / 95% alcohol 500 ml 

Solution B: 29% ferric chloride 20ml / Distilled water 475ml / hydrochloric acid 5 ml 

Phospho -Acid Solution Phosphotungstic acid 25g / Phosphomolybdic acid 25g / Distill water 1L 

Aniline Blue Aniline Blue 2.5g / Distilled water 100ml / Glacial acetic acid 1ml 

1% Acetic Acid  Glacial acetic acid 10 ml / Distilled water 1L 
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The Masson’s Trichrome Procedure was performed according to manufacturer’s 

instruction detailed in Figure 2.5 below. 

 

 

Figure 2.5 Flowchart for Trichrome staining 
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2.13.4 Immunohistochemistry staining (IHC) 

The immunohistochemistry staining (IHC) procedure was performed following the 

protocol detailed as below.  

 

Pancreata samples were fixed overnight in fresh 10% neutral formalin and 

embedded in paraffin. 6µm sections were prepared to be deparaffinised and antigen 

retrieval performed through boiling at 95°C in pH 9 antigen retrieval buffer using 

PT Link system. Tris buffered saline was prepared and used to make 0.1% TBS 

Tween 20 solution (TBST, same wash buffer also used in western). Following 

antigen retrieval and wash 3 times in TBST, the pancreatic section was treated with 

a series procedures using expose rabbit specific HRP/DAB detection IHC kit. First 

incubated for 30 min with 0.3% H2O2 to block endogenous peroxidase. Apply 

protein block (supplied in the kit) after 2 washes in TBST and incubate for 20 

minutes at room temperature to block nonspecific background staining. Pancreatic 

sections were then washed with TBST and dried. The mouse alpha smooth muscle 

actin (α-SMA) expression were detected after sequential incubation, and finally 

visualized with chromogen 3, 3′-Diaminobenzidine (DAB). Precisely, following 

protein block wash, sections were covering with α-SMA antibody diluted 1:200 in 

antibody diluent and incubate overnight at 4 °C, antibody diluent alone is used as 

control. After another 4 washes with TBST, apply enough drops of goat anti-rabbit 

horseradish peroxidase (HRP)-conjugate (supplied in the kit) to cover pancreatic 

tissue and incubate for 20 minutes at room temperature. Rinse 3 times in wash 

buffer with additional DAB chromogen for 5-10 minutes at room temperature to 

visualise bound antibody. Rinse 4 times in buffer and after the final wash with 

TBST, pancreatic sections were left to rest in distilled water before placing the slides 
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in Mayer’s haematoxylin to counterstain 30 seconds for nuclei staining. Slides were 

subsequently washed in running tab water until clear before dip in 1% acid alcohol 

for 5 seconds then placing in 2% ammonium hydroxide for a further 30 seconds. 

Slides were then agitated in 90% ethanol for 30 seconds, followed by 3 changes of 

100% ethanol for a further 3*30 seconds, replacing the ethanol after the first minute. 

Finally, the slides were cleaned in two changes of xylene for 1 minute of each before 

mounting in a mixture of distyrene plasticizer xylene (DPX). 

 

Stained slides were scanned with Aperio ScanScopeTM system at × 200 

magnification and using semi-quantified grading system. 

 

2.13.5 Measurement of enzymatic function 

Serum amylase was detected as previously described in 2.11.1. For reserved 

pancreatic amylase level, 25 mg pancreatic tissue was homogenized in ice cold 

phosphate buffered saline buffer containing protease inhibitor cocktail (1 tablet per 

10 mL). Homogenates were then centrifuged at 16000g, 4°C for 10 minutes. 

Supernatant was collected for amylase detection, and the final pancreatic amylase 

level was calculated based on arbitrary protein amounts according to BCA assay. 

For reserved pancreatic lipase, 40 mg pancreatic tissue was homogenized in assay 

buffer supplied with the colorimetric lipase assay kit adding protease inhibitor 

cocktail (1 tablet per 10 mL). Homogenates were centrifuged at 16000g, 4°C for 10 

minutes. Supernatant was collected for lipase detection according to manufacturer’s 

instruction, standard curve was generated by glycerol. The final pancreatic lipase 

was evaluated based on kinetic glycerol production in certain periods and calculated 

with arbitrary protein amounts according to BCA assay. 
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2.13.6 Measurement of serum TGF-β1 

Activated TGF-β1 level was determined in serum by using a double-antibody 

quantikine® ELISA kit. Serum was premixed with HCl and incubate at room 

temperature, and then neutralized by NaOH/HEPES solution. The assay was 

performed according to manufacturer’s instructions, with all samples run in 

duplicates. Recombinant TGF-β1 supplied within the kit was used as a standard. 

Average readings for the duplicates were calculated based on determination of the 

optical density using BMG microplate reader set to 450nm with wavelength 

correction set to 540nm. 

 

2.14 Drug preparation  

Cyclosporin A, SEL-3639, SEL-3714, SEL-1233 and CC/SCY635 (compounds 

supplied in powder by Cypralis) were first dissolved in DMSO to make 50 mg/mL 

or 100 mg/mL stock and further diluted with 10% Cremophor in normal saline. The 

dilution procedure was freshly made before each dosing through drop by drop 

titration with a mini stirrer bar to get a clear ready to use formulation. 

For part of SEL1233 intervention, compound was dissolved in polyethylene glycol 

400 based formulation which was supplied directly by Cypralis.  

 

2.15 Software 

Microsoft Word 2010 served as a main tool for drafting and editing this thesis. 

Statistical analysis was conducted with SPSS 24. Table and charts were made in 

Microsoft Excel 2010 and graphs were exported with Origin 9. Slides images were 

obtained using Aperio ImageScope (version 12.3.3). Image J 1.5 was used to 
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quantify the collagen deposition and positive IHC staining. GeneSnap (version 7.12) 

and GeneTools (version 4.02) were used for western blot image capture and band 

analysis. Figure legends were prepared in Microsoft PowerPoint 2010. The reference 

list was generated using Endnote X8.  

 

2.16 Statistics 

Kolmogorov-Smirnov and Levene test were used to check the data distribution and 

homogeneity of variances, respectively. Normally distributed data with equal 

variance were presented as mean ± SEM and analysed by parametric Student’s t-test 

and one-way ANOVA with post-hoc LSD test. Mann–Whitney or analysis of 

variance on non-parametric Kruskal-Wallis tests were performed on non-normally 

distributed data, which were presented as medians with range, using SPSS v22.0, 

with p values <0.05 considered significant.  
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CHAPTER 3 

Effects of CsA on PACs exposed to pancreatitis 

toxins 
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3.1 Summary 

This chapter has investigated and evaluated, in vitro, the protective capabilities of 

CsA against TLCS, POA or caerulein induced cell injury, including necrotic and 

apoptotic cell death activation, ROS production and ER based chaperone expression.  

 

The findings of this chapter demonstrate that CsA significantly inhibited TLCS-, 

POA- or CER- induced necrotic cell death in mouse PACs with less efficacy at 

higher concentration. 

 

CsA inhibited bile acid TLCS -induced necrotic cell death accompanying with 

reduced ROS production and CypB overexpression in TLCS treated PACs. CsA did 

not appear to protect acinar cell from toxin induced caspase 3/7 dependent 

apoptosis, on the contrary, the adverse effects of high concentration CsA 

exacerbated ROS production and promoted apoptosis of PACs, as seen in TLCS 

treated PACs that CsA upregulated ER chaperone expression and ROS production, 

promoting toxin-induced caspase 3/7 related apoptosis. Caerulein also exerted the 

ability to generate ROS production and promoting apoptosis, while POA, however, 

had no impact on ROS production, but showed decreasing trend. 

 

The beneficial effects of CsA, consistently observed at low micromolar 

concentration, highlights the incomplete understanding the impotence of ROS and 

its balance in cellular function and cell fate which warrants further investigation. 
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3.2 Introduction 

Emerging data suggests the interrelations of ROS, ER stress and cell death442-444. 

It is well known that pancreatic precipitants could disrupt calcium signalling, elicit 

sustained cytosolic Ca2+ overload, feature prominent in triggering PACs injury, 

cause MPTP opening, ATP depletion and consequent necrotic cell death445.  

 

Physiological low-level ROS function as redox messengers in intracellular 

signalling, while excess ROS induced oxidative stress may occur during AP 

development and modify Ca2+ signalling events in the acinar cell446. Sustained 

cytosolic calcium rises level resulted in maintained ROS elevation locally within the 

acinar cell which could affect cell death pattern to promote apoptosis but not 

necrosis with bile acid induced injury213.  

 

When various UPR- induced mechanisms fail to alleviate ER stress, both the 

intrinsic and extrinsic pathways for apoptosis can be activated447. In contrast to 

apoptosis, which thought to limit inflammation and shift disease severity in 

pancreatitis, necroptosis, a subtype of necrosis and regulated by MLKL and RIPK3 

or partially RIPK1216 could release massive amounts of damage-associated 

molecular patterns, which is generally considered to be a contribution to robust 

inflammation, as data suggested necroptosis is the predominate mode of acinar cell 

death in severe experimental mouse pancreatitis448. Despite both ROS and ER stress 

are generally regarded to promote apoptotic cell death, recent data suggest ROS are 

important contributors to neutrophil necroptosis induced by ligation of adhesion 

receptors, for which involves RIPK3-MLKL-p38 MAPK-PI3K axis with all 

molecular components are required to generate ROS via NADPH oxidase and 
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subsequent necrosis449, what’s more, it was verified that IR injury induced ER 

calcium release, leading to ROS overproduction, which was regulated by RIPK3 and 

contributed to MPTP opening that mediated cellular necroptosis450, and ER stress 

has also been shown to induce necroptosis451. 

 

It was demonstrated that additional ER oxidative pathway is modulated by CypB 

and CypC, single knock down didn’t produce any visible phenotype due to 

compensatory activities of CypB and CypC, while double genetic knockdown and 

pharmacological inhibition with CsA induced hyperoxidation phenotype of ER, 

which caused substantial oxidative stress384. Similarly, CypB-depleted glioblastoma 

cells showed higher ROS levels than control cells, and developed higher increase in 

ROS following H2O2 exposure, indicating reduced ability to handle oxidative 

stress300.  

 

Studies reported that ER stress activates the expression of the ER localized 

cyclophilin B gene. CypB interacted with the ER stress-related chaperones, GRP-78. 

Overexpression of wild type CypB blocks Ca2+ leakage from the ER to cytosol 

against the ER stress-inducing drug, the SERCA blocker thapsigargin, and 

ultimately prevents cell death in response to ER stress, whereas overexpression of an 

isomerase activity-defective mutant, CypB/R62A, not only increased Ca2+ leakage 

from the ER and ROS generation, but also decreased mitochondrial membrane 

potential, resulting in cell death following exposure to ER stress-inducing agents295. 

 

CsA has shown to induce persistent ER stress at higher concentration due to CypB 

inhibition382 and to facilitate the expressions of ER chaperones such as GRP-78 and 
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GRP94293, 294. CsA is regarded to induce the removal of intracellular CypB, 

mobilized CypB from the ER to extracellular region, resulting ER multiprotein 

complex collapse by the absence of CypB, which affect ER chaperones for 

synthesis, folding and lead to ER stress302. 

 

To further characterize the PACs cell death pattern and the possible interlink 

between ROS production and ER chaperones following presence of pharmacological 

MPTP inhibition with CsA, the study was designed to examine the kinetic 

pancreatic cellular response to toxins with the presence of a wide range 

concentrations of CsA on cell death, ROS production and ER based chaperones. 

 

3.3 Methods 

Freshly isolated mice PACs (2*10^6/mL, viability>75%) either double stained with 

1.5 µM PI and 1 µM caspase 3/7 or stained with CM-H2DCFDA probe, were co-

incubated with CsA at different concentrations for 30 minutes, to detect cell death 

pathway activation and intracellular ROS production as previously described in 

chapter 2.8 and 2.9. Fluorescence intensity was counted in duplicates each 

experiment and repeated at least 6 experiments. The ratio of increase in fluorescence 

peak was used to represent the results.  

 

For western blot, freshly isolated PACs suspension with various concentrations CsA 

and TLCS pre-treated for 2-6h were lysed for further detection as previously 

described in chapter 2.10.  
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3.4 Results 

3.4.1 Kinetic necrotic cell death response to toxins 

Isolated PACs were pre-treated with PI and CsA at different concentration ranges 

from 100nM to 50µM to detect kinetic necrotic cell death activation following 500 

µM TLCS, 100 µM POA or 10 nM caerulein stimulation. PI intensity changes were 

shown as F/F0 ratio. Kinetic necrotic cell death trace curve was presented in line plot 

throughout whole period (Figure 3.1A - 3.5A) and mean changes in PI fluorescence 

intensity over baseline are also shown (F/F0) in bar chart at every 6h interval during 

FI signal liner rising period (Figure 3.1B -3.5B). 

 

All three toxins including 500µM TLCS, 100µM POA and 10nM CER induced 

necrotic cell death in PACs with various extent showing unique pattern (Figure 3.1). 

The PACs had a rapid PI intensity rises in response to 500µM TLCS exposure 

shown in blue, the signal trace demonstrated a continuous rise after initial steady 

period and reached the peak around 12h, which only caused 80% cell death when 

compare to the level that Triton shown in red induced highest FI intensity. However, 

100µM POA shown in pink curve started to elicit a violent FI rise of necrotic cell 

death signal after 2h and reached the maximal cell death at 10-12h. Unlike TLCS 

and POA induced quick and progressive necrotic cell death, FI signal gradually rises 

with subtle increase in 10nM caerulein stimulated PACs shown in green, which 

takes 4-6 h to induce initial necrotic cell death activation.  

 

Increasing concentrations of CsA lead to fierce cellular perturbation at initial period 

with rapid increase and fall, but then steadily increase cell necrosis, presenting a 

biphasic cellular response pattern, with lowest concentration and higher 
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concentration showing more necrotic cell death with time when applied to PACs 

itself (Figure 3.2).  

 

When expose to TLCS, suppression of necrotic cell death towards the initial 

baseline approached >40% with long term application of CsA throughout whole 

liner response time period (Figure 3.3), showing reduced cell death with all 

concentrations of CsA.  

 

There is no significant difference between all the groups during the initial period 

with POA. However, CsA at all concentrations started to show beneficial when POA 

induced modest to high level necrotic cell death with time (Figure 3.4).  

 

Caerulein at 10nM alone doesn’t induce significant necrotic cell death, but when co-

expose to CsA, all groups induced significant necrotic cell death during early period 

before 6h, furthermore with low concentration CER started to activate necrotic cell 

death after 6h, only CsA at 5 µM shown in green depicts alleviated necrotic cell 

death activation (Figure 3.5).  
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Figure 3.1 TLCS-, POA- or caerulein-induced necrotic cell death 

PI loaded PACs were exposed to TLCS, POA or caerulein. Results are normalised to 

the basal fluorescence reading t=0 expressed as F/F0. (A) Kinetic necrotic cell death 

activation trace curve and (B) Time course necrotic cell death activation induced by 

500µM TLCS. 100µM POA and 10nM CER, indicate various kinetic necrotic cell 

death activation extent and action pattern. All data shown are mean ± SEM, with 

averages>6 experiments. *P<0.05, §§, ##P<0.01. Nuclei stained with Triton showed 

the total PI uptake intensity.  
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Figure 3.2 Necrotic cell death pathway activation of PACs in response to CsA 

PI loaded PACs were treated with 100nM, 1µM,	5µM,	10µM, 25µM and 50µM 

CsA. Results are normalised to the basal fluorescence reading t=0 expressed as F/F0. 

(A) Kinetic necrotic cell death activation trace curve, (B) Time course necrotic cell 

death activation in response to CsA.  

All data shown are mean ± SEM, with averages of >6 experiments.  

*, §, #P<0.05, compare to NaHEPES control group. 
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Figure 3.3 Effects of CsA in TLCS induced necrotic cell death 

PI loaded PACs were expose to TLCS. Results are normalised to the basal 

fluorescence reading t=0 expressed as F/F0. (A) Kinetic necrotic cell death activation 

trace curve and (B) Time course necrotic cell death activation following TLCS 

exposure in presence of CsA.  

All data shown are mean ± SEM with averages >6 experiments. CsA at all 

concentrations significantly reduced TLCS induced necrotic cell death.  

##P<0.01, *, § P<0.05, compared to TLCS group. 
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Figure 3.4 Effects of CsA in POA induced necrotic cell death 

PI loaded PACs were expose to POA. Results are normalised to the basal 

fluorescence reading t=0 expressed as F/F0. (A) Kinetic necrotic cell death activation 

trace curve and (B) Time course necrotic cell death activation following POA 

exposure in presence of CsA. All data shown are mean ± SEM, with averages of >6 

experiments. §§, ##P<0.01, compared to POA group. 
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Figure 3.5 Effects of CsA in Caerulein induced necrotic cell death 

PI loaded PACs were expose to POA. Results are normalised to the basal 

fluorescence reading t=0 expressed as F/F0. (A) Kinetic necrotic cell death activation 

trace curve and (B) Time course necrotic cell death activation following POA 

exposure in presence of CsA. PI uptake showing mean ± SEM at 2h, 8h and 14h. All 

data shown are mean ± SEM, with averages of >6 experiments.  

*, # P<0.05, compared to CER group. 
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3.4.2 Kinetic apoptotic cell death response to toxins 

Isolated PAC suspension from mice were stained with Caspase 3/7 probes for 30 

minutes and mixed with different concentration ranges from 100nM to 50µM of 

CsA to run the baseline. The pre-treated PACs were exposed to 500µM TLCS, 

100µM POA or 10nM CER, respectively to investigate pathological acinar cell 

injury. Kinetic apoptotic cell death trace curve was presented in line plot throughout 

whole period (Figure 3.6A -3.10A), mean changes in caspase 3/7 fluorescence 

intensity over baseline were also shown as F/F0 ratio in bar chart at every 6h interval 

at 2h, 8h and 14h (Figure 3.6B -3.10B).  

 

500 µM TLCS and 100 µM POA induce steady modest caspase 3/7 activation rise 

while no significant activation has seen with 10nM CER exposure (Figure 3.6). The 

PACs had similar extent of caspase 3/7 activation intensity rises in response to 500 

µM TLCS exposure shown in blue and 100 µM POA depicts in pink. CsA induced 

caspase 3/7 activation in a time and concentration-dependent manner (Figure 3.7) 

when applied to PACs itself. When expose to TLCS or CER, neither time- nor 

concentration-dependent significant suppression of apoptotic cell death towards the 

initial baseline with CsA application has been observed (Figure 3.8 and Figure 

3.10). However, when PACs was stimulated with POA, CsA at 5 µM shown in blue 

suggested alleviated apoptotic cell death activation (Figure 3.9). It appears that 

under toxin-and CsA-free situation, the PACs present a relative stable status shown 

as intensity even similar to the basal level in terms of necrotic cell death but on the 

contrary, the gradually increased apoptotic signal with time in caspase 3/7 stained 

PACs even with NaHEPES only. 
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Figure 3.6 TLCS-, POA- or caerulein-induced apoptotic cell death 

Cell event caspase 3/7 green reagent loaded PACs were loaded exposed to TLCS, 

POA or caerulein. Results are normalised to the basal fluorescence reading t=0 

expressed as F/F0. (A) Kinetic apoptotic cell death activation trace curve, (B) Time 

course apoptotic cell death activation induced by 500µM TLCS. 100µM POA and 

10nM CER. Traces are. All data shown are mean ± SEM with averages of >6 

experiments. *P<0.05, §§, ##P<0.01, compared to NaHEPES control group. 
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 Figure 3.7 Apoptotic cell death pathway activation of PACs in response to CsA  

CellEvent Caspase3/7 green reagent loaded cells were treated with 100nM, 1µM, 

5µM, 10µM, 25µM and 50µM CsA. Results are normalised to the basal 

fluorescence reading t=0 expressed as F/F0. (A) Kinetic apoptotic cell death 

activation trace curve, (B) Time course apoptotic cell death activation in response to 

CsA. All data shown are mean ± SEM, with averages of >6 experiments. §P<0.05, 

##P<0.01, compared to NaHEPES group. 
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Figure 3.8 Effects of CsA in TLCS induced apoptotic cell death 

CellEvent Caspase3/7 green reagent loaded cells treated with 100 nM, 1 µM,	5 µM,	

10 µM, 25	µM or 50	µM CsA were exposed to 500	µM TLCS. Results are 

normalised to the basal fluorescence reading t=0 expressed as F/F0. (A) Kinetic 

apoptotic cell death activation trace curve and (B) Time course apoptotic cell death 

activation following TLCS exposure in presence of CsA. Caspase 3/7 FI showing 

mean ± SEM at 2h, 8h and 14h. Traces are averages of >6 experiments. No 

significant difference in presence of CsA following TLCS treatment. 



 134 

 

Figure 3.9 Effects of CsA in POA induced apoptotic cell death 

CellEvent Caspase3/7 green reagent loaded cells treated with 100 nM, 1 µM,	5 µM,	

10 µM, 25	µM or 50	µM CsA were exposed to 100	µM POA. Results are 

normalised to the basal fluorescence reading t=0 expressed as F/F0. (A) Kinetic 

apoptotic cell death activation trace curve, (B) Time course apoptotic cell death 

activation in response to CsA. All data shown are mean ± SEM, with averages of >6 

experiments. §, #P<0.05, compared to POA group. 
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Figure 3.10 Effects of CsA in Caerulein induced apoptotic cell death 

CellEvent Caspase3/7 green reagent loaded cells treated with 100 nM, 1 µM,	5 µM,	

10 µM, 25	µM or 50	µM CsA were exposed to 10	nM CER. Results are normalised 

to the basal fluorescence reading t=0 expressed as F/F0. (A) Kinetic apoptotic cell 

death activation trace curve, (B) Time course apoptotic cell death activation in 

response to CsA. All data shown are mean ± SEM, with averages of >6 experiments.  

No significant difference in presence of CsA following caerulein treatment. 
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3.4.3 Kinetic ROS generation in response to toxins 

Isolated PAC suspension from mice were stained with fluoresce dye CM-H2DCFDA 

for ROS production assay for 30 minutes and mixed with different concentration 

ranges from 100nM to 25µM of CsA were exposed to 500µM TLCS, 100µM POA 

or 10nM CER, respectively to investigate pathological ROS production. Kinetic 

intracellular ROS production trace curve was presented in line plot throughout 

whole period (Figure 3.11A -3.15A). Mean changes shown as CM-H2DCFDA 

fluorescence intensity over baseline were also presented as F/F0 ratio in bar chart at 

different time point (Figure 3.11B -3.15 B). 

 

The high concentration of H2O2 treatment caused consistent rise of ROS generation 

as reflected by continuous increased intensity of CM-H2DCFDA fluorescence 

intensity. Both 500µM TLCS and 10nM CER generate comparable extent of 

intracellular ROS production in PACs with similar pattern, while 100µM POA tend 

to decrease the cellular ROS generation (Figure 3.11). CsA itself generates ROS in 

a gradually time- and concentration- dependent manner, with CsA incubation at 1h 

earlier time point, comparable ROS production has shown in NaHEPES and all low 

CsA concentration incubated groups, only 25 µM CsA had higher but not yet 

significant ROS production compared to all other groups. After 2h incubation, 

however, all concentrations of CsA start to generate significant higher ROS levels 

compared to NaHEPES control group (Figure 3.12). 

 

When exposed to TLCS and CER, both toxins started to induce early elevated ROS 

production at 1h, while CsA at lower concentrations showed suppression of toxins 

induced ROS generation, higher concentration of CsA at 25 µM does not suggest 
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any improvement. Following TLCS or CER exposure at later time point after 2h, 

PACs showed significantly reduced ROS production in presence of low CsA 

concentration. (Figure 3.13, 3.15). On the contrary, without increasing ROS 

production, POA alone or co-incubated with low concentration of CsA decreased 

ROS generation after 2h (Figure 3.14).  
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Figure 3.11 ROS generation of PACs following exposure to toxins 

Basal ROS levels from CM-H2DCFDA loaded cells were measured for 10 minutes 

prior to exposure to toxins. (A) Kinetic ROS generation trace curve and (B) Time 

course ROS generation when expose to toxins. No significant changes were 

observed within an hour. Data have been normalised to the initial fluorescence 

reading t=0 expressed as FI/FI0. Traces are averages of >6 experiments. All data 

shown are mean ± SEM. *, #P<0.05, ##P<0.01, compared to NaHEPES group. 
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 Figure 3.12 ROS generation of PACs in response to CsA. 

FI of CM-H2DCFDA loaded cells were measured for ROS generation, results are 

normalised to the basal fluorescence reading t=0 expressed as FI/FI0. (A) Kinetic 

ROS generation trace curve and (B) Time course ROS generation in the presence of 

CsA from 100 nM, 1 µM,	5 µM,	10 µM and 25	µM. CsA induced time- and 

concentration-dependent ROS generation. Data have been normalised to the initial 

fluorescence reading t=0 expressed as FI/FI0. Traces are averages of >6 experiments. 

All data shown are mean ± SEM. **, ##P<0.01, compared to NaHEPES group. 
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Figure 3.13 Effects of CsA in TLCS induced ROS generation  

CM-H2DCFDA loaded cells were measured for ROS generation, results are 

normalised to the basal fluorescence reading t=0 expressed as FI/FI0. (A) Kinetic 

ROS generation trace curve and (B) Time course ROS generation following TLCS 

exposure in presence of CsA. FI/FI0 showing mean ± SEM at 0.5h, 1h, 2.5h and 5h. 

Traces are averages of >6 experiments. All data shown are mean ± SEM. No 

significant difference in presence of highest concentration of CsA following TLCS 

treatment. §, *, #P<0.05, compared to TLCS group. 
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 Figure 3.14 Effects of CsA on ROS production following POA exposure 

CM-H2DCFDA loaded cells were measured for ROS generation, results are 

normalised to the basal fluorescence reading t=0 expressed as FI/FI0. (A) Kinetic 

ROS generation trace curve and (B) Time course ROS generation following POA 

exposure in presence of CsA. FI/FI0 showing mean ± SEM at 0.5h, 1h, 2.5h and 5h. 

Traces are averages of >6 experiments. All data shown are mean ± SEM. POA alone 

or co-incubated with low concentration of CsA significantly decreased ROS 

generation at 2.5h.  *P<0.05, ##P<0.01 compare to NaHEPES control group. 
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Figure 3.15 Effects of CsA in Caerulein induced ROS production 

CM-H2DCFDA loaded cells were measured for ROS generation, results are 

normalised to the basal fluorescence reading t=0 expressed as FI/FI0. (A) Kinetic 

ROS generation trace curve and (B) Time course ROS generation following 

Caerulein exposure in presence of CsA. FI/FI0 showing mean ± SEM at 0.5h, 1h, 

2.5h and 5h. Traces are averages of >6 experiments. No significant difference in 

presence of highest concentration of CsA following caerulein treatment. §, *, #P<0.05, 

compare to CER groups. 
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3.4.4 ER chaperone expression in response to toxins 

Immunoblot analysis of the ER chaperones from PACs as early as 2 h and later time 

point at 6 h of treatment with CsA ranges from 100 nM to 50 µM demonstrated 

increased expression of both GRP-78 and CypB at 2h following TLCS exposure, 

however, sharply dropped till deprivation after 6h incubation. Short term treatment 

with CsA had very subtle effects on TLCS induced GRP-78 and CypB upregulation, 

while at 6h time point, CsA dramatically reversed the TLCS- induced GRP-78 

deprive at all concentrations (Figure 3.16 a, b). 

 

Figure 3.16 (a) Effects of CsA on ER-based chaperones following TLCS exposure 

Freshly isolated PACs were co-incubated with 500µM TLCS and CsA ranges from 

100nM to 50µM at 37℃, 95% O2, 5% CO2 incubator for 2h or 6h. ER chaperones 

GRP-78 and CypB expression were detected. 
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Figure 3.16 (b) Quantification of CsA effects on ER-based chaperones following 

exposure to TLCS 

Freshly isolated PACs were co-incubated with 500µM TLCS and CsA ranges from 

100nM to 50µM at 37℃, 95% O2, 5% CO2 incubator.  

(A) GRP-78 and (B) CypB expression after (1) 2h and (2) 6h TLCS exposure were 

quantified in presence of CsA.  

Data presented as fold over HEPES control based on normalised to actin level. 

**P<0.01, *P<0.05 compared to TLCS group, values are mean ± SEM of 4 

experiments of each. 
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3.5 Discussion 

In general, fresh isolated kinetic cell findings obtained suggest that CsA induced 

pancreatic acinar cell death in a time- and biphasic dose- dependent manner, with 1-

10 µM did not induce either necrotic or apoptotic cell death, which is in parallel with 

previously published studies on other cell types such as HEK293, epithelium cell or 

various cervical cancer cell lines including Hela cervical cancer cells and other 

mammalian cell types. In CsA treated SiHa cells, distorted ER with massive 

cytoplasmic vacuolation occurred with numbers and size increase with progression 

of time (48–72 h) both in the perinuclear region and the entire cytoplasm, which 

persisted even after removal of CsA and continued to increase in number as well as 

in size382. Those findings also support the findings obtained here that long term 

application induces cytotoxicity.  

 

TLCS and POA induced PAC death exhibited similar profiles of action showing 

rapid aggressive increases in necrosis, while caerulein exerted a slow and mild 

injury pattern. At this concentration, however, caerulein was shown to elicit robust 

apoptosis. 

 

The greatly increased necrosis by both TLCS and POA also confirmed previous 

published studies showing that both precipitants induced MPTP opening, membrane 

potential collapse and necrosis as mentioned in chapter 1.5. The aggressive response 

of POA on cell death, however adversely, distinctively inhibited ROS production. 

Previous reports on free fatty acid suggest a dual effect on ROS production 

depending on the mode of respiratory complex chain function. Free fatty acid 

increases the rate of ROS generation in the forward mode of electron transport by 
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slowing down the rate of electron flow through complexes I and III and between 

complexes III and IV due to release of cytochrome c from the inner membrane. On 

the contrary, due to their protonophoric action on the inner mitochondrial 

membrane, unsaturated fatty acids strongly inhibit ROS production, indicating an 

effect related to uncoupling action of fatty acids452, 453. The current study was 

conducted with POA, a monounsaturated fatty acid that induced aggressive maximal 

necrosis, but markedly inhibited ROS production, suggesting significant 

protonophoric uncoupling and that the injury originated in mitochondria.  

 

PACs co-incubation with TLCS for 6h dramatically decreased GRP-78 expression, 

whereas early incubation increased the chaperones expression at 2h. A previous 

study suggested GRP-78 plays an anti-apoptotic role in regulating the cell death 

response during AP and knockdown of GRP-78 expression markedly promoted 

apoptosis and reduced necrosis in PACs261. It is likely that GRP-78 mediated UPR 

plays a self-defence role during initial injury with responsive up regulation to help 

with protein folding. With persistent TLCS exposure, this powerful aggressive toxin 

overcomes the self-defence mechanism, chaperones failed to relieve the stress and 

eventually leads to cell death.  

 

These data confirm that varying numbers of PACs undergo both apoptosis or 

necrosis depending on the toxins and the exposure time to toxins, there is a 

difference in the magnitude of maximal fluorescence intensity increase in cell death 

as well as the time period needed to activate cell death pathway in terms of toxin 

type and concentrations. 
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Studies reported that CsA and its analogues at 10 µM were able to generate free 

radicals in smooth muscle cells independently of calcineurin454, the over production 

of ROS may mediate the CsA toxicity455. PACs treated with CsA at all ranges 

concentrations showed consistently increased ROS production in a concentration- 

and time- dependent manner, the highest concentration CsA even overwhelmingly 

counterbalanced the inhibited ROS production by POA, suggesting a possible 

exacerbation may occur due to hyperoxidation state in the ER. Stocki reported that 

CsA induced CypB and CypC secretion out of the ER, depleting the ER of 

cyclophilins and inducing ER hyperoxidation state, causing ROS overburst384.  

 

Interestingly, when exposed to TLCS, the CsA treated PACs present roughly a 20% 

and 30% reduction of intracellular ROS levels at 2.5h and 5h compared to the CsA 

free PACs. Similarly, with all the results showing that CsA reduced the expression 

of CypB, however, following TLCS exposure for 6h, there is an increase of CypB 

expression shown in western blot. CypB295 was previously shown to play a 

protective function against ROS-induced cell death under ER stress. CypB/WT 

overexpression significantly increased the resistance of the cells to ER stress 

induced apoptotic cell death in a PPIase - dependent manner via the suppression of 

Ca2+ depletion in the ER, and attenuating ROS generation and mitochondrial 

damage. Knockdown of CypB with a short interfering RNA targeting sequence in 

HeLa cells, which in turn was followed by increased expression of UPR markers, 

such as GRP78, indicating increased ER stress in the absence of CypB. Here, as 

TLCS induced massive Ca2+ release and cell death as previously reported by 

Criddle173, CsA partially reversed the GRP-78 level from diminished TLCS induced 
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by CsA. It is possible that some protection afforded by CsA is due to upregulation of 

GRP-78 through the CsA induced ROS production. 

  

Choi’s study found elevated ROS, ER expansion, and abnormal unfolded protein 

responses in CypB-depleted glioblastoma cells and showed that genetic depletion or 

pharmacologic inhibition of CypB caused hyperactivation of the oncogenic RAS–

MAPK pathway, induction of cellular senescence signals, and cell death300. These 

findings indicate that CypB alleviates oxidative and ER stresses and coordinates 

stress adaptation responses which is entirely consistent with the results obtained 

here. 
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CHAPTER 4 

Effects of CsA on experimental acute 

pancreatitis  
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4.1 Summary 

The data described in this chapter has demonstrated that cyclophilin inhibitor CsA is 

effective in protecting against experimental AP models with proper formulation and 

optimal dosing regimen in terms of lower dosage and adequate administration time. 

 

Single i.p administration of CsA at low to medium dosage markedly reduced both 

local and systemic injury across all three AP models, however, CsA at high dosage 

tend to exacerbate the inflammation defined by pro-inflammatory cytokine IL-6 in 

FAEE- and CER-AP. 

 

Although in vivo data are variable, 2 or 5 mg/kg CsA appear to be the optimal 

dosages. Administering higher dose of CsA lost protective effects and exacerbated 

systemic inflammation in both FAEE-AP and CER-AP, suggesting an off-target 

effect at high dose. 

 

4.2 Introduction 

Acute necrotizing pancreatitis diagnosed with more than 30% of the gland is 

affected by necrosis and accounts for 5% to 10% of pancreatitis cases. The revised 

Atlanta classification categorized different types of fluid collections following 

development of AP, these collections can be present within pancreatic parenchyma, 

adjacent to it, or both; which can be either sterile or infected456. Two thirds of 

necrotic pancreatic collections are sterile and will resolve with conservative 

management, while the remainder will become infected and require further 

intervention. Although it is generally accepted that infected pancreatic necrosis 

should be managed surgically, in all AP patients with complications of 
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necrosis, invasive intervention should be ideally delayed where possible until at least 

4 weeks after initial presentation to allow the collection to become walled-off 52, 

which provided evidence for experiencing conservative management i.e medical 

treatment during the gap.  

 

Previous findings showing that genetic knockout of CypD, the key regulator of 

MPTP opening, to reduce necrosis and severity of experimental AP237, proving the 

potential logical translational thought with cyclophilin inhibitors application in acute 

pancreatitis. Indeed, in vitro study apply pharmacologic MPTP inhibitors CsA were 

shown to have beneficial effects in response to pancreatic precipitants in pancreatic 

acinar cell, these effects were reflected in significant improvement in pancreatic 

cellular necrosis as described in last chapter.  

 

CsA has been shown to be beneficial in a large number of preclinical or clinical 

studies involves MPTP opening, however, the results were inconsistent and 

complicated to interpret and evaluate due to various drug formulation, 

administration modality differ in dosages and treatment time, side effects with long 

term application of CsA which greatly limited the MPTP inhibition power. DEB025 

is a non-immunosuppressive analogue derived from CsA, demonstrating potent 

PPIase inhibition while binding to cyclophilins, which has now progressed to phase 

3 clinical trials for hepatitis C treatment457. Preliminary study showed that DEB025 

at 10mg/kg projects superb effects over 40mg/kg and 100mg/kg in reducing the 

severity of experimental acute pancreatitis, while pilot study using CsA at 20mg/kg 

in vivo has poor solubility with NaHEPES dilution and does not suggest fully 

beneficial effects compare to DEB025.  
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To fully investigate the action pattern for pharmacologic MPTP inhibition with 

cyclophilin inhibitors, to comprehensively define the effects spectrum of CsA and 

the possibility for drug development in pancreatitis, this chapter describes 

experiments designed to assess treatment with CsA at a broad range of dosages in 

three different experimental AP models, with an improved solvent formulation. 

 

4.3 Methods 

In vivo experiments were conducted on CD1 mice using three different EAP models 

induced by retrograde perfusion of TLCS, i.p injections of fatty acid-ethanol 

combination or supramaximal caerulein as previously described in chapter 2. 

Considering that there is a longer clearance time of CsA in rodents than in human 

and possible side effects, the administration modality was designed with a single i.p 

dose of CsA with wide ranges covered the previously proved either effective or 

ineffective dosage in other diseases models. To be precise, CsA at dose ranges from 

0.5 mg/kg to 75 mg/kg were administered 1h after TLCS-AP and 2h after first 

injection of FAEE or CER. Adult male CD 1 mice were randomly divided into 8 

groups in each model with: (1) negative control group with saline duct perfusion or 

i.p injection only, (2) positive AP group with toxin induction, (3) solvent control 

group with AP induction plus solvent injection (10% cremophor dissolved in saline 

with 1% DMSO), and (4-8) 5 treatment groups with various dosages of CsA (0.5, 2, 

5, 20 and 75 mg/kg body weight) administration by single i.p injection. Sacrifice 

was performed 24h/12h after AP induction (Figure 4.1) to harvest blood and tissue 

sample for severity assessment including pancreatic histology, serum amylase, 



 153 

pancreatic and pulmonary MPO and serum IL-6. These assays were performed as 

previously described in chapter 2. 

 

 

Figure 4.1 CsA dosing regimen in 3 experimental acute pancreatitis 

CsA at 0.5 mg/kg, 2 mg/kg, 5 mg/kg, 20 mg/kg, 75mg/kg or same volume solvent 

(10% cremophor dissolved in saline with 1% DMSO) were administered after 

disease induction at designate time as described in the text. 

 

4.4 Results 

The effects of CsA (from 0.5mg/kg to 75 mg/kg) dose response on pancreatitis 

severity were assessed with biochemical, immunological, inflammatory markers, 

and histopathological scoring in TLCS-, FAEE- and CER-AP models. 
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Challenge with three toxins induced dramatic elevated serum amylase (Figure 4.2), 

indicating the successful induction of EAP, which were greatly decreased by the 

cyclophilin inhibitor CsA, with 5mg/kg medium dosage consistently reduced in all 

models (P<0.05). 

 

Systemic inflammation shown as serum IL-6 levels in response to TLCS and FAEE 

challenge reflect prodigious rise, while only limited response observed in caerulein 

induced damage (Figure 4.3). All low to medium high dosages (0.5-20mg/kg) 

brought the increased IL-6 level back to parallel control level, whereas only 2 or 

5mg/kg dosage significantly reduced IL-6 in TLCS- and FAEE-AP. 

 

CsA at 2 or 5mg/kg also markedly reduced trypsinogen activation (Figure 4.4) and 

pancreatic MPO (Figure 4.5 A2, A3) in both FAEE- and CER-AP, respectively. 

CsA from minimal to maximal dosages, however all significantly reduced MPO 

levels in the inflamed pancreas by at least 50% in TLCS-AP (Figure 4.5 A1), 

whereas only 2 and 5 mg/kg showed significance despite the reduction trend with all 

dosages in TLCS-AP induced lung MPO (Figure 4.5 B1). None of the broad 

dosages of CsA implicated any beneficial in FAEE induced lung MPO level (Figure 

4.5 B2), while CsA at 5mg/kg had a significantly reduction, the high dose at 20 and 

75mg/kg, however, showing extra exacerbation trend in lung MPO compare to 

CER-AP group (Figure 4.5 B3).  

 

Treatment with the CsA solvent containing 10% cremophor and 1% DMSO did not 

show any difference across all the parameters in the severity of pancreatitis 

compared to AP group. 
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Typical histopathological changes of AP can be seen on haematoxylin & eosin 

stained representative sections in three models. TLCS, FAEE or caerulein produced 

the hall mark histopathological changes in the pancreas including severe destruction 

of the pancreatic tissue structure, characterized by extensive acinar cell oedema, 

massive infiltration of leukocytes and acinar cell necrosis. Treatment with CsA 

protected against toxin-induced destruction of the tissue architecture, significantly 

reduced toxins-induced acinar cell necrosis in the pancreas (Figure 4.6a -4.8a).  

 

Mice with CsA treated at 5mg/kg dosage in TLCS- and CER-AP, 2mg/kg treated in 

FAEE-AP displayed marked morphological improvements in pancreatic overall 

scoring with dampened scores for oedema, infiltration and necrosis (Figure 4.6b-

4.8b) compare to AP groups shown in blinded histology scoring of 10 randomly 

selected regions at × 200 magnifications per mouse. 
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Figure 4.2 CsA dose response on serum amylase in 3 EAP models  

Mice were subjected to saline (N.S) control groups, 3 toxins induced AP groups, AP 

plus solvent groups (Sol: 10% cremophor dissolved in saline with 1% DMSO), CsA 

treated AP groups with CsA at 0.5 mg/kg, 2mg/kg, 5mg/kg, 20 mg/kg and 75 mg/kg 

administered with single i.p injection in (A)TLCS-AP, (B) FAEE-AP, and (C) CER-

AP. CsA at 5mg/kg consistently reduced amylase level in all AP models (*P < 0.05, 

compared to each AP group, values are mean ± SEM of 6 mice per group).  

 



 157 

 

Figure 4.3 CsA dose response on serum IL-6 in 3 EAP models  

 (A) TLCS-AP, (B) FAEE-AP and (C) CER-AP.  

CsA at 0.5 mg/kg, 2mg/kg, 5mg/kg, 20 mg/kg and 75 mg/kg were administered with 

single i.p injection.  

††, **P<0.01, †P < 0.05 compared to TLCS-/FAEE-/CER-AP group.  

Values are mean ± SEM of 6 mice per group.  
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Figure 4.4 CsA dose response on pancreatic trypsin activity in 2 EAP models  

 CsA at 0.5 mg/kg, 2mg/kg, 5mg/kg, 20 mg/kg and 75 mg/kg were administered 

with single i.p injection in (A) FAEE-AP and (B) CER-AP. 

††P < 0.01, compared to FAEE-AP group. **P < 0.01, compared to CER-AP group. 

Values are mean ± SEM of 6 mice per group.  
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Figure 4.5 CsA dose response on myeloperoxidase in 3 EAP models  

CsA at 0.5 mg/kg, 2mg/kg, 5mg/kg, 20 mg/kg and 75 mg/kg were administered with 

single i.p injection in (1) TLCS-AP, (2) FAEE-AP and (3) CER-AP. 

Myeloperoxidase was normalised in pancreas (A1-A3) and Lung (B1-B3) with 

protein amounts. 

††, **P<0.01, *P < 0.05 compared to TLCS-/FAEE-/CER-AP group. 

 Values are mean ± SEM of 6 mice per group.  
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Figure 4.6 (a) Representative images on pancreatic morphology in TLCS -AP  

Mice received either retrograde infusion of 50 µL of 3 mM TLCS into the common 

duct or sham surgery. CsA was given 1 h after TLCS infusion and mice were 

sacrificed 24 h after the surgery. Morphological changes in the pancreas indicated 

the development of acute pancreatitis after TLCS infusion. Magnification × 200.  

(A) Sham surgery, (B) TLCS-AP,  

(C) TLCS + solvent, (D) TLCS + CsA 0.5 mg/kg,  

(E) TLCS + CsA 2 mg/kg, (F) TLCS + CsA 5 mg/kg,  

(G) TLCS + CsA 20 mg/kg, (H) TLCS + CsA 75 mg/kg.  
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Figure 4.6 (b) CsA dose response on pancreatic histopathology in TLCS-AP  

Mice received either retrograde infusion of 50 µL of 3 mM TLCS into the common 

duct or sham surgery. CsA was given 1 h after TLCS infusion and mice were 

sacrificed 24 h after the surgery.  

(A) Oedema score, (B) Infiltration score, (C) Necrosis score, (D) Overall score. 

 *, #P < 0.05, **P < 0.01 compared to TLCS-AP group.  

Values are mean ± SEM of 6 mice per group.  
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Figure 4.7 (a) Representative images on pancreatic morphology in FAEE -AP 

Mice received two i.p injections of either 150 mg/kg POA & 1.35 g/kg ethanol 

mixture (FAEE) or saline, CsA was given at 2h after the first injection of FAEE and 

mice were sacrificed at 24 h. Magnification × 200. 

(A) saline control, (B) POA + ethanol (FAEE-AP), (C) FAEE + solvent, (D) FAEE 

+ CsA 0.5 mg/kg, (E) FAEE + CsA 2 mg/kg, (F) FAEE + CsA 5 mg/kg,  

(G) FAEE + CsA 20 mg/kg, (H) FAEE + CsA 75 mg/kg.  
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Figure 4.7 (b) CsA dose response on pancreatic histopathology in FAEE-AP  

Mice received two i.p injections of either 150 mg/kg POA & 1.35 g/kg ethanol 

mixture (FAEE) or saline, CsA was given at 2h after the first injection of FAEE and 

mice were sacrificed at 24 h. 

(A) Oedema score, (B) Infiltration score, (C) Necrosis score, (D) Overall score. 

 †P < 0.05 compared to FAEE-AP group.  

Values are mean ± SEM of 6 mice per group.  
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Figure 4.8 (a) Representative images on pancreatic morphology in CER -AP 

Mice received 7 i.p. injections of either 50 𝜇g/kg/h caerulein or saline. CsA was 

given 2h after first caerulein injection and mice were sacrificed at 12 h. 

(A) Saline control, (B) Caerulein (CER-AP),  

(C) CER + solvent, (D) CER + CsA 0.5 mg/kg,  

(E) CER + CsA 2 mg/kg, (F) CER + CsA 5 mg/kg,  

(G) CER + CsA 20 mg/kg, (H) CER + CsA 75 mg/kg.  

Magnification × 200. 
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Figure 4.8 (b) CsA dose response on pancreatic histopathology score in CER-AP  

Mice received 7 i.p. injections of either 50 𝜇g/kg/h caerulein or saline. CsA was 

given at 2h after first caerulein injection and mice were sacrificed at 12 h. 

(A) Oedema score, (B) Infiltration score, (C) Necrosis score, (D) Overall score. 

 *P < 0.05 compared to CER-AP group.  

Values are means ± SE of 6 mice per group.  
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4.5 Discussion 

These findings show beneficial effects of the cyclophilin inhibitor CsA with a 

biphasic pattern, where both minimal dosage had very little effect and maximal 

dosage showed less efficacy, while remarkable alleviation has obtained from low to 

medium dosages of CsA treatment on the histology and severity of 3 experimental 

AP models, preventing acinar cell necrosis, reduce toxin induced both local and 

systemic inflammation. Consistent findings were obtained across all parameters with 

low to medium CsA administration with all the biochemical and immunological 

parameters. These observations corroborate our hypothesis that CsA with 

appropriate dosing regimen and solvent could possibly avoid or reduce detrimental 

non-specific inhibition induced toxicity either through any CypB/C inhibition 

induced ER stress or calcineurin induced immunosuppression. 

 

The dosages of CsA (2-20 mg/kg) used in this chapter were estimated to provide 

concentrations of CsA at the tissue level in the nanomolar range, which was 

confirmed in vitro in chapter 3 to be effective. 

 

CypA was reported to act like pro-inflammatory cytokines in pancreatitis, as shown 

in vitro that CypA released from damaged acinar cells by CCK induction and human 

recombinant CypA aggravated CCK-induced acinar cell necrosis with increased 

cytokine production; in vivo CypA was markedly upregulated during AP and widely 

expressed in disrupted PACs with infiltrated inflammatory cells458. 

Regarding of the pro-inflammatory role of extracellular CypA and the high affinity 

with CsA at nM, the beneficial of CsA reducing cytokine levels but not necrosis 

with low dose is possibly due to directly anti-inflammation effect on extracellular 
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CypA inhibition. It would assume that 5mg/kg is sufficient to bind with CypD and 

reduce necrosis to reach a maximal beneficial effect.  

 

However, as in a liver fibrosis model shown that low dose NIM811 reduced CypD 

expression while high dose adversely upregulated its expression423, suggesting the 

ineffective of high dose CsA is possibly due to the compensational overexpressed 

CypD, which deprived the beneficial that observed with medium dose on CypD 

inhibition. Also, as previously mentioned in chapter 3, high dose CsA could deplete 

CypB/C due to stimulated secretion to extracellular to aggregate the oxidation status 

in ER and lead to more ROS production and ER stress. Thirdly, similar with CypA, 

extracellular CypB was also reported to act as pro-inflammatory cytokines459. Both 

of the last two pathways with high dose CsA could lead to a vicious cycle that 

further promote inflammation, increase the MPTP opening and transcriptionally 

upregulate the CypD level to exacerbate the further pore opening and cell death.  
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Chapter 5 

Evaluation of novel cyclophilin inhibitors on 

acute biliary pancreatitis 
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5.1 Summary 

Administration of SEL1233 at low to high doses markedly reduced all local and 

systemic injury, with more profound reduction seen with high dose. The early twice 

daily dosing of 20mg/kg SEL1233 showed the most consistent reduction in a broad 

range of parameters, including both local and remote organ damage, systemic 

immunologic responses and pancreatic histopathologic score while the delayed 

administration of SEL1233 resulted in less efficacy in TLCS-AP, showing limited 

local severity alleviation but had no significant reduction on distant organ damage 

level, intraperitoneally administration with SEL1233 at later time point was 

significantly less protective across all majority parameters, suggesting the timing of 

intervention that targeted pancreatic injury especially early treatment delivery is an 

important issue in future endeavour to gain optimal benefits in drug discovery. 

 

The 4 doses of 1233 showed less protection compare to the early BID dosing, 

suggesting that there may have some accumulative off-target effect on higher dose.  

The data described in this chapter demonstrate that SEL1233 is highly effective in 

protecting against acute biliary pancreatitis induced with TLCS.  

 

A possible pulmonary toxicity induced by the high volume of PEG400 contained 

solvent indicates that appropriate formulation should be developed in future 

experiment. 
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5.2 Introduction 

Prior experience has indicated the potential benefit for the treatment of AP with the 

approach that inhibit cyclophilins to prevent or delay induction of MPTP opening. 

As the enormous side effects have been observed with CsA, several chemical 

modifications of the naturally occurring cyclosporins have been tried in attempts to 

modulate the immunosuppressive activity and the affinities across different 

cyclophilins. Peptolide is a naturally occurring cyclodepsipeptide, which is a new 

cyclosporin- like ligand. Peptolide 214-103 from peptolide family is described in 

the free crystalline state and bound to cyclophilin, despite showing a very different 

conformation from CsA in the free crystal, similar conformation when bound to 

cyclophilin and similar biology activity has been observed with CsA460-462. The 

peptolides 214-103 differs from CsA in the amino acids position 2, 5, 8 and 10 

(Abu-2, Val-5, D-Ala-8 and MeLeu-10), which are replaced by threonine-2, 

leucine-5, D-2-hydroxyisovaleric acid-8 and leucine-10, respectively (Figure 5.1).  

 

In this chapter, novel compounds with PPIase inhibition but better solubility, more 

selectively targeting on CypD and less immunosuppressive activity including 

SEL3714, SEL3639 that derived from CsA and SEL1233 which originates from 

peptolides 214-103, were applied to investigate the possibility of applying 

cyclophilin inhibitors synthesized by Cypralis on clinical relevant experimental 

biliary pancreatitis. Minor chemical modification was made to the original CsA and 

peptolide 214-103 main structure to synthesize these three compounds, the structure 

of which were not shown due to confidential agreement.  
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Figure 5.1 Amino acid residues comparison between CsA and Peptolide-214 

(A) Formula of CsA, the prefix Me indicates N-methylation, (B) Formula for the 

cyclic peptolide 214-103, D-Hiv is D-2-hydroxyisovalericacid, which forms an ester 

linkage. Differences between Peptiolide-214 and CsA were shown in the amino 

acids position 2, 5, 8 and 10 (Modified from Taylor P et al., 1996460). 
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Despite the fact that bile acids, fatty acid ethyl ester and secretagogus has long been 

studied in eliciting local pancreatic acinar cell injury and distant organ injury, the 

detailed time course scale and pattern for major cellular events are still not fully 

characterized. With more consensus in toxin induced pancreatitis manifested a large 

range of intracellular events, the aberrant intracellular Ca2+ signalling and the 

following MPTP opening were widely assumed to occur early in a series intra- 

pancreatic cellular events to trigger acute pancreatitis and necrosis172, 237. Thus, early 

intervention was thought to be an important therapeutic strategy for AP. However, 

most studies that investigated the intervention time point in AP showed beneficial 

effects when treatment was given prophylactically, which does not fit into the 

clinical practice that patients only admitted after the symptom onset or diagnosed, 

which varies from hours to days, even weeks. Whether all patients would benefit 

from such treatment as tested here is uncertain, as the treatment was administered 

just 1 h after disease induction. Whether there would be any protective effects if the 

treatments were given later after disease induction remains to be further determined.  

 

Therefore, upon first examining effects of all these novel compounds to select out a 

promising product which could possibly apply on further investigation, the study 

was also designed to fully evaluate the effects of the selected candidate compound 

and to determine possibility of using any practical preferable dosing regimen like 

twice daily, based on pharmacodynamics to define dose response, efficacy and 

intervention time of candidate compound in experimental acute biliary pancreatitis 

on a clinical acceptable basis.  
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5.3 Methods 

5.3.1 Determine the candidate compound 

3 different cyclophilin inhibitors, including CsA analogue SEL3714 and SEL3639, 

and the other one SEL1233 derived from peptiolides-214 were initially dissolved in 

DMSO and further freshly diluted with 10% cremophor in saline before dosing. 

TLCS-AP was induced as previously described in chapter 2. Based on results from 

preliminary study of CsA, compounds were administered intraperitoneally at 

5mg/kg, 1h after TLCS perfusion with either single, 3 (every 8 hours) or 4 (every 6 

hours) doses according to their half-life. The 12-week-old male C57BL/6J mice 

were randomly divided into 7 groups (6 mice/ per group) as listed below: (1) control 

group with sham laparotomy only, (2) positive AP group with TLCS common duct 

perfusion, (3) solvent control group with AP induction plus solvent injection (10% 

cremophor dissolved in saline with 1% DMSO), (4-5) 2 treatment groups with 

SEL3639 and SEL1233 at 5mg/kg administration by 4 i.p injections every 6 hours 

for 24h, (6) treatment group with SEL3714 at 5mg/kg administration by 3 i.p 

injection every 8 hours for 24h and (7) treatment group with SEL3714 at 5mg/kg 

administration by single i.p injection. 

 

5.3.2 Dose response study of candidate compound 

Ready to use formulation (dissolved in PG 10%, PEG400 30%, ethanol 10% and 

water 30%) was supplied by Cypralis at low (L, 0.5 mg/mL), medium (M, 2mg/mL) 

and high (H, 5mg/mL) concentration for intraperitoneal dosing. Formulation was 

stored in 4 ℃	and kept on ice during dosing period. 
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Pharmacokinetics study was firstly conducted on male adult C57BL/6J mice. 

Sampling was conducted at 1, 2, 4, and 8 h time point after single intraperitoneal 

injection of 4mL/kg dosing volume with each formulation, i.e, low (L, 2 mg/kg), 

medium (M, 8 mg/kg) and high (H, 20 mg/kg) dosage of candidate compound. 

Immediately following asphyxia in CO2 and death confirmation, blood was collected 

from ventricular camera through cardiac puncture into ethylenediaminetetraacetic 

acid (EDTA) pre-coated tube. The pancreas was quickly removed, washed in cold 

PBS, dried on sterilized swap and weighed before snapping frozen. The blood and 

pancreas samples were then sent to Cypralis on dry ice to determine blood and tissue 

drug levels. 

 

Candidate compound dose response in TLCS-AP was conducted on male 12-week 

old C57BL/6J mice, which were randomly divided in to 6 groups listed as below: (1) 

negative control group with sham laparotomy surgery only, (2) positive AP group 

with TLCS common duct perfusion, (3) solvent control group with AP induction 

plus solvent injection, and (4-6) compound treatment groups with different dosages 

at 2, 8, and 20 mg/kg. Compound ready to use formulation at different 

concentrations supplied with Cypralis were given on a bis in die (BID, twice daily) 

basis. 1st dosing was given at 1h after TLCS perfusion, followed by the 2nd dosing at 

12h after the first dosing. Mice were sacrificed at 24 h after TLCS infusion, samples 

were collected for routinely severity assessing as described in chapter 2. 
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5.3.3 Efficacy study of candidate compound 

Candidate compound ready to use formulation with ethanol free solvent (dissolved 

in 5% succinic acid, 30% PEG400 and ddH2O) was supplied by Cypralis. 

Formulation was stored in 4 ℃	and kept on ice during dosing period. TLCS-AP was 

induced as previously described in chapter 2. Candidate compound was employed 

by intraperitoneally injection at optimum dosage, starting at 1 h after induction with 

either bis in die (BID, 2 times a day) or quarter in die (QID, 4 times a day, Q6H) 

dosing. Alternatively, dosing started 7h after model induction with BID dosing. 

Samples were harvested at 24 h. Standard AP severity assessment was conducted as 

previously described in chapter 2. The experimental 12 –week-old male C57BL/6J 

mice were randomly divided into 6 groups listed as below: (1) negative control 

group with saline perfusion following laparotomy, (2) positive AP group with TLCS 

common duct perfusion, (3) solvent control group with AP induction plus solvent 

injection (0.05M succinic acid and 5% PEG400), (4-6) treatment with candidate 

compound at optimum dosage, BID, starting 1h or 7h after AP induction, and QID 

starting 1h after induction. The study dosing regimen design was illustrated in 

Figure 5.2. 
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Figure 5.2 Candidate compound dosing regimen in TLCS-AP 

Candidate compound or solvent (0.05M succinic acid and 5% PEG400) was 

employed by intraperitoneal injection at the optimum dosage, starting at 1 h after 

induction with either bis in die (BID, 2 times a day) or quarter in die (QID, 4 times a 

day, Q6H) dosing. Alternatively, dosing started 7h after model induction with BID 

dosing. Samples were harvested at 24 h. 
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5.4 Results 

5.4.1 Results: determine the candidate compound 

Biliary AP perfused with bile acid TLCS resulted in substantial elevation of all 

biochemical, immunological and histological parameters (Figure 5.3). Solvent with 

10% cremophor used for cyclophilin inhibitors showed no difference with TLCS –

AP groups. Although various doses were applied, three compounds at 5 mg/kg given 

every 6h consistently showed reduction across all parameters.  

 

Among 3 compounds, SEL1233 significantly reduced pro-inflammatory cytokine 

IL-6, p<0.01 (Figure 5.3B), pancreatic MPO, p<0.05 (Figure 5.3C), pancreatic 

necrosis score (Figure 5.3E), with a trend to reduce serum amylase, p=0.055 

(Figure 5.3A) and lung MPO, p=0.054 (Figure 5.3D).  

 

Although all compounds with different dosages showed significant alleviation of 

overall pancreatic histopathological scoring, SEL-1233 administered at 5mg/kg, 4 

doses within 24h, revealing the most effective reduction, p<0.01(Figure 5.3F) 

compare to the TLCS-AP group. 
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Figure 5.3 Effects of SEL compounds on the severity of TLCS-AP 

Cyclophilin inhibitors or solvent (10% cremophor dissolved in saline with 

1%DMSO) were administered 5mg/kg by i.p injections, 3714 was given by single or 

3 doses, 1233 and 3639 were administered for 4 doses. 1233 significantly reduced 

(B) Serum IL-6, (C) Pancreatic MPO, (E) Pancreatic necrosis score, (F) Overall 

pancreatic histopathological score and 1233 also consistently showing trend in 

decreasing (A) Serum amylase and (D) Pulmonary MPO. ##P<0.01, *, §, #, †P < 0.05 

compared to TLCS-AP group. Values are mean ± SEM of 6 mice per group.  
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5.4.2 Results: dose response of candidate compound  

After determined SEL1233 is the best compound among all tested compounds, 

levels of SEL1233 in plasma and pancreas were measured at various time points 

following single IP dose (measurement and results plot was conducted by Cypralis). 

Plasma and pancreatic levels of SEL1233 remain steady within 2 h at all three 

dosages, however, there is no detectable compound levels in plasma while it is still 

detectable but showed a dramatic falling period in pancreas after 2 hours at 2 mg/kg 

dosage. For medium dosage at 8 mg/kg, the plasma level of SEL1233 started to fall 

after 2 h, but stays above 800 ng/mL for another 4 hours after initial fall, whereas 

the pancreatic level of SEL1233 keeps smooth (above 16000 ng/g tissue) throughout 

the whole period within 8 h. Similar with the steady state present in pancreas at 

medium dosage, the drug levels following high dosage (20 mg/kg) of SEL1233 

administration were also observed steady along 8 h in both plasma and pancreas 

above 1400 ng/mL in plasma and 100000 ng/g tissue (Figure 5.4) 
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Figure 5.4 Plasma and pancreatic levels of SEL1233 following single i.p injection  

SEL1233 concentration in (A) plasma and (B) pancreas at 1, 2, 4 and 8 hours 

following single i.p injection of 2 mg/kg, 8 mg/kg and 20 mg/kg dosages. 
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TLCS infused AP model produced markedly increased serum amylase, 

inflammatory IL-6 level, local and distant organ neutrophil infiltration marker, as 

well as typical histopathological damage features with necrosis, following SEL1233 

at 2mg/kg, 8mg/kg and 20mg/kg dosing every 12h intraperitoneally, all dosages 

showing significantly reduction of anti-inflammatory effect on serum IL-6 (Figure 

5.5B). SEL1233 at 8 and 20 mg/kg consistently reduced serum amylase (Figure 

5.5A), serum IL-6 (Figure 5.5B), pancreatic MPO (Figure 5.5C), pancreatic 

histopathology overall score (Figure 5.5F) significantly and showing close to border 

significance trend to reduce pancreatic necrosis (Figure 5.5E).  

 

With more pronounced reduction observed in local pancreatic injury at 20mg/kg 

dosing group, this effective dosage, however, barely had any beneficial on 

pulmonary MPO, but appear to exacerbate the lung injury with PG/PEG /ethanol 

contained solvent (Figure 5.5D).  
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Figure 5.5 SEL 1233 dose response on the severity of TLCS-AP 

SEL1233 were given at 2, 8, and 20 mg/kg twice daily following retrograde 

common bile duct perfusion of TLCS. Solvent with 10% ethanol and 30% PEG 400 

was used. SEL1233 at 20mg/kg significantly alleviating (A) Serum amylase, (B) 

Serum IL-6 (C) Pancreatic MPO and (F) Overall pancreatic histopathological score, 

also showing reduction trend in (D)Pulmonary MPO and (E) Pancreatic necrosis.  

**, §§, ##P<0.01, §, #P < 0.05 compared to TLCS-AP group.  

Values are mean ± SEM of 6 mice per group.  
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5.4.3 Results: efficacy of candidate compound 

Having selected out the candidate compound SEL1233 with optimum dosage at 

20mg/kg, further evaluation with new solvent based formulation was conducted in 

TLCS-AP with initial administration started either 1h (early) or 6h (late) after TLCS 

perfusion.  

 

20mg/kg SEL1233 administered with all regimens dramatically minimized the 

serum amylase level (Figure 5.6A, P<0.01) and to some extent reduced local 

inflammation shown as pancreatic MPO (Figure 5.6C), unlike the effect observed in 

serum amylase, however, the late BID SEL1233 dosing only has limited effect in 

reducing pancreatic MPO and does not protect against systemic inflammation shown 

in IL-6 (Figure 5.6B) or pulmonary MPO (Figure 5.6D) with TLCS-AP. 

Surprisingly, the newly developed ethanol free solvent (0.05M succinic acid + 5% 

PEG 400) administration in TLCS-AP, still tends to increase the pulmonary MPO 

level, however, with same dosing regimen used in last section, early BID dosing of 

SEL1233 at 20mg/kg with ethanol free formulation significantly reduced lung MPO 

shown in Figure 5.6D while same dosing regimen with solvent containing ethanol 

before in Figure 5.5D did not. It has also been noticed that frequent administration 

of SEL1233 at 20mg/kg for 4 doses within 24h greatly reduced biochemical 

parameters such as serum amylase and neutrophil sequestration shown in MPO 

activity especially pulmonary MPO, but started to show less efficacy in IL-6 

reduction (Figure 5.6). 
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Figure 5.6 Effects of late SEL 1233 on the severity of TLCS-AP 

20 mg/kg SEL1233 were given following retrograde common bile duct perfusion of 

TLCS, Alcohol free solvent (5% succinic acid + 30% PEG 400) was used. SEL1233 

at 20mg/kg early BID dosing remarkably decreased all the biochemical parameters 

shown in (A) Serum amylase, (B) Serum IL-6, (C) Pancreatic MPO and (D) 

Pulmonary MPO. **, §§, ##P<0.01, *, §, #P < 0.05 compared to TLCS-AP group.  

Values are mean ± SEM of 6 mice per group.  
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While duct saline perfusion only showed minor oedema and occasional infiltration 

(Figure 5.7a A), the bile acid TLCS infusion/TLCS infusion with solvent injection 

produced typical histopathological features of AP with oedema, neutrophil 

infiltration and necrosis (Figure 5.7a B and C), which were greatly improved in 

pancreatic morphology appearances with early SEL1233 treatment (Figure 5.7a D), 

whereas late treatment only has limited protection (Figure 5.7a E). Interestingly, 4 

doses of SEL1233 at 20 mg/kg (Figure 5.7a F) is less protective with more necrosis 

and neutrophil infiltration observed compare to BID dosing. The pancreatic 

histopathology score (Figure 5.7b) revealed that with early BID dosing, SEL1233 at 

20 mg/kg greatly reduced the overall pancreatic histopathologic score (P< 0.05) and 

tend to reduce the necrosis as well. Although all three dosing regimens alleviated the 

local neutrophil infiltration shown in pancreatic morphology, early BID dosing 

showed the most effective reduction achieving the similar level with saline perfusion 

group (Figure 5.7 D). 
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Figure 5.7 (a) Representative images on pancreatic morphology in TLCS -AP 

Mice received retrograde common bile duct perfusion of 50µL TLCS or saline. SEL 

1233 was initially given at 1h (early) or 6h (late) with various doses after perfusion 

and mice were sacrificed at 24 h. Histopathological images were shown in  

(A) Saline perfusion, (B) TLCS perfusion. (C) TLCS + solvent, (D) TLCS + 

SEL1233 20 mg/kg *2 early, (E) TLCS + SEL1233 20 mg/kg *2 late and (F) TLCS 

+ SEL1233 20 mg/kg *4 early. Haematoxylin and Eosin stained with magnification 

× 200. Early BID dosing of SEL1233 greatly improved the pancreatic morphology.  
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Figure 5.7 (b) SEL1233 efficacy on pancreatic histopathology score in TLCS-AP  

Mice received retrograde common bile duct perfusion of 50 µL TLCS or saline. SEL 

1233 was initially given at 1h (early) or 6h (late) with various doses after perfusion 

and mice were sacrificed at 24 h. Histopathological changes were shown in  

 (A) Oedema score, (B) Infiltration score, (C) Necrosis score, and (D) Overall score. 

SEL1233 early BID dosing greatly reduced the pancreatic overall and infiltration 

score. *, §P < 0.05, **, ## P<0.01 compared to TLCS-AP group. Values are mean ± 

SEM of 6 mice per group.  
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5.5 Discussion 

Notably, among all these compounds, SEL1233, which is designed and structured 

with 2-3 folds higher affinity to CypD and greater solubility compare to CsA 

showed the best effects among tested compounds. Although there is slightly 

discrepancy in the structure across the 3 compounds used in this study, being 

derived from CsA or peptolides, all of them share the common basic structure and 

similarity to inhibit cyclophilins, except 1233 showed more potent affinity to CypD 

over other cyclophilins. 

 

Results obtained from compounds other than 1233 also demonstrated some 

beneficial effects but were smaller in magnitude, which were such as to exclude 

these from further study. Compound 1233 showed distinctive and consistent 

reduction across all the parameters to alleviate TLCS-AP further validating the 

importance of MPTP inhibition. These findings also support the potential validity of 

using the CypD inhibitor SEL1233 as a treatment for AP and provides proof-of-

principle evidence for SEL1233 application for this purpose, which should be 

assessed in other models of experimental AP.  

 

Having approximately 3 or 4 hours’ half-life, which is much shorter than CsA, 

compounds administered with repeated 4 doses within 24h seem to show a higher 

possibility in producing the beneficial effects. Thus, characterization of 

pharmacokinetics (PK) and optimisation of dosing regimen protocol are required for 

any further experiments apply SEL1233 in experimental acute pancreatitis.  

 

Indeed, in line with PK results, this study also indicates that based on a BID 
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approach, the 20mg/kg dose of SEL1233 showed the most marked protection in 

TLCS-AP, more than 8mg/kg and 2mg/kg, presumably because the highest dose 

tested here provided the most favourable pharmacodynamics with BID dosing. 

Compared to previous in vivo studies in which genetic or pharmacological CypD 

inhibition appeared to dramatically reduce the impact of experimental acute biliary 

pancreatitis, the results obtained here are not as marked before. There are two 

reasons likely to account for this. Firstly, the negative control group used here was 

different from that used in previous studies with only sham laparotomy but not 

saline perfusion. Previously a ductal injection of saline was applied in the control 

group, inducing modest change in the head of the pancreas (e.g. oedema). Secondly, 

the solvent used here contained ethanol, a known precipitant of acute pancreatitis, 

which may have exacerbated the systemic damage and compromised the beneficial 

effects of SEL1233. The solvent should be changed to exclude ethanol in further in 

vivo studies testing the efficacy of SEL1233.  

Notably, the PK data showed that there is still SEL1233 in the pancreas at 4h while 

the plasma level is already undetectable following lower dose administration, which 

suggested that there might be compound accumulation in pancreas in some extent, 

suggesting avoiding possible side effects in in the pancreas, a long- term dosing for 

high dose of SEL 1233 should be avoided.  

 

In terms of the intervention time, administration of SEL1233 early at 1h after 

disease induction was markedly effective across a representative range of both local 

and systemic biochemical, immunologic and histopathologic response in biliary 

pancreatitis. Intraperitoneally administration of SEL1233 from a later time point 

after disease induction was significantly less protective across a broad range of 
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pancreatic and systemic parameters compared to early intervention in the biliary 

model. Contradictory to mice, human pancreatitis normally have a longer biological 

time course with typically pancreatic necrosis detected days even weeks, which 

emphasized the importance of the initial treatments. 

These data provide robust confirmation of the hypothesis that CypD has a role in 

acute pancreatitis and further corroborate of applying inhibition of CypD with 

cyclophilin inhibitors is a potential therapeutic target for acute pancreatitis.  

 

There are several issues need to be further clarified, however. Firstly, regarding to 

the appropriate solvent, sharing PEG 400 composition, both solvents formulation 

induced increased lung MPO level compared to TLCS alone group. Although the 

newly developed ethanol free solvent seems to exacerbate the lung MPO to a 

comparable level that induced by the ethanol included solvent formulation, 

SEL1233 has greatly improved its capabilities to reduce lung MPO level. This 

suggests that not only ethanol but PEG 400 content might be a second issue to 

exacerbate the lung injury, and ethanol may interfere with compounds to 

compromise the effect. One study on the effects of individual solvent in pulmonary 

toxicity and inflammation found that MPO measured in the bronchoalveolar lavage 

fluid (BALF) showed significant increase in 10% ethanol, 0.1% and 2% PEG-400. 

The same study also showed that in 28-day exposure to 10% ethanol, lung tissue 

showing mild pulmonary congestion, while with 2% PEG400, there was moderate 

pulmonary congestion and both solvents exposure lead to inflammatory cells 

concentrated as shown in pulmonary histopathology463. Another lung injury study 

depicts that treatment with surfactant and 5% PEG400 combination worsen the 

mean PaO2, PaCO2 and peak inspiratory pressure values 3h after treatment464. 
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Secondly, substantial application of SEL1233 (20mg/kg at 4 doses) with enormously 

depletion of the pulmonary neutrophil sequestration even lower than the saline 

perfusion group, suggested the powerful neutrophil inhibition action with high dose 

SEL1233, which also confirms previous studies on RA that CsA act as anti-

inflammatory role to inhibit neutrophil function and chemotaxis in a dose response 

manner reaching 80% inhibition at highest concentration465. The phenomenon that 

CsA and its analogue greatly reduced the inflammation shown in markedly reduced 

MPO level suggest the role of such compounds in AP acts not only in MPTP 

inhibition but possibly through other pathways that may including neutrophil 

chemotaxis inhibition involved with extracellular cyclophilins.  

 

On the other hand, there is a mode for TLCS-induced injury via Ca2+ - dependent 

activation of serine/threonine phosphatase calcineurin, involved intra-acinar protease 

activation through NF-κB nuclear translocation466, 467. SEL1233, across all dosages. 

are generally effective in reducing inflammation, suggesting possible role on 

calcineurin inhibition as CsA did. 
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CHAPTER 6 

Evaluating effects of SEL1233 in FAEE-AP and CER-AP 
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6.1 Summary 

The findings obtained in this chapter demonstrated that intraperitoneal 

administration of SEL1233, a novel cyclophilin inhibitor with higher affinity to 

CypD, at 20mg/kg 2 h after disease induction, barely alleviated disease severity 

except for reduced pancreatic trypsin level in FAEE- and CER-AP. Treatment with 

both CsA and SEL1233 in Ppif-/- at 20mg/kg counteract the beneficial effects of 

MPTP inhibition in caerulein induced AP, confirmed the possible off-target effects 

on other cyclophilins, also suggested that the dose of CsA or analogues when 

perform a treatment, should be monitored with attention. 

 

6.2 Introduction 

Previous study with cyclophilin inhibitor SEL1233, showed great improvement in 

all parameters with early BID dosing at 20mg/kg in TLCS induced acute biliary 

pancreatitis. To fully investigate the potential significance of SEL1233 in a wider 

range of AP models rather than biliary alone, this chapter was designed to further 

evaluate the effects of SEL1233 in alcoholic AP and secretagogue induced AP. 

 

Heavy alcohol consumption is one of the predominant aetiologies of AP in western 

countries468 with the proportion ranges from 19% to 32%469, 470. The non-oxidative 

alcohol metabolism pathway forms the fatty acid ethyl ester, based on which our 

group has previously developed novel alcoholic model196. However, due to the acute 

toxicity that pure ethanol brought, there is 10-20% mortality with this model, for 

mice below 25g, the mortality can exceed 30% within 6-8 h. Driven by the 

demanding needs for such a clinical relevant model, to develop a much safer 

approach, a further modification based on this model with a series pilot studies have 
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been conducted and finally optimized the protocol through raising the concentration 

of POA and lowering the ethanol density with saline and PEG400 involved 

formulation.  

 

Previous study describes in chapter 5 suggested that SEL1233 at 20 mg/kg markedly 

reduced pancreatic histology scoring and local injury as well as distant lung injury 

and systemic inflammation in experimental biliary acute pancreatitis induced by 

retrograde common duct perfusion of bile acid TLCS, however, it protected neither 

alcoholic or hyperstimulation AP with no improvement across biochemical and 

immunological parameters. Studies with CsA in chapter 4 depicted that high dosage 

administration of CsA may exacerbate the systemic inflammation in experimental 

acute pancreatitis, which was believed to be off-target effects that attributed to ER 

stress via CypB inhibition.  

 

The SEL1233, which originated from CsA related peptolides-214103, was modified 

with both cyclophilins binding sites and calcineurin binding sites, which enabled 

SEL1233 to possess the higher selectivity across different cyclophilins especially 

with 2-3 folds higher affinity to CypD but much less potent immune-suppression 

activity compared to CsA. With such inhibitors, it would be interesting to know 

what effects would be when all other main cyclophilins were inhibited and partially 

discriminate from calcineurin inhibition. Such data will be essential to clarify the 

off-target effects. 

 

To get further support for the hypothesis that high dose cyclophilin inhibitors are 

responsible for off-target inhibition and to further define the possible cyclophilin 
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subtype involvement and to differentiate the correlation between CypD with off- 

target effects, this set of experiment was designed to demonstrate the effects of high 

dose CsA and SEL1233 on the CypD knock out mice. 

 

This chapter has described the study to examine the effects of SEL1233 on modified 

alcoholic FAEE-AP model and CER-AP model, and further experiments designed to 

discriminate the high dose induced off-target effect of cyclophilin inhibitors. 

 

6.3 Methods 

Modified FAEE-AP model and CER-AP were employed to examine the effects of 

SEL1233. For the modified FAEE-AP model, POA was originally dissolved in pure 

ethanol, to make a 640mM stock. A further 2.5 times dilution was freshly made with 

equal part of PEG400 and saline each time before injection. The final formulation 

consists of 30% PEG400, 30% saline and 40% ethanol and POA (300 mg/kg). SEL-

1233 (0.05M succinic acid + 5% PEG400 as solvent) formulation was supplied by 

Cypralis. Both models received 20 mg/kg SEL1233 or its solvent firstly 

administered by i.p injection 2h after the first FAEE/CER induction, a second dose 

was given 12hs later for modified FAEE model. Mice were sacrificed at 24h or 12h 

after the initial FAEE/CER injection (Figure 6.1). For each model, adult male 

C57BL/6J mice were randomly divided into 6 groups: (1) negative control group 

with saline injection, (2) positive AP group with toxin injection, (3) solvent control 

group with AP induction plus solvent injection, (4) treatment with 20mg/kg 

SEL1233 by single i.p injection in CER-AP or starting 2h after AP induction by 2 

doses every 12h in modified FAEE-AP. The humanly killing and sample collection 

were conducted according to the description in chapter 2. 
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Figure 6.1 SEL 1233 dosing protocol in modified FAEE-and CER-AP 

20mg/kg SEL1233 or its solvent (0.05M succinic acid + 5% PEG400) was 

administered intraperitoneally 2h after the first FAEE/caerulein injection, twice in 

FAEE-AP and single dose in CER-AP. 

 

 

To further study the possible off-target effects, male adult wild type or CypD knock 

out mice (Ppif -/-) were employed to receive 7 hourly intraperitoneal injections of 

caerulein (50µg/kg), 20 mg/kg SEL1233 or CsA was administered 2 hours after the 

first caerulein injection and mice were sacrificed at 12 hours after the induction. 

Wild type and CypD knockout (PPIF) male adult C57BL/6J mice were randomly 

divided into 5 groups: (1) negative control group with saline injection, (2) positive 

AP group with caerulein injection, (3) solvent control group with AP induction plus 

solvent injection (10% cremophor dissolved in saline with 1% DMSO), (4) positive 

AP group in Ppif -/- mice with caerulein injection plus single 20mg/kg CsA injection, 

(5) positive AP group in Ppif -/- mice with caerulein injection plus single 20mg/kg 

SEL1233 injection. Sample collection and severity assessment was conducted as 

previously described in chapter 2. 
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6.4 Results 

6.4.1 Results: define the pathological pattern for modified FAEE-AP. 

FAEE produced massive necrosis characterized as focal marginal lobule pattern 

along with pancreatic oedema and neutrophil infiltration in previous studies. With 

modified protocol, successful diseases induction was confirmed by histopathologic 

change and increased serum amylase level at 24h, similar focal necrosis pattern but 

mild injury with oedematous acini, inflammatory cell infiltration and scattered 

necrosis has been observed (Figure 6.2A) and serum amylase dramatically 

increased to the peak at 6h followed by gradually decline (Figure 6.2B). 

Interestingly, both significant local injury shown as pancreatic trypsin and MPO 

activity were reached to the peak at 24h, the pancreatic trypsin activity, however, 

only had a small rise at 6h, followed by gradually increase till 12h and finally further 

increase till 24h (Figure 6.3A), whereas pancreatic MPO has a sharp rise from the 

initial all through till 12h and then gradually reached to the highest level at 24h 

(Figure 6.3B), suggesting aggressive inflammation during first 12h. Unlike the local 

injury pattern, the systemic injury shown in serum IL-6 (Figure 6.3C) and 

pulmonary MPO (Figure 6.3D) present a peak injury effect at 6h and then gradually 

recovered to control level at 24h.  
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Figure 6.2 Confirmation of AP induction in modified FAEE- AP 

(A) Pancreatic histopathology at 24h, (B) Amylase time course. **P<0.01 compared 

to 6h time point. Values are mean ± SEM of 6 mice per group. 

 

 

Figure 6.3 Time course characterization of modified FAEE -AP 

Local injury shown in pancreatic (A) Trypsin activity and (B) Pan MPO 

significantly increased to the peak at 24h. Systemic injury presented in (C) serum 

IL-6 and (D) Lung MPO significantly increased to the peak at 6h and recovered to 

control level at 24h. *P<0.05, **P<0.01 compare to 6h time point. 

Values are mean ± SEM of 6 mice per group. 
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6.4.2 Result: effects of SEL1233 on modified FAEE-AP and CER-AP 

20mg/kg SEL1233 had no significant impact on any biochemical (Figure 6.4 A1), 

immunological (Figure 6.4 A2), neutrophil sequestration (Figure 6.5 A2 and A3) 

or histopathology scoring (Figure 6.6 A) in FAEE-AP, but showing reduction trend 

on pancreatic trypsin activity (Figure 6.5 A1). The solvent (0.05M succinic and 5% 

PEG400) adversely promoted amylase level (Figure 6.4 A1) and local neutrophil 

shown as pancreatic MPO (Figure 6.5 A2) in modified FAEE-AP. 

 

Similarly, or even worse in CER-AP, 20mg/kg SEL1233 significantly increased 

serum amylase (Figure 6.4 B1), IL-6 (Figure 6.4 B2), pancreatic MPO (Figure 6.5 

B2) and showing ascending trend in Lung MPO (Figure 6.5 B3) and histopathology 

scoring (Figure 6.6 B), however, statistically decreased pancreatic trypsin activity, 

P<0.05 (Figure 6.5 B1) no significant increase has seen with solvent in CER-AP. 
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Figure 6.4 Effects of 1233 on serum Amylase and IL-6 in modified FAEE- and 

CER-AP 

1233 at 20mg/kg or solvent (0.05M succinic and 5% PEG400) was administered in 

modified FAEE-AP or CER-AP 2h after the first toxin injection with BID or single 

dosing. Mice were sacrificed at 24h or 12h in two models, respectively.  

Modified FAEE-AP: (A1) serum amylase and (A2) IL-6  

CER-AP: (B1) serum amylase and (B2) IL-6  

**P<0.01, *P<0.05, compared to FAEE- or CER-AP group. 

Values are mean ± SEM of 6 mice per group. 
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Figure 6.5 Effects of 1233 on trypsin activity and myeloperoxidase in modified 

FAEE- and CER-AP  

1233 20mg/kg treated mice shown reduced (1) trypsin activity level in (A) modified 

FAEE-AP and (B) CER-AP. Solvent greatly increased (A2) pancreatic MPO in 

FAEE-AP while 1233 not solvent increased (B2) pancreatic MPO in CER-AP with 

statistical significance (All P<0.05). No difference seen with (3) lung MPO in both 

models. *P<0.05 compare to FAEE- or CER-AP group.  

Values are mean ± SEM of 6 mice per group. 
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Figure 6.6 Effects of SEL1233 on histopathology score in FAEE- and CER-AP  

No significant improvement in SEL1233 20mg/kg treated mice shown as pancreatic 

oedema, infiltration, necrosis or overall histopathologic score in (A) modified 

FAEE-AP and (B) CER-AP. Values are mean ± SEM of 6 mice per group.  
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6.4.3 Results: define off-target effects  

Both WT and CypD ablation (Ppif-/-, PPIF) mice were subjected to 7 hourly 50µg/kg 

caerulein injections to induce AP. 20mg/kg SEL1233 and CsA were administered 2h 

after first toxin injection by single i.p injection. Serum amylase (Figure 6.7) showed 

significantly reduction in CypD knockout mice following caerulein injection, 

however, neither 1233 nor CsA at 20 mg/kg protected from the increased amylase. 

On the contrary, both cyclophilin inhibitors showed statistically further elevation 

compare to CER-AP group in WT mice. In Ppif-/-  received two inhibitors, the 

beneficial from CypD knockout has been counter balanced. While CsA showing 

great anti-inflammation effects on IL-6 on both WT and Ppif-/-  mice, 1233 however, 

only reduced IL-6 level on Ppif-/- mice, but adversely further increased IL-6 level in 

WT mice (Figure 6.8A). Interestingly, but vice versa, while 1233 showing 

significant trypsin reduction in both type of mice, CsA however, only significantly 

decreased trypsin level in wild type but not Ppif-/-  mice at 20mg/kg (Figure 6.8B). 

As for MPO, both 1233 and CsA had no reduction in pancreatic MPO, with 1233 

had a statistically increase (Figure 6.8C), whereas 1233 does not affect lung MPO, 

but CsA at 20mg/kg exacerbated the pulmonary neutrophil sequestration status in 

both type of mice (Figure 6.8D).  
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Figure 6.7 Effects of 1233 and CsA on amylase with WT and Ppif -/- mice  

1233 and CsA at 20mg/kg were administered in 7 hourly caerulein injection induced 

AP on both WT and Ppif-/- mice, Ppif-/- significantly reduced caerulein induced 

serum amylase, both 1233 and CsA adversely increased amylase in WT-AP mice, 

and counterbalanced amylase level in Ppif-/- mice. 1233 alone showed no effects on 

amylase level. **P<0.01, *P<0.05 compared to WT CER-AP group. Values are 

mean ± SEM of 6 mice per group. 
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Figure 6.8 Effects of 1233 and CsA local and systemic inflammation with WT and 

Ppif -/- mice  

1233 and CsA at 20mg/kg were administered in 7 hourly caerulein injection induced 

AP on both WT and Ppif-/- mice. Graphs illustrated (A) IL-6, (B) Trypsin activity, 

(C) Pancreatic MPO and (D) lung MPO. **, §§, ††, ##P<0.01, †, #P<0.05 compared to 

WT CER -AP group. Values are mean ± SEM of 6 mice per group. 
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Typical pancreatic histopathological changes shown in caerulein treated wild type 

mice (Figure 6.9a B1) with oedema, infiltration and homogeneous distributed 

necrosis, while ppif-/- greatly abolish diffused necrosis, inflammatory infiltration and 

alleviate the acinar oedema (Figure 6.9a C1).  

 

In WT mic, both 1233 (Figure 6.9a B2) and CsA (Figure 6.9a B3) at 20mg/kg 

seldom reduce the pathologic pancreatic injury induced necrosis by caerulein, but 

1233 appear to increase the inflammatory infiltration. While in ppif-/- mice, both 

1233 (Figure 6.9a C2) and CsA counteract the beneficial that shown with ppif-/-  

alone in caerulein induced injury with slightly better effect under CsA treatment 

(Figure 6.9a C3).  

 

The blinded histopathology scoring (Figure 6.9b) showing that ppif-/- significantly 

reduced pancreatic overall, necrosis and inflammatory infiltration scoring, however, 

both 1233 and CsA exhibit neutralized effect in ppif-/- mice received caerulein 

treatment with CsA showing less offset increase.  
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Figure 6.9 (a) Representative images on pancreatic morphology in CER -AP with 

high dose cyclophilin inhibitors in WT (B) and ppif -/- mice (C) 

Mice received 7 hourly i.p injections of caerulein (50 µg/kg), 20 mg/kg SEL1233 or 
CsA was administered 2 hours after induction and mice were sacrificed at 12 hours 
after the first injection. Histopathological images were shown in (A1) Saline 
injection, (A2) single 1233 injection alone, (B1) Caerulein injection in WT mice, 
(B2) Caerulein injection + 1233 20 mg/kg in WT mice, (B3) Caerulein injection + 
CsA 20 mg/kg in WT mice, (C1) Caerulein injection in Ppif-/- mice, (C2) Caerulein 
injection + 1233 20 mg/kg in Ppif-/-mice, (C3) Caerulein injection + CsA 20 mg/kg 
in Ppif-/- mice. Magnification × 200. 



 208 

 

Figure 6.9 (b) Histopathology scoring in CER-AP with high dose cyclophilin 

inhibitors in WT and ppif-/- mice  

Mice received 7 hourly i.p injections of caerulein (50 µg/kg), 20 mg/kg SEL1233 or 

CsA was administered at 2 hours and mice were sacrificed at 12 hours after the first 

injection. Histopathological scoring was shown in (A) Overall score, (B) Necrosis 

score and (C) Infiltration score. 

Ppif-/- significantly reduced caerulein induced pancreatic overall, necrosis and 

infiltration score, both 1233 and CsA at 20mg/kg had no effect on caerulein induced 

pancreatic injury in WT mice, but counteract the beneficial effects in Ppif-/- mice 

with CsA showing less offset impact. **P < 0.01, #P < 0.05, compared to WT CER 

group, values are mean ± SEM of 6 mice per group.  
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6.5 Discussion 

TLCS-, FAEE- and CER-induced AP models are mechanistically dissimilar but can 

share a number of biological properties of AP such as prominent serum amylase 

surge, inflammation and typical histopathologic features such as oedema, necrosis 

and infiltration, however, due to different pathways that each toxin involves as 

described in chapter 1, the exact morphology pattern and response to treatment vary.  

 

The pilot experiment described in chapter 4 has shown that unlike in TLCS- induced 

AP, CsA has a very narrow therapeutic range in FAEE-and CER-AP, with only 

2mg/kg or 5mg/kg dosage showed most efficient beneficial improvement, 

respectively. In the light of these findings that low dosage with CsA which achieved 

the best effects, the reason that SEL1233 at 20mg/kg does not have any effect on 

both models firstly may simply attributes to the high dosage that applied in this 

setting which beyond the therapeutic range. And possibly inhibit other cyclophilins 

which induced off-target effects such as ER stress. Indeed, both high dose of 1233 

and CsA counterbalanced the beneficial effects of CypD knockout in Ppif -/- mice. 

While 1233 has greater affinity on CypD but less immunosuppression compares to 

CsA, and 1233 showing exacerbation on IL-6 in WT mice but CsA showing 

exacerbation on trypsin in Ppif -/-  mice, suggesting a possible role for calcineurin 

inhibition in anti-inflammation effects. While 1233 effectively reduced trypsin 

activity through CypD inhibition, lack of immunosuppression lead to effectiveness 

on IL-6, CsA, however, too powerful to over inhibit other cyclophilins in Ppif -/-, 

which could possibly induce further ER stress and ROS production to adversely 

promote the trypsin activation.  
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The narrow therapeutic index in both models with CsA, may also suggest that the 

beneficial acts on extracellular cyclophilins which were massively released upon 

injury. Compare to the mitochondrial CypD, these extracellular pro-inflammatory 

like cyclophilins are presumably easy to bind and interact with, in which case, the 

beneficial effect of CsA in these two models may greatly rely on the anti-

inflammation response due to extracellular cyclophilin inhibition, which directly 

inhibit neutrophil recruitment.  

 

The third explanation for the ineffective 1233 in other 2 models may relate to the 

vicious solvent PEG400 as shown in Chapter 5 (figure 5.5D and figure 5.6D) that 

solvents sharing PEG400 induced comparable extra lung myeloperoxidase injury, 

which on one hand, PEG has been reported to induce pulmonary injury and 

myeloperoxidase accumulation as mentioned in chapter 5; on the other hand, the 

solvent may greatly change the structure conformation of compound (information 

provided by Cypralis), in turn limit the effectively binding with target cyclophilin. 

The solvent showing more toxic with FAEE-AP is very likely due to the model itself 

was induced with PEG-based formulation, which doubled the risk to induce more 

injury. Notably, as the modified FAEE-model showing a transit pulmonary injury 

reached the highest level at 6h, but gradually recovered after 12h; the present study 

with 1233 were conducted on 24h scale, the lung injury has already relieved at 

which time point, while the pancreatic injury reached to the peak at 24h. Thus, the 

solvent showing a more profound impact on pancreatic MPO but modest effect on 

lung MPO. 
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Apart from CypD involved MPTP inhibition, another target of CsA, the NFAT 

inhibition is also a possible accountable explanation. In a double-deficient for 

NFATp (c2) and NFAT4 (c3) mice, enlargement of peripheral lymphoid organs, 

with massive splenomegaly has been observed, revealing disruption of the normal 

architecture by numerous granulomas and a marked increase in mast cells and 

eosinophils471. In a separate explorative experiment, mice with high dose SEL1233 

at 20mg/kg, BID i.p administration regimen for one week also developed the similar 

splenomegaly phenomenon (data not shown), suggesting that the high dose of 

SEL1233 can greatly inhibit the NFAT family. Other studies also indicate that CsA 

at 30mg/kg i.p injection is expected to totally inhibit calcineurin activity in skeletal 

muscle392. Here in pancreas, with SEL1233 at 20mg/kg dosage through 

intraperitoneal injection is possibly in a large extent blocked the NFAT. It is likely 

that the transcription factor NFAT regulates a self-defending genetic program to 

prevent further higher degree damage of PACs, however, a fundamental blockage 

may in turn lead to detrimental effects that could induce compensatory anti-

inflammatory response.  

 

Finally, previously study suggests that in different forms of AP there are significant 

differences in the epigenetic control of gene transcription contributing to the severity 

of disease responses, treatment with I-BET-762, an inhibitor of the bromodomain 

and extra-terminal (BET) protein family significantly reduced biochemical, cytokine 

and histopathological responses in TLCS- and FAEE-AP, but not CER-AP472. The 

variety and complexity of different pancreatitis forms are huge challenge which 

requires not only mechanistic but also well designed transcriptional study to 

facilitate further drug development in pancreatitis.  
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Despite the effectiveness of CypD preferable SEL1233 in alleviating inflammation 

in caerulein-mediated pancreatitis, both high dose of SEL1233 and CsA favourably 

influenced the trypsinogen activation, which in parallel with the view that 

trypsinogen activation does not appear necessary for either local or systemic 

inflammation473. 

 

The partially improved pancreatic histopathological morphology in caerulein treated 

Ppif-/- mice, suggesting that MPTP opening or CypD involved MPTP opening is not 

the only mechanism that induced the pancreatic injury by caerulein. Most studies 

suggest that during pancreatitis, intra-pancreatic trypsinogen activation and NF-κB 

activation, were thought to be two major early independent cellular events, the Intra-

acinar trypsinogen activation leads to acinar death which accounts for 50% of 

the pancreatic damage in AP. However, progression of local and systemic 

inflammation in AP does not require trypsinogen activation474. Studies suggested 

that early NF-κB activation in acinar cells is a direct response induced by caerulein 

475, and might be responsible for progression of AP. 

 

The results obtained with high dose MPTP inhibitors in both models showing a 

greatly reduction in pancreatic trypsin activity but not local or systemic 

inflammation, which is not necessarily in disagreement with the view that MPTP 

inhibition prevents acute pancreatitis, this discrepancy is most likely attributable to a 

higher dose of pharmacological MPTP inhibition with either CsA or SEL1233 that 

may affect other early events of pancreatitis due to non-specific inhibition of other 

cyclophilins other than CypD, especially a number of rapid signalling cascades 

including NF-𝜅B/Rel activation, which triggers disease-specific inflammatory 
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processes. This is presumably through inhibition of CypB/C which increase the 

burden for protein folding, aggregating ER stress, and finally lead to cell death and 

consequently further inflammation through already activated NF- 𝜅B in early stages 

of pancreatitis. 

 

The better effect observed with CsA compare to SEL1233 in Ppif-/- mice may link to 

the anti-inflammatory effects of CsA which inhibits the calcineurin activation and 

extracellular CypA actions on neutrophils to prevent inflammation. As a powerful 

immunosuppressant, of 25 natural cyclosporins and some 750 analogues prepared in 

the laboratory none have shown, in vitro, indications of greater pharmacological 

activity than that of CsA476. This powerful immunosuppressant, however, due to its 

non-specificity, when apply at high dose, possibly further increases ER stress, and 

the anti- inflammatory effects of calcineurin inhibition are largely compromised.  
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CHAPTER 7 

Genetic and Pharmacological CypD inhibition 

in chronic pancreatitis (CP) 
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7.1 Summary 

The well characterized repetitive caerulein model of CP was used to examine the 

therapeutic efficacy of genetic and pharmacological MPTP inhibition in vivo. 

Both genetic MPTP inhibition with CypD ablation or pharmacological cyclophilin 

inhibition with SCY-635/CC-4635 proved to be protective in the development of 

repetitive caerulein induced chronic pancreatitis shown better reserved pancreatic 

function with acinar cell and enzymatic content protection, less collagen deposition.  

 

CypD inhibition also accelerates the recovery of acinar cell, possible due to its role 

in cell proliferation. However, deletion of CypD had less consistent effects on PSC 

activation, suggesting a rather indirect effect based on cell protection of reducing the 

extent of cell death and collagen production or degradation.  

 

Despite the non-immunosuppressive analogue SCY-635/CC-4635 avoid the possible 

profibrotic signalling cascades activated by calcineurin, the nonspecific inhibition of 

cyclophilin A may remain a potential interferer which could possibly limit the 

beneficial effects of CypD inhibition. 

 

7.2 Introduction 

Previous studies demonstrate targeting MPTP inhibition reduce necrotic cell death 

activation in pancreatic acinar cell, showing potent beneficial as therapeutic 

treatment for AP. With increasing evidence suggesting a continuum of acute, 

recurrent and chronic in pancreatitis, based on the necrosis-fibrosis theory that 

inflammation and necrosis from repeated episodes of AP lead to scarring and tissue 

fibrosis with ductal obstruction477, it is hypothesized (chapter 1) that CypD 
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inhibition also plays a role in the development of CP through alleviating necrosis, 

inflammation from AP episodes to reduce following acinar cell atrophy, tissue 

remodelling and fibrosis. 

 

CsA as the famous cyclophilin inhibitors has been shown great beneficial in 

reducing necrosis in MPTP involved diseases, and with adequate dosing regimen 

effectively improved acute pancreatitis as demonstrated in chapter 4, which could be 

a choice for the possible treatment. However, CsA has long been reported to exert a 

profibrotic action correlated with TGF-β1 upregulation478, 479 and shown to greatly 

distort pancreatic repair, transforming caerulein induced pancreatitis into a fibrotic 

chronic-like disease480, which has paradoxically been used to induce models of CP. 

These studies, however, were mostly employed CsA administration at 15-20 mg/kg 

by daily subcutaneous or intraperitoneal injection for at least 2 weeks using olive oil 

or ethanol as vehicle. Emerging data suggests that the profibrotic action of CsA is 

due to calcineurin inhibition or high dose CsA administration induced ER stress, 

which facilitate the development and application of a large quantities of non-

immunosuppressive CsA analogue products such as NIM811, DEB025 and SCY-

635. Indeed, on the contrary, far from proposing that CsA may promote fibrosis, 

studies with CsA at low does or non-immunosuppressive analogue NIM811 

/DEB025 treatment significantly reduced fibrosis or TGF- β1 expression and 

collagen synthesis either in vitro HPCs421, 422 or in vivo multiple liver fibrosis model 

419, 423 and muscular dystrophic model 315, 392, 426 as mentioned in chapter 1. Under 

such condition, it was worthwhile to test both genetic and pharmacological 

cyclophilin inhibition in chronic pancreatitis to further validate this strategy. 
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Within CsA structure, residues 4 through 7, on the opposing face of the molecule, 

constitute the calcineurin binding domain. Chemical modification in these residues 

can produce dramatic effect on the biological activity of immunosuppression with 

CsA412. Similar to DEB025, SCY-635 differs from CsA at residues position 3 and 4 

(Figure 7.1), containing a dimethylamino-ethylthio substituent at the 3-sarcosine 

alpha carbon atom and a hydroxyl substituent at the gamma carbon of the 4 N-

methyl leucine residues, which makes SCY-635 a novel non-immunosuppressive 

cyclosporin-based analogue. It has been clinically tested for hepatitis C and 

progressed to phase II clinical trial with no evidence of dose-limiting clinical or 

laboratory toxicity was identified at any dose level. Without any modification on 

cyclophilin binding residues, SCY-635 retains the ability to efficiently inhibit the 

peptidyl prolyl isomerase activity at nanomolar concentrations and showed no 

detectable inhibition of calcineurin phosphatase activity at concentrations up to 2 

µM414, 481, 482.  

 

SCY-635/CC-4635 has never been tested before in fibrotic diseases, however, in 

respect to its similar biological activity and good oral bioavailability (Figure 7.2) 

compare to CsA and DEB025, which warrants SCY-635 further investigation as a 

novel therapeutic agent for the treatment of CP.  
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Figure 7.1 Structure comparison of CsA, DEB025 and SCY- 635 

Chemical structures of CsA, DEB025 and SCY-635. SCY-635 differs from CsA at 

two positions. The alpha carbon atom of sarcosine at position 3 contains the 

dimethylamino-ethylthio substituent. The gamma carbon atom of the N-methyl 

leucine at position 4 contains a hydroxyl group. 

 

 

Figure 7.2 Bioavailability comparison of CsA, DEB025 and SCY-635 

SCY-635 concentrations in blood showing a better bioavailability compare to CsA 

and DEB025 following oral delivery at 8 mg/kg in mice (provided by Cypralis). 

Following oral administration, SCY-635 was well absorbed into the systemic 

circulation. Maximum blood concentrations were observed around 4hrs in rodents.  
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To prove the hypotheses, this study was designed to test the effects of both genetic 

and pharmacologic CypD inhibition with recurrent AP episodes developed chronic 

pancreatic injury by using repetitive caerulein injections, which mimics the natural 

progression from acute to recurrent and finally developed chronic pancreatitis. In 

addition, to examine the effects of CypD inhibition on pancreatic regeneration after 

recurrent pancreatitis, mice were allowed to recover for another two weeks 

following the last caerulein injection. 

 

7.3 Methods  

7.3.1 Genetic CypD inhibition in CP 

Repetitive intraperitoneal caerulein injections (50 µg/kg) was employed thrice 

weekly for 2 to 4 consecutive weeks as previously described in chapter 2 (Figure 

7.3). Adult CypD knockout and age/sex matched wild type C57BL/6J mice were 

randomly divided into 8 groups: (1-2) control group with saline injections for 2 or 4 

weeks in WT mice, (3-4) CP group with caerulein injection in WT mice for 2 or 4 

weeks, (5-6) CP group with caerulein injection in Ppif -/- mice for 2 or 4 weeks, (7-8) 

CP group in WT or Ppif -/- mice with caerulein injection for 4 weeks plus 2-week 

recovery. Mice were sacrificed 3 days after the last caerulein injection by CO2 

asphyxia. Blood and tissue sample were collected for further assay and staining as 

described in chapter 2. 
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Figure 7.3 Time scale for effects of CypD ablation in CP 

 

7.3.2 Pharmacological cyclophilin inhibition in CP 

Repetitive intraperitoneal caerulein injections (50 µg/kg) was employed thrice 

weekly for 2 weeks as previous described in chapter 2. Male adult C57BL/6J mice 

were randomly divided into 4 groups: (1) control group with saline injections for 2 

weeks, (2) CP group with caerulein injection for 2 weeks, (3) CP group with 

caerulein injection plus solvent injection (10% cremophor dissolved in saline with 

1% DMSO) for 2 weeks, (4) CP group with caerulein injection plus twice daily 

2mg/kg SCY-635 (CC-4635) i.p injections for 2 weeks. Mice were sacrificed 3 days 

after last caerulein injections, blood and tissue were collected for further assay and 

staining as described in chapter 2. 

 

7.4 Results 

7.4.1 Effects of Ppif -/- in chronic pancreatic morphology 

In the normal pancreas of WT (Figure 7.4 A0) and Ppif -/- mice (Figure 7.4 B0) 

with saline injections, the acinar units were tightly packed (Figure 7.4 A0), whereas 

when subjected to repetitive AP episodes for 2weeks, WT mice developed abnormal 

architecture including prominent dilated intra-acinar luminal (DL) and acinar duct 

metaplasia (ADM), tubular complexes, accompanied with more fibrosis 

accumulation (Figure 7.4 A1) compared to Ppif -/- mice (Figure 7.4 B1). With 
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sustained caerulein challenge for another 2 weeks, a marked morphologic change in 

the pancreas evident at 4 weeks showing typical histopathological feature of CP with 

massive atrophied acinar area and acinar cell loss, closely proximate islets, ducts and 

vascular structures, increased cellularity of the peri-acinar stroma at the edges of 

lager lobules, inflammatory infiltration and acinar cell vacuolization also developed 

in WT mice (Figure 7.4 A2), whereas deletion of CypD still maintain most of the 

acinar cell areas in the ensuing 2 weeks with less fibrosis content (Figure 7.4 B2). 

Following another 2-week caerulein withdraw period, pancreata in both WT (Figure 

7.4 A3) and Ppif -/- mice (Figure 7.4 B3) had almost complete recovery with 

reformed acinar cell architecture, while localised replacement with fat tissue and 

fibrotic foci could observed only in WT mice.  

 

Trichrome staining (Figure 7.5) with blue colour shown intensive peri-acinar 

fibrosis at 2weeks and large amount of fibrosis at intra- and inter-lobular and 

interstitial space in WT mice compare to Ppif -/- mice. 

 

Pancreata/body weight ratio is used to quantify pancreatic gland atrophy, as shown 

in Figure 7.6, the ratio decreased after 4-week caerulein treatment in both WT and 

Ppif -/- mice, but recovered thereafter when caerulein treatment disseised with more 

regain on Ppif -/- mice. 
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Figure 7.4 Representative pancreatic morphology in WT and Ppif -/- mice with 

repetitive caerulein injection 

WT(A) and Ppif-/- (B) mice received 6 hourly caerulein or saline injection every 

Mon, Wed and Fri up to 4 weeks. Sample were collected at 2 (1), 4 (2), and 6 (3) 

weeks after the first caerulein or saline injection. Typical histopathological features 

of CP shown in WT mice at 4weeks with acinar cell loss, acinar duct metaplasia 

(ADM), fibrosis accumulation, etc (A2). Magnification: x 200  
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Figure 7.5 Visualisation of fibrosis in pancreatic morphology (Trichrome) 

WT(A) and Ppif-/- (B) mice received 6 hourly caerulein or saline injection thrice 

weekly for 4 weeks. Sample were collected at 2(1), 4 (2), and 6 (3) weeks after the 

first injection. Fibrosis deposition shown in blue colour extensively accumulated in 

peri-acinar, interlobular and interstitial parts throughout whole exocrine pancreas in 

4-week WT mice compare to Ppif -/-. Both wild and Ppif-/-  type had partially 

recovered deposition after 2 week caerulein withdraw period. Magnification: x 20. 
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Figure 7.6 Effects of genetic MPTP inhibition on pancreatic/body weight  

Mice received six i.p injections of either saline or 50 µg/kg caerulein every Mon, 

Wed and Friday for 4 weeks, sample were collected at 4 or 6 weeks after first 

injection. (A) pan/body weight ratio (B) trypsin activity at 4 or 6wk after first 

injection.  

 ##P < 0.01, WT compared to Ppif-/- mice at 6 weeks.  

Values are mean ± SEM of 6 mice per group.   
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7.4.2 Effects of Ppif -/- in pancreatic fibrosis  

Sirius red stained normal pancreas, connective tissue was localized primarily around 

ducts and small blood vessels with thin strands extending between larger lobules 

(Figure 7.7 A0), while sustained caerulein challenge induced massive collagen 

deposition observed in peri-acinar and intra-/inter-lobular areas throughout the 

exocrine gland in WT mice (Figure 7.7). Further quantification with image J 

suggested that in mice treated with repetitive caerulein, the relative collagen 

deposition was sharply increased by week 2 in both mice type with much higher 

proportion in WT mice, and the deposition continued to elevate for the remainder of 

the treatment, whereas only subtle increase observed for collagen deposition in  

Ppif -/- mice after first 2 weeks (Figure 7.7).  

 

The collagen induced cytokine TGF-β1 level was quantified by ELISA, showing 

markedly increase follow recurrent caerulein treatment in both wild and CypD 

knock out group. Ppif -/-  mice however, significantly reduced TGF-β1 secretion 

level compare to wild type at 2 weeks and 4 weeks point. After a further 2-week 

recovery period without caerulein stimulation, the TGF-β1 level dropped back with 

no difference between each other group (Figure 7.8).  
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Figure 7.7 Visualisation of fibrosis in pancreatic morphology (Picro Sirius Red) 

WT(A) and Ppif-/- (B) mice received 6 hourly caerulein or saline injection thrice 

weekly up to 4 weeks. Sample were collected at 2 (1), 4 (2), and 6 (3) weeks after 

the first injection. (C) Fibrosis deposition quantification shown significant higher 

accumulation in 2- and 4-week WT mice compare to Ppif -/-. Both wild and Ppif-/-  

type had partially recovered deposition after 2 week caerulein withdraw period. 

Magnification: x 200. #P<0.05, §§, **P <0.01 compare to Ppif -/- mice at same time 

point, Values are mean ± SEM of 6 mice per group. 
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Figure 7.8 Serum TGF-β1 quantified by ELISA 

WT and Ppif-/- mice received 6 hourly caerulein or saline injection thrice weekly up 

to 4 weeks. Sample were collected at 2, 4 and 6 weeks after the first injection. 

Serum TGF- β1 quantification shown marked increase in wild type mice, Ppif-/- mice 

significant reduced serum TGF- β1 level compared to wild type in 2- and 4-week 

WT mice. §P<0.05, **P <0.01 compare to Ppif -/- mice at same time point. Values 

are mean ± SEM of 6 mice per group. 
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7.4.3 Effects of Ppif -/- on reserved pancreatic enzymatic function  

After challenge with repetitive AP episode for 4 weeks, WT mice showing 

significantly reduced secretion of serum amylase in response to pancreatic injury 

compare to Ppif -/- mice. Even with further 2 weeks’ recovery, amylase secretion 

level remains statistically lower compare to Ppif -/- mice (Figure 7.9 A). 

 

Similarly, both WT and Ppif -/- mice showing markedly reduced pancreatic reserved 

amylase following 4-week AP episodes, however, CypD depletion significantly 

protected reserved amylase with 50% higher level than WT mice. Both groups 

regain reserved enzymatic level after discontinued AP episodes (Figure 7.9 B). 

 

Deletion of CypD showing amplified trypsinogen activation response following 

repetitive AP challenge, while WT mice barely have any reserved trypsinogen 

capacity for activation in response to caerulein acinar (Figure 7.10 A). Similar with 

trypsin activity, deletion of CypD rather than reduce pancreatic lipase, but promote 

upregulation of lipase accumulated in pancreas at 2 and 4 weeks (Figure 7.10 B). 

Pancreatic/body weight ratio was significantly reduced after repetitive AP episodes 

in both WT and Ppif -/-, showing no difference at 4-week period.  
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Figure 7.9 Effect of genetic MPTP inhibition on amylase  

Mice received six i.p injections of either saline or 50 µg/kg caerulein every Mon, 

Wed and Friday for 4 weeks, sample were collected at 4 or 6 weeks after first 

caerulein injection. (A) Serum amylase and (B) pancreatic amylase at 4 or 6wk after 

first injection. *P < 0.05, **, ##P < 0.01, 4-or 6-week wild type compared to Ppif-/- 

group. Values are mean ± SEM of 6 mice per group.  
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Figure 7.10 Effect of genetic MPTP inhibition on trypsin and lipase function  

Mice received six i.p injections of either saline or 50 µg/kg caerulein every Mon, 

Wed and Friday for 2-4 weeks, samples were collected at 2, 4 or 6 weeks after first 

caerulein injection. §§, **P < 0.01, 2 or 4 weeks wild type compared to Ppif-/- group. 

Values are mean ± SEM of 6 mice per group.  
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7.4.4 Effects of Ppif -/- in PSCs activation 

Immunohistochemistry staining for α-SMA, the activation marker of PSC, both WT 

mice and Ppif-/- mice showing compatible PSCs activation status following 2- or 4-

week caerulein treatment (Figure 7.8), with no significant difference (data not 

shown) as quantified with image J, using a method previously described483. 

 

             

Figure 7.11 Effect of genetic MPTP inhibition on α-SMA                                                    

Mice received 6 i.p injections of either saline or 50 µg/kg caerulein every Mon, Wed 

and Friday for 4 weeks, sample were collected at 2 or 4 weeks after first injection.                     

α-SMA expression at 2 or 4 weeks after first caerulein injection.  
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7.4.5 Effects of SCY-635/CC-4635 inhibition in CP  

Following 2-week repetitive AP episodes induced by caerulein, all groups with 

recurrent caerulein injection developed acinar cell loss (Figure 7.12), structure 

alteration accompanied with peri-acinar, and substantial interstitial collagen 

deposition (Figure 7.13 B, D). Though without statistical significance, the 

quantification with image J showed that SCY-635/CC-4635/CC635 group exhibited 

around 18% reduction on collagen deposition compare to compound untreated group 

(Figure 7.13 E). 

 

Despite unimpressive results on morphology and fibrosis, the enzymatic level with 

CC-4635 treatment, however, showed significant improvement on both circulating 

(Figure 7.14 A) and reserved amylase (Figure 7.14 B) compared to untreated group 

after 2-week caerulein episodes. Unlike Amylase, enzymatic assay for secreted 

lipase showed an increase with caerulein injection, but presenting less increase with 

SCY-635/CC-4635 administration (Figure 7.15 A), No significant difference 

between CP and CC-4635 treated group for pancreatic lipase level (Figure 7.15 B). 

The activation of PSCs shown as α-SMA expression, however, exhibited a trend 

with less expression implicates less activated PSCs in CC-4635 treated group 

suggested by preliminary results following positive cell grading scoring (Figure 

7.16), further image analysis is currently ongoing by independent investigators. 
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Figure 7.12 Effect of CC-4635 on pan/body weight 

Mice received 6 i.p injections of either saline or 50 µg/kg caerulein every Mon, Wed 

and Friday for 2 weeks, sample were collected at 2 weeks after first injection.  
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Figure 7.13 Effect of CC-4635 on collagen deposition 

Mice received six i.p injections of either saline or 50 µg/kg caerulein every Mon, 

Wed and Friday for 2 weeks, sample were collected at 2 weeks after first injection. 

CC-4635 showing capacity (18% reduction) to reduce collagen deposition compare 

to untreated group following 2-week repetitive caerulein injections, shown in 

fibrosis visualization of 4 groups with (A) saline control, (B) caerulein injection, (C) 

caerulein plus solvent and (D) caerulein plus CC-4635 treatment and (E) collagen 

deposition quantification with image J expressed as percentage of the total area. 

Values are mean ± SEM of 6 mice per group.   
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Figure 7.14 Effect of CC-4635 on amylase 

Mice received six i.p injections of either saline or 50 µg/kg caerulein every Mon, 

Wed and Friday for 2 weeks, sample were collected at 2 weeks after first injection. 

(A) saline control, (B) caerulein injection, (C) caerulein plus solvent and (D) 

caerulein plus CC-4635 treatment. CC-4635 treated group showing statistically 

improvement of either circulated or reserved amylase content compare to untreated 

group. *P < 0.05, 2 weeks wild type with CC-4635 treatment compared to untreated 

group. Values are mean ± SEM of 6 mice per group.   



 236 

 

Figure 7.15 Effect of CC-4635 on lipase 

Mice received six i.p injections of either saline or 50 µg/kg caerulein every Mon, 

Wed and Friday for 2 weeks, sample were collected at 2 weeks after first injection. 

(A) saline control, (B) caerulein injection, (C) caerulein plus CC-4635 treatment. 

CC-4635 treated group showing statistically improvement of secreted lipase, but no 

difference with reserved lipase content compared to untreated group. *P < 0.05, 2-

week wild type with CC-4635 treatment compared to untreated group. Values are 

mean ± SEM of 6 mice per group.   
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Figure 7.16 Effect of CC-4635 on α-SMA expression 

Mice received 6 i.p injections of either saline or 50 µg/kg caerulein every Mon, Wed 

and Friday for 2 weeks, sample were collected at 2 weeks after first injection. 

CC-4635 treated group showing less α-SMA expression trend (+) compared to CP 

group (++) suggested by preliminary grading quantification scored by investigator, 

further fully image analysis will be conducted by 2 independent investigators.   
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7.5 Discussion 

Mitochondria dysfunction resulting in necrotic cell death and profound 

inflammation in AP, which sensitize pancreas to repeated episodes of AP, RAP 

further lead to sustained PACs injury, followed by release of pro-inflammatory 

mediators that promote both immune cell infiltration and activation of PSCs. Upon 

activation, PSCs promote inflammation and fibrosis through secretion of cytokines 

and chemokines427. 

 

Although pancreatic acinar cell atrophy, inflammatory cell infiltration, and fibrosis 

after repetitive episodes of AP were observed in both WT and Ppif -/- mice, these 

pancreatic damages manifested a more severe degree in WT mice, suggesting MPTP 

partially improved pancreatic morphology and function impairment in chronic 

pancreatitis.  

 

PSCs is the central cell that responsible for fibrosis, which in normal pancreas, 

locates in periacinar or periductal spaces with minimal proliferation. Upon 

pancreatic injury, in response to cytokines, PSCs activated and transformed to 

myofibroblast-like cells with proliferation and upregulation of α-SMA, and produce 

abundant ECM such as collagen484. The current study, however, present results with 

unaffected PSC activation in Ppif -/- mice, but reduced TGF-β1 expression and 

significantly reduced collagen deposition level. Study showed that MPTP is 

involved in collagen IV related muscular disease485, suggesting common signalling 

pathway linking cell ECM interactions and mitochondria function. It is possible that 

MPTP inhibition doesn’t directly acts on the activation of PSC, but may indirectly 

impact the synthesis and production of ECM or MMPs showing less produced or far 
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more degraded ECM to maintain the balance and homeostasis between ECM 

production and degradation state, this is also likely to connected with the reduced 

cell death relevant cytoprotection and less inflammation that decrease the expression 

of TGF- β1, which, at some point, explained the partially but not fully abolished 

improvement in chronic pancreatitis. 

 

The decreased circulating enzyme level in CP due to chronic inflammation and 

fibrosis can reflect the atrophy extent of PACs, which is responsible for synthesis 

and secretion of enzymes484. In Ppif -/- mice the relatively well reserved pancreatic 

morphology and enzymatic level indicates that MPTP inhibition could protect 

architecture and function of acinar cell against repetitive caerulein induced 

sustainable acinar cell damage.  

 

Pancreatitis in humans and animal models appear to recover via regeneration of 

acinar cells. This regenerative process involves transient phases of inflammation, 

metaplasia and redifferentiation, driven by cell-cell interactions between PACs, 

leukocytes and PSCs. Imbalances between these pro-inflammatory and pro-

differentiation pathways contribute to chronic pancreatitis484. Better capacity for 

pancreatic mass regain during recovery period shown in Ppif -/- mice also implicates 

that instead of fibre remodelling, with highly plasticity degree of acinar cell, during 

prolonged caerulein treatment, WT pancreatic acinar cell loses the polarity and 

typical function to synthesize and secret enzyme such as amylase, but gain markers 

of ductal and progenitor cells, while MPTP inhibition maintains the morphology and 

function of acinar cell with highly preserved amylase against acinar cell loss through 



 240 

resistant to cell death, accelerate and facilitate the proliferation and regeneration of 

acinar cell during recovery period.  

 

Unlike the pattern with amylase, on the other hand, both pancreatic trypsin and 

lipase activity showing an amplified increase in Ppif -/- mice compare to WT type. It 

is possible that 1) in response to recurrent caerulein injections, the Ppif -/- mice over-

reacted to the toxins to initiate moderate inflammation, as sustained anti-

inflammatory reaction drives pancreatic promote healing process and the subsequent 

fibrosis, the over-reactive response may maintain Ppif -/- to retain in self-limited 

acute pancreatitis, damper the following tissue remodelling, acinar cell 

differentiation, and ECM deposition. 2) Or simply due to constantly regeneration of 

PACs in response to caerulein treatment, through synthesis or cell proliferation, as 

reported by Tavecchio486 that CypD regulates cell cycle progression, knock down of 

CypD resulted in faster and more stained transition into S-phase. results in increased 

cell proliferation. Studies also pointed out that mitochondria calcium played a role in 

liver regeneration after partial hepatectomy487, and CsA non-immunosuppressive 

analogue NIM811 stimulated liver regeneration by inhibiting CypD424.  

 

Despite the paradox that CsA showing irreversible profibrotic action synergistically 

with caerulein in most studies with higher concentration or dosages, the non-

immunosuppressive CsA analogue SCY-635/CC-4635 with a low does at 2mg/kg 

twice daily i.p injection in present study was shown to protect against pancreatic 

exocrine function and modest reduction on fibrosis, which is in parallel with 

previous studies apply CsA or its analogue in HSC suggesting collagen suppression 

effects. CsA has been shown to modulate collagen degradation and induce collagen 
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accumulation through disruption of the actin-serving properties of gelsolin, 

inhibiting the binding step of collagen phagocytsis488, however, this study 

administered CsA with 40mg/kg daily i.p injection in vivo and 10 µM in vitro. 

Whereas studies in HSCs reporting CsA or its non-immunosuppressive analogue   

reduce collagen expression and tissue inhibitor of metalloproteinase (TIMP), 

increase the expression of MMP-1 at 1 µM concentration through suppression on 

phosphorylation of JNK and p38 MAPK and weakly suppression of ERK1/2 

signalling 421 

 

Ikeda reported that both CsA and tacrolimus inhibited DNA synthesis in HSCs, but 

only CsA suppressed collagen synthesis420, suggesting the suppression is calcineurin 

independent, and most likely act through cyclophilins. Further study treated HSCs 

with NIM811, also showed collagen production suppression and cell proliferation 

effect, enhances collagenase activity and enhanced the expression of Smad7, to 

reduce the expression of TGF-b-RI422. Unlike the profibrotic results on CsA with 

most studies, all these positive results with CsA were conducted with rather low 

concentration or with the calcineurin-independent analogue. 

 

Fibrosis is a complex process resulting from an overall imbalance between ECM 

synthesis and ECM degradation. Compare to the CypD deletion results, CC-4635 

achieved less potent effects on collagen deposition. With respect to the lack of 

calcineurin inhibition, CC-4635 still retains compatible biological activity with CsA 

in terms of the binding capacity on cyclophilins other than CypD. As mentioned 

before in chapter 1, extracellular CypA acts an extracellular pro-inflammatory 

cytokine, but also has an anti-fibronectin role to upregulate MMP-9291 . It is possible 
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that CsA analogue CC-4635 could effectively inhibit extracellular CypA with high 

affinity to limit inflammation, however, at the same time, interfere with the healing 

and remodelling to supress collagen degradation by downregulating MMP-9, like 

CsA does on MMP-9 suppression489, may render the beneficial from CypD 

inhibition with reduced collagen deposition is partially overcome and renders by 

CypA/CD147 suppression, which is also consistent with the report that NIM 811 

treatment profoundly reduced the expression of inflammatory cytokines and 

adhesion molecules such as TNF-α, IL-1β and ICAM-1490. This anti-inflammation 

effect of CsA analogue due to CypA inhibition also explains the suppression of α-

SMA by CC-4635, while CypD single knock out does not affect the activation of α-

SMA due to a possible pro-inflammation status, as Tavecchio486 reported that 

deletion or reduction of CypD directs mitochondria-to-nuclei inflammatory gene 

expression. Notably, as CypB is component of a complex which assist procollagen 

biosynthesis491, 492, inhibition of CypB also inhibit collagen synthesis, which has 

previously confirmed in a rat liver fibrosis model to clarify that both CypB and 

CypD are responsible for rat liver fibrosis423, which also explains that CypD single 

knock out partially protected collagen deposition.  

 

As CypB and CypC are both ER-based cyclophilins with compensational regulatory 

mechanism to each other, while double knockout or with their co- inhibitor CsA 

cause detrimental side effects, single knock out of either would not lead to cellular 

perturbations384. Thus, a more specific non-immunosuppressive cyclophilin inhibitor 

with higher affinity on both CypB and D inhibition might be an idea target for 

chronic pancreatitis. 
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CHAPTER 8  

Overview 

 

 

 

 

 

 

 

 

 

 

 

 

 



 244 

8.1 CypD as a drug target in pancreatitis 

Ever since 1980s, the permeabilization of inner mitochondria membrane due to 

opening of a ATP- synthase dimmer formed, mitochondrial matrix protein CypD 

facilitated pore has progressed from single cardiac ischemia/reperfusion injury493 

related detrimental mechanism to a universal cell death differentiation process 

involved in unprecedented multiple diseases, including muscular dystrophy315, 

Parkinson’s disease316, multiple sclerosis317, 318, Alzheimer’s disease and aging319-321 

that resulted from sustained disseminated bioenergetics catastrophe condition, 

leading to disputation of mitochondrial transmembrane electrochemical proton 

gradient, followed by ATP depletion, and finally cell death, which become an ideal 

target that educing great interest. 

 

Following the findings that genetic CypD protects both cellular and experimental 

APs from PAC damage and cell death237, pharmacologic inhibition with DEB025, 

the non-immunosuppressive analogue of CsA, however, seem to lose its efficacy at 

high does. To address and fully characterize the phenomenon and develop efficient 

but safe therapy that could further facilitate clinical setting, current study was firstly 

designed to validate the possibility of using novel cyclophilin inhibitors in AP. 

Further driven by the notion that acute, recurrent and chronic pancreatitis are disease 

continuum, and based on the theories of necro-fibrosis as well as sequential AP 

events in the development of CP pathogenesis from recurrent AP episodes, it has 

been hypothesized that a strategy like CypD inhibition to reduce necrosis from AP 

episodes may possibly adapted to CP treatment. Thus, the present study also 

extended to explore the effects of CypD inhibition in the development and recovery 

of CP. 
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In Chapter 3, the protective capabilities of CsA against pancreatic toxins (TLCS, 

POA and caerulein) induced cell injury, including necrotic and apoptotic cell death 

as well as ROS production and ER based chaperone expression have been described. 

The findings of this chapter demonstrate that CsA significantly inhibited TLCS-, 

POA- and CER- induced necrotic cell death of mouse PACs in a biphasic 

concentration and time dependent manner with less efficacy at high concentrations. 

The protection of CsA over TLCS induced necrotic cell death accompanying with 

reduced ROS production and CypB overexpression in TLCS treated PACs, while 

modest effect on caspase 3/7 dependent apoptosis has been observed. On the 

contrary, the adverse effects of high concentration CsA on PACs exacerbate the 

ROS production and promoted apoptosis, as seen in CER treated PACs that CsA 

upregulated ER chaperone GRP-78 and ROS production, to promote toxin-induced 

caspase 3/7 related apoptosis. Whereas CsA had no impact in ROS production on 

POA treated PACs due to POA induced maximal necrosis among 3 toxins which 

diminished mitochondria ROS production capacity. The beneficial of cyclophilin 

inhibitor CsA, consistently observed at low micromolar concentration, highlights the 

dual role of ROS in regulating and shifting cell death pattern as well as the possible 

interlink with ER-based chaperone.  

 

Data in chapter 4, demonstrate that CsA is highly effective in protecting against 

EAP with optimal dosing regimen and proper formulation. Single i.p administration 

of CsA at low to medium dosage markedly reduced both local and systemic injury 

across all three AP models, however, CsA at high dosage tend to exacerbate the 

inflammation defined by pro-inflammatory cytokine IL-6 in FAEE- and CER-AP, 

suggesting the higher dose of CsA may off-target and induce cell death related 
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inflammation. These results are in line with adverse impact of CsA which 

encountered in alternative animal models such as ischemic injury, etc. The results 

obtained in EAP models do not support the use of high dose CsA in AP. 

 

Upon potential treatment value with cyclophilin inhibitors was observed, in chapter 

5, a series of novel synthesized cyclophilin inhibitors have been evaluated for AP. 

Among all tested compounds, SEL 1233 originated from peptolides with higher 

affinity to CypD but less immunosuppression has stand out for its remarkable 

beneficial in acute biliary pancreatitis with a PK based dosing regimen and early 

intervention. A possible pulmonary toxicity induced by the solvent also raised the 

issue that safe and appropriate formulation should be developed in future 

experiment. 

 

Inspired by the promising data of SEL1233 on biliary pancreatitis, it was further 

examined in another two types of pancreatitis models. Surprisingly, in chapter 6, this 

compounds with optimum dosing regimen defined on biliary pancreatitis turned out 

to be ineffective in FAEE- and CER-AP apart from the parameter of trypsin activity, 

which has modest reduction. Notably, the PEG-contained formulation has been 

proved to be toxic, especially for inflammation. Further studies conducted with 

treatment of both CsA and SEL1233 in Ppif-/- mice with 20mg/kg showed 

counterbalanced effects over CypD knockout beneficial in CER-AP, confirmed the 

off-target effects on other cyclophilins which exacerbate the inflammation. 
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Finally, in chapter 7, the well characterized repetitive caerulein induced CP model 

were employed, for which reflects human CP progression from recurrent AP 

episodes to examine the role of CypD in development and recovery of CP. The 

therapeutic efficacy of pharmacological CypD inhibition with non-

immunosuppressive CsA analogue SCY-635/CC-4635 has also been evaluated. Both 

genetic and pharmacological MPTP inhibition have proved to be protective in the 

development of CP from recurrent AP episodes, shown better reserved acinar cell 

with functional enzyme content, and less collagen deposition. Following either 2- or 

4- week repetitive caerulein induction, Ppif -/- mice developed modest pancreatic 

morphological changes. with relatively intact acini and well preserved enzymatic 

content. Remarkable reduction on collagen deposition with less circulating TGF-

β1level has also been observed in Ppif -/- mice. On the contrary, WT C57bL/6J mice 

exhibit impressive acinar structure distortion with both peri-acinar and intra-/inter 

lobular collagen deposition as shown with Sirius red and trichrome, massive acinar 

cell loss with sharply decreased amylase reservation and secretion. After caerulein 

withdraw, another 2-week recovery period was followed to examine the 

regeneration in both type of mice, while Ppif-/- mice showing greatly improved 

pan/body ratio and tightly packed acinar cell, the WT mice, however, with no regain 

on pan/body weight ratio but more fat tissue replaced parenchyma, suggests that 

CypD inhibition accelerate the recovery of acinar cell. Interestingly, data obtained in 

chapter 7, however, also suggests that deletion of CypD had less consistent effects 

on PSCs activation as seen with comparable α-SMA expression level in both type of 

mice, further suggesting a rather indirect effect based on acinar cell protection of 

reducing the extent of cell death and collagen production or degradation.  
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Evident by both genetic and pharmacological MPTP inhibition via CypD in acute 

and chronic pancreatitis provided further possibility for the treatment direction in 

pancreatitis. 

 

8.2 Alternative treatment targets for AP  

Whilst most clinical trials targeting on protease inhibition, anti-inflammation, 

antioxidants, etc. barely achieve any consistent beneficial, evidence has revealed the 

potential for AP therapy via the prevention of Ca2+-dependent mitochondrial 

damage. Multiple approaches are indicated from preclinical findings, including 

Ca2+ entry inhibition through Orai1 blockage494, MPTP inhibition targeting 

cyclophilin D237, and inhibition of inositol 1, 4, 5-trisphosphate receptor- mediated 

Ca2+ release by caffeine495. Since disruption of Ca2+ homeostasis has long been 

regarded as the central initial role in the development of AP, strategies targeting on 

reducing Ca2+ overload of pancreatic acinar cells induced mitochondrial dysfunction 

provided possibility of specific treatment for AP. Indeed, with Orai1 inhibitor CM 

4620 has recently (1/8/2018) entered Phase-II clinical trials for pancreatitis in USA, 

highlighting the major progress in pancreatic translational work, the strategies 

focused on Ca2+-dependent mitochondrial damage exhibit tremendous potentiality in 

shifting to clinical setting. As the effective high dose of caffeine extending into 

toxicity, studies focused on safe and efficient products targeting on MPTP inhibition 

become imminent and valuable to guide further clinical trials. 

 

8.3 Potential translational targets for CP treatment 

Results from recurrent inflammatory episodes, the replacement of pancreatic 

parenchyma by fibrous connective tissue leads to progressive exocrine and 
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endocrine pancreatic insufficiency in CP. Due to poor understanding on the biology 

of physiopathology, no therapeutic products available to reverse the inflammatory 

and fibrotic process, current medical treatment of CP is unsatisfactory with primarily 

aim to control symptoms like abdominal pain and manage complications such as 

steatorrhea and diabetes. Therefore, developing novel interventions for CP 

represents a high priority and could possibly fill the unmet medical gap to improve 

quality of life. The major clinic-pathological event in CP is recurrent or persistent 

inflammation. Although the precise progression mechanism is unknown, the major 

driver of the process seems to be multiple immune cells involved including 

monocyte, type 2 macrophages496, mast cells497, T lymphocytes498-500 and pancreatic 

stellate cell501. Thus, many immunomodulatory agents have been tried in chronic 

pancreatitis mainly in experimental models showed therapeutic benefit inhibiting 

pancreatic stellate cell proliferation and collagen synthesis with IFN-β and IFN-𝛾	

inhibition502, reducing fibrosis level with either loss or receptor antagonist of 

complement component 5503, decreasing pancreatic M2 macrophages and reducing 

fibrosis with blocking IL-4/IL-3 by a blocking peptide504. 

 

8.4 Challenge in developing and application cyclophilin inhibitors 

8.4.1 Efficacy 

CsA and its analogues are highly hydrophobic with poor solubility, tolerance and 

variable absorption. The protection afforded by CsA is likely limited by its 

availability, which could possibly counterbalance the efficacy of MPTP inhibition. 

 

Due to its low water solubility, CsA is administered in viscous formulations that 

may also have high ethanol content. The results from chapter 5, however, suggests 
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that the ethanol or high concentration PEG based formulation may possibly produce 

synergistic effects on lung injury with combinatorial pancreatic stimuli. 

Furthermore, the viscous formulations with ethanol or PEG result in a wide 

variability in bioavailability. CsA and analogues are poorly absorbed after oral 

administration, primarily in the small intestine, and has a bioavailability of about 

30% (range 5 to 70%) in healthy volunteers. With a clinical therapeutic range at 

150-250 ng/ml in blood for CsA, maximum blood concentrations of cyclosporin are 

usually observed 1 to 8 hours after oral administration, and a second peak may be 

noted due to enhanced absorption following a meal, as bile increases cyclosporin 

absorption, or may represent excretion of CsA as a sulphate conjugate in the bile, 

which is then degraded to the parent compound and reabsorbed. Great efforts in 

improving the bioavailability of CsA have been made to enable the drug more 

water-soluble by attach a conjugating group through a modification in the MeBmt 

side chain. The other strategy for improving the therapeutic index is to generate 

analogues to improve the PK profiles on metabolism and clearance of CsA to 

improve the bioavailability. 

 

With appropriate formulation to improve both solubility and bioavailability of the 

compound, it may possibly increase the beneficial power of MPTP inhibition. As the 

current formulation is still unsatisfied and possibly induce lung toxicity, the next step 

firstly requires the collaboration between both chemists and researchers to design and 

validate a PEG/alcohol free solvent, which is safe, soluble but stable formulation with 

good tolerance and high efficacy before better translating the therapy to clinical 

research. With appropriate formulation and optimal dosing regimen, further CP 

experiments using 5mg/kg either SEL1233 or CC-4635 will be conducted to validate 
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the efficacy. Finally, with agreement and endeavour from academia, industry and 

clinician’s collaboration, the promising candidate compound will be finally applied 

on human trials with scientifically designed protocol and ethic approval. 

 

It is also crucial to ensure that the treatment is effective to MPTP inhibition with 

optimized therapeutic dose range. The effects of CsA have been shown to be related 

to its concentration in various organs and settings. The time- and does –dependent 

toxicity has been reported in a large variety of disease including cardiovascular and 

hepatic diseases, showing better effects on lower concentration or dosages. Studies 

even suggested that a rather lower dose of DEB025 for instance 1-3 mg/kg deserved 

to be investigated418.  

 

It appears to have some heterogeneity in different modes of CsA delivery as seen the 

discriminate bioavailability in intravenous, subcutaneous, intraperitoneal, and oral 

administration. Although intraperitoneal delivery is considered a parenteral route of 

administration, the pharmacokinetics of substances administered intraperitoneally 

are more similar to those seen after oral administration505, because the primary route 

of absorption is into the mesenteric vessels, which drain into the pass through the 

liver. Therefore, substances administered intraperitoneally may undergo hepatic 

metabolism before reaching the systemic circulation. In addition, a small amount of 

intraperitoneal injection may pass directly across the diaphragm through small 

lacunae and into the thoracic lymph, which also partially explained the early transit 

lung injury with ethanol and PEG formulation observed in chapter 6. 
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8.4.2 Safety 

The natural CypD inhibitor CsA, compasses the ability to inhibit majority of 

cyclophilins, despite its beneficial role in immunosuppression and MPTP inhibition, 

the application is strongly limited by substantial considerable incidence of adverse 

events, the most common of which are hypertrichosis, gingival hyperplasia, and 

neurological and gastrointestinal effects. These are usually with mild to moderate 

severity and resolve on dosage reduction. 

 

As mentioned in Chapter 7, the natural CypD inhibitor CsA was generally regarded 

as pro-fibrogenic and correlated with TGF-β1. It has even been used paradox to 

induced CP.  

 

In terms of its pro-fibrogenity, all studies have applied CsA as long-term treatment 

with a higher dose, as for its use on CP induction, studies applied CsA together with 

other precipitants including either alcohol or caerulein synergistically, while CsA 

alone does not show any fibrosis induction. 

 

The most studied nephrotoxicity of CsA is thought to be rely on the dose-dependent 

calcineurin inhibition506, 507 and CypB/C mediated, possibly CypA involved ER 

stress295, 379, 382, 384, which can be abolished by ER stress inhibitor salubrinal. While 

CypA and B are ubiquitously expressed, the bone marrow originated CypC 

expression is tissue specific, mostly in kidney, early detailed examination on mouse 

kidney reveals that kidney cells expressing ER resident CypC correspond to the 

proximal tubule S3 segment of the nephron where has been shown to sustained 
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histopathological damage from high dosages of CsA, raising the possibility that 

CypC may be mediator of the toxic effects of CsA304. 

 

The comprehensive knowledge of profibrotic signalling events specifically 

accompanying the immunomodulatory activity, which need a reliable benefit-risk 

assessment under therapeutic regimens. Therefore, new approaches with non-

immunosuppressive products such as DEB025, NIM811, SCY-635/CC-4635 are 

highly demanding, within the maximal optimized range for MPTP inhibition, or 

apply CsA with concomitant drugs such as ER stress inhibitor salubrinal may 

ultimately minimize or eliminate the risk of drug toxicity, allowing CsA or its 

analogue for the capability to improve MPTP inhibition with higher affinity to CypD 

but lowering the risk of nephrotoxicity.  

 

As a member of PPIase family, cyclophilins involved in a large range of both 

physiological and pathophysiological biology activities, with extensive crosslinking 

and overlapping between each other due to similar structure. Therefore, developing 

and discovering compounds that can selectively inhibit any single member of 

cyclophilins such as CypD will be the challenge to medicinal chemistry. With new 

inhibitory templates which may deliver improved selectivity, SEL1233 has 

distinguished from the CsA analogues, with improved selectivity on CypD, 

however, the application of 1233 exerted limited effects in FAEE-and CER-AP, 

suggesting a rather sophisticated mechanism network that any subtle structure 

modification may possibly change the activity of efficacy. 
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8.5 Importance of intervention time in pancreatitis 

8.5.1 Early treatment in AP 

Patients with MAP (80%) recover within few days without experiencing any further 

problems. But those with SAP (20%) require prolonged hospital stay, critical care 

support, and resulted in 15-20% risk of death508. The clinical course of SAP 

classically occurs in two phases. The first lasts 1–2 weeks and presents with features 

of systemic inflammatory response and organ dysfunction. Necrosis of the inflamed 

pancreas often occurs during this period. This phase may resolve or may progress to 

a second phase, consisting of sepsis and multiple organ failure 2–3 weeks later. 

Pancreatic necrosis is a major determinant of disease progression, the presence of 

necrosis dramatically raises the mortality rate in AP509, 510. This is usually associated 

with infection of necrotic pancreatic or peri-pancreatic tissue; without surgical 

intervention, it has a very high mortality511. While sterile necrosis is associated with 

5% to 10% mortality rate, the mortality rate increase to 20% to 30% when necrosis 

becomes infected. Patients with necrotizing pancreatitis are more than twice as 

likely to die if the necrosis become infected512. Thus, early recognition and treat is 

necessary. 

 

With respect to the MPTP opening is reversible on both a short (ms) and a long 

(seconds) time scale, as shown directly by electrophysiological observation513  and 

as well as indirect by monitoring mitochondria polarization tracer fluxes369, 514, 515. 

Sustained opening leads to an irreversible pathological change with massive cell 

death, which clearly requires early intervention. The importance of intervening in 

the first few minutes to prevent MPTP opening is most crucial. 
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The current study with 1233 also suggested the importance of early intervention, 

with administration 1h after disease induction showing greater reduction across all 

of the severity markers compare to a late administration at 6h after. Similar results 

were shown in other studies targeting on MPTP inhibition. One study on renal 

ischemia/ reperfusion injury has reported that both 3mg/kg and 10 mg/kg CsA 

administered as a single bolus reduces the risk of vascular toxicity, improved renal 

mitochondria calcium retention capacity and renal function, delaying MPTP opening 

in a renal I/R injury model. However, with same low dose at 3mg/kg, late 

administration didn’t show any beneficial while high dose at 10mg/kg still showed 

the best effect when administered late516.  

 

SFA, inhibit mitochondria CypD without affecting calcineurin activity, was also 

reported to be cardioprotective when administered at the onset of myocardial 

reperfusion, but the protective effects of MPTP inhibition were completely lost if 

SFA was administered after first 15 min of myocardial reperfusion had elapsed517. 

 

8.5.2 Early diagnosis and treatment in CP 

The prognosis of CP is poor with the mortality rate approximately two-fold higher 

than the general population, pancreatic cancer also develops relatively frequently in 

CP35. While early state CP still with preserved pancreatic function and potentially 

reversible features518, the early diagnosis and proper intervention are extremely 

important, which could possibly prevent the late irreversible features and 

complications of CP. Being difficult and challenging for the early diagnosis of CP, 

however, the propagated concept of early-stage CP519, 520 encourage the medical 
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treatment for the earlier stages of CP by picking up the patients suspicious for early 

CP who fits in the clinical signs and providing medical treatment. 

 

The mechanism of CP progression is regarded with five disease stages: from at risk, 

AP-RAP to Early CP, Established and finally end-Stage CP, which further links to 

critical systems and various cell types that respond differently to injury and 

inflammation, including nervous and DNA repair system, and PACs, duct cell, PSCs 

and islet cells521. With wealth of data support that AP, RAP, and CP represent a 

disease continuum42, 43, early intervention with a strategy like MPTP inhibition 

which benefit both AP and CP could possibly protect against the progression into 

advanced stages.  

 

8.6 Evaluation of experimental pancreatitis models 

TLCS-AP, FAEE-AP and CER-AP are 3 main experimental acute pancreatitis 

models used in the current thesis with distinctive mechanism described in chapter 

1.6. Each model has their own advantages or limitations. The main features of the 3 

AP models were shown in Table 8.1. Investigator should be aware the 

characteristics of each model and carefully choose suitable animal model to get 

reliable evidence.  

 

The bile acid TLCS-induced AP was widely accepted as a representative model of 

severe acute pancreatitis that shows pancreatic necrosis and reflected the 

pathogenesis of clinical biliary AP. With respect to its surgical common bile duct 

cannulation required procedure, the successful induction of this model requires 
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delicate techniques under dissection microscope, which may cause extra surgical 

procedure related injury due to poor surgery performance and affect research results. 

 

The non-oxidative alcohol metabolite FAEE induced AP was a novel alcoholic 

model developed previously in our group with highly clinical relevance, however, 

due to a 10% mortality caused by acute fatty acid/ethanol toxicity, this model is 

suggested to be conducted on mice weighing 25-30g with better tolerance and with 

special care using heat pat to keep warm and 2 doses of analgesia agent to relieve 

pain.  

 

EAP induced by caerulein hyper-stimulation is the most extensively used model of 

AP in research settings due to its highly reproducible, economical character and easy 

to conduct.  

 

Mimicking the human recurrent AP may progress to CP pathogenesis, repeated 

bouts of caerulein-induced acute pancreatitis in the course of several weeks was 

used to induce chronic pancreatitis. Similar to the caerulein induced AP, this CP 

model is easy to conduct and reproducible, however with less clinical relevant cause 

in terms of most RAP progressed CP cases were originated from gallstone and 

alcohol in clinical studies. 

 

 

 

 



 258 

 

Table 8.1 Comparison of TLCS-AP, FAEE-AP and CER-AP 

EAP models Toxins  Procedure Severity Advantage Limitation 

TLCS-AP 

(Biliary) 

Bile acid 

(TLCS) 

Common bile 

duct cannulation 

Severe Clinical 

relevance 

Surgical 

procedure 

related 

complication 

FAEE-AP 

(Alcoholic) 

Fatty acid 

/Ethanol 

Intraperitoneal 

injection 

Severe Clinical 

relevance 

Mortality 

 

CER-AP caerulein Intraperitoneal 

injection 

Moderate Simplicity 

and highly 

reproducible 

Less clinical 

relevance 

 

 

8.7 Future prospect and approach in pancreatitis treatment 

The discovery and development of novel medical products that benefit patients with 

pancreatitis remains a remarkably challenging endeavour. The use and outcome of 

animal models are pivotal to bridge the translational gap to the clinic522.  

With the encouraging preclinical results that novel cyclophilin inhibitor 1233 targeting 

MPTP inhibition has shown its effective potential in treating biliary AP model, raising 

the possibility of further translating the therapy to clinical research.  

Pancreatic injury inhomogeneity across different experimental models is paralleled 

with a number of various signalling pathways involved in different toxins initiated 
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response. Accordingly, the phenotypical subsets of pancreatitis represent a major 

challenge for clinical trial conduction. Over the past decade, therapeutic strategies 

have evolved toward a personalized approach, which has the potential to tailor therapy 

with the best response and highest safety margin to ensure better patient care523. 

Despite compound 1233 has shown its effective potential in treating biliary AP model, 

failure to alleviate both local and systemic injury in alcoholic- and caerulein hyper-

stimulation-AP models suggesting a need for personalized treatment strategy. With 

application compound 1233 to biliary or gallstone aetiology classified AP subset, 

might be a new approach based on personal disease cause oriented treatment strategy 

in further drug development for AP. Similarly, with implementation novel MPTP 

inhibitor on patients with more than once AP recurrence to prevent the progression to 

CP might be an early intervention which could possibly benefit the later life quality.  

8.8 Conclusion 

The beneficial role of CypD inhibition has been validated in this study on both acute 

and chronic pancreatitis, despite the elucidation of molecular mechanisms during 

progression into CP still require further input, it is confident that the current 

approach for MPTP inhibition via CypD is logical and promising.  

 

Over the last decades, cyclophilin inhibition started to unfold, from binary 

interaction for immunosuppression via calcineurin inhibition, into a viable approach 

towards treating a wide variety of disease entities, including MPTP inhibition, virus 

replication inhibition, an-inflammation through extracellular receptor binding 

process inhibition, supporting chaperone role inhibition, etc. which provides a 

promising novel strategy in such disease like pancreatitis that involves combined 

actions under multivariate including cell death, inflammation, ROS generation, ER 
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stress and fibrosis. However, constant research endeavours in this field requires 

much more interlink between multidiscipline involvement to better balance each 

factor’s effect. 

 

However, CsA and its analogues may exert variable effects owing to its interaction 

with calcineurin, NK-1 receptor, and all the non-mitochondrial cyclophilins such as 

CypB/C. The discovery of non-immunosuppressive cyclophilin inhibitors such as 

DEB025, NIM811 and SCY-635/CC-4635 allow cyclophilin inhibition to be 

considered in a broader disease spectrum and provide more directions on modify 

chemical structure to discriminate affinity with different subtype. Simultaneously,  

the advent of a new form cyclophilin inhibitor that targeting CsA to mitochondria in 

neuron and cardiovascular disease524, 525, to minimize extra-mitochondrial 

interactions and improve cytoprotection provided novel approach on the application 

of cyclophilin inhibitors. Thus, synthesis of modified mitochondrial-targeted non-

immunosuppressive CsA with specific much-improved CypD binding affinity but 

absent or modest binding potential on the prototype, may improve the safety and 

efficiency of compounds for the treatment of pancreatitis to ease the off-target 

effects and cross the delivery hinders. 
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